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-ABSTRACT

The addition of 0.5% sulfaguanidine or high leucine to
niacin free diets did not induce niacin deficiency symptoms

in mature Japanese quail. Niacin deficiencies in growing quail

resulted in the typical growth depression, poor feather devel-
opment, blindness, and lowering of NAD and NADPH levels in

the breast muscle. However, there were no significant differ-

ences in pyridine coenzyme levels in liver, brain, and heart

as compared to niacin fed quail. Similarly, there were no sig-
nificant differences in activities of liver aldolase, lactic
dehydrogenase, glutamic dehydrogenasé, tryptophan pvrrolase,
fructose diphosphatase, and malic enzyme. Niacin deficiency

or food-restriction led to a reduction in breast muscle

lactic dehydrogenase or glyceraldehyde-3-phosphate dehydroge-

nase activity.

6~-Aminonicotinamide as an antagonist of niacin did not
affect the levels of pyridine coenzyme, ATP, lactic dehydrog-
enase, and glyceraldehyde-3-phosphate dehydrogenase activity

in liver or breast muscle whereas specific activities of liv-~

er malic enzyme and fructose diphosphatase of the control
group were significantly higher than those of the 6-aminoni-

cotinamide treated group.

The apparent turnover rates of radioactive products
in breast muscle following the injection of 7—14C—nicotinic
acid were extremely low while the turnover rates in liver

were much higher than those in breast muscle. Turnover rates in




iii

heart and brain were intermediates to those of liver and
breast muscle. The apparent turnover rates of niacin products
in all tissues in the niacin deficient quail were the slowest
whereas those of quail fed a high level of niacin were the
fastest. The apparent half-lives of nicotinamide, NAD, and
NADP in liver of the niacin déficient quail were estimated

to be 80.3, 100.2, and 626.0 hours, respectively, whereas

the corresponding values for the food—restricted quail were
92.1, 87.7, and 469.2 hours, respectively. In breast muscle
the apparent half-life of nicotinamide in the food-restricted
quail was about 10 times shorter than that of the niacin def-
icient quail. The apparent half-life of NAD in the food-rest--
ricted quail was 490.1 hour whereas the corresponding value
was infinite in the niacin deficient quail.

Thermal stability studies on liver and breast muscle
enzymes from control, niacin deficient and food-restricted
quail showed that there were no significant differences in
the thermal stability of liver malic enzyme, glyceraldehyde-
3-phosphate dehydrogenase, lactic dehydrogenase,and aldolase
among treatments. Similarly, no significant differencés in
thermal stability of breast muscle lactic dehydrogenase and
aldolase were observed. However, breast muscle glyceraldehy—
de-3-phosphate dehydrogenase activity in niacin deficient
quaii was significantly reduced as compared to that from the
control and food-restricted quail. Among all of the liver
and breast muscle enzymes tested, breast muscle glyceralde-

hyde-3-phosphate dehydrogenase appeared to be the most
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sensitive of all énzymes to héat inactivation in the absence
of NAD or NADP in the incubation mixture.

The effects of niacin deficiency on relative turnover
rates of proteins showed that liver had the fastest turnover
rates, that heart and brain had the intermediate turnover
rates and breast muscle had the slowest turnover rates of
proteins irrespective of dietary treatments. The 3H/14C
ratios of both control and niacin deficient quail were sig-
nificantly higher than those of the food-restricted quail
but there were no significant differences between the former
groups. This suggests that the relative turnover rates of
proteins in the niacin deficient quail were much greater
than those of the food-restricted quail. The resolution of
breast muscle proteins by isoelectric focusing showed greater
degradation of certain specificvacidic proteins in niacin

deficient quail relative to control quail.




TABLE OF CONTENTS

ACKNOWLEDGEMENTS .......... ettt Eﬂ%
AﬁSTRACTS evesestseencn Coeees o essesnceen et eetesonoes ii
TABLE OF CONTENTS ..vo.vveveanes S S v
INDEX OF FICURES ......... S xii
INDEX OF TABLES .......... et et eeeeaeaaaa XV
ABBREVIATIONS ...veeuen.. c s et s es e et ceece st ateenennns XX
INTRODUCTION 4 evietoeeeeneeuneneanneenoeonneonnnnnn. 1
LITERATURE REVIEW ....veeeeeacan st e s eeseres st coene o, oo 4
1. Niacin ciiiiieiniinnnnnnn. ceercesstsannas e 4
DiSCOVEerY ..eecereeeaann. tececcecectateeacaas 4
Chemical Structures and Properties .......... 6
OCCUYEENCES & ittt eoreoneeennoenenenasennes .. 8
REQUIYEMENES ¢ ittt ieernenneneenoneneenenns e 9
Hypervitaminosis ............. eeesaa e eer e 12
Biosynfhesis ....... Cete ettt eee 14
Absorption and EXCretion. «..eeeeeeeeeenenennn. 20
Deficiency ..iceeeceneeennnns ceeeesenan oo 23
(B) General ...ieeeevenneneeennnnnnn. ceesaae 23
(B) Amino Acid Imbalance ....... cecersan “cenn 26
(C) Antimicrobial Agents ..... Ceeeeenan e 35
(D) Antiniacin ...... ceecvesserscnnane cereeans 36
(1) 3-Acetylpyridine .......eveueunn... 40

) (2) Pyridine-3-sulfonate and
Pyridine-3-sulfonamide ......c.0.... . 43

(3) Isonicotinic Acid Hydrazine ....... 45



(4) 6-Aminonicotinamide ,........

Deficiency Symptoms .......

2. Pyridine Nucleotides ..........

Chemical Structures ...

(1) NAD and NADH .........

(2) NADP and NADPH .,......

------

(3) Stereospecificity for Reduction

of Pyridine Coenzymes ............ e

Biochemical Functions of NAD ...

(1) Carbohydrate MetaboOliSm ....v.eceeeeeeens

(2) Electron Transport System

(3) Lipid Metabolism .....

(4) Protein Metabolism ...

(5) Vvitamin Metabolism ........

(6) Other Functions (as a Substrate for

ADP-ribosylation) ....

® © 66 0 s 000000 s 0 e e

Distribution of Pyridine Nucleotides ........

NAD Biosynthesis and Degradation ............

Effect of Niacin on the Level of

Pyridine Nucleotides ......

3. Protein Turnover

(a)
(B)
(c)
(D)
(E)

Role of Coenzyme in Protein Turnover .,....

Lysosomes ...

Size of Proteins ........

Charge ......

Denaturation

52
52
52
54
55
55
59
59
61
62
63

63

64
67

69

82
87
87
91
92
93

95



(F) Covalent Modification .,... e,
(G) Degradation of Abnormal Proteins ,,.,........
(H) Energy Requirement for Degradation .. .... -
(I) Hormone ........ cecercevennaan cecreneenas ceen
(J) Deprivation of Nutrients et e ecnersevenenana.
GENERAL.EXPERIMENTAL PROCEDURES ,.,.......... cececonen

(1) Animals

(3) Chemicals

(4) Measurements of Pyridine Nucleotides

(a)

(b)

(a)
(b)
(c)
(d)
(e)
(£)

(g9)

(2) Diets

(6) Protein Determination

MR R A L R R R R I I I R I I T I T T e

Extraction and Determination of NAD and
NADP .,....... ceceseae
Extraction and Determination of NADH and

NADPH

(5) Enzyme ASSays ......coeeveeemmmnmnnnnn.. ceeteenen
Aldolase ,..... e eeeteee e e e

Fructose-1, 6-diphosphatase .,

Glyceraldehyde-3-phosphate Dehydrogenase ..
Malic Enzyme ..........ccveveeennnnnn. ceeeean
Lactic Dehydrogenase ......... e,

Glutamic Dehydrogenase ....:........ e -

Tryptophan Pyrrolase

AR B B L N Y IR I I I S S . e

% 0P O eSO O e D SN ST e e e e e B0 s

RESULTS AND DISCUSSION

------ L B R R I I I I I S S SO

Part 1l: Studies on the Stability of Pyridine

(a)

‘Introduction

Nucleotides

L I I I R I I I I

® % S 8 2 PP L 0 e 0 e s e OESe ® oo 000000

100

102

105
105
105
107

108

108

110
111
112
112
113
113
113
114
114

115

116

1le

116

vii



(B) Experimental ProceduUresS .....ceeeeeeceeeonsss
Experiment 1: .. ............ Ceeasestcaacenns
(C) Results and Discussion .. .. ceeean e

Part 2: Studies on the Induction of Niacin

Deficiency by sulfaguanidine and

Amino Acid Imbalance .., .... v

(A) Introduction ............ cesssna crsenaan e
(B) Experimental Procedures ..., .. e et eceeennee.

Experiment 2: D T S

Experiment 3: .. ........... ceccesrtecenenoan

(C) Results and Discussion
Part 3: Effects of Niacin Deficiencies on
Pyridine Nucleotide Levels and Enzyme
Activities in Different Organs of Immature
| Quail ......... e e, Ceeteeeaeaaeaa
(A) Introduction .........iveeiiineinnnnnnnnn,
é % (B) Experimental Procedures N,

Experiment 4:o-uu.---notvoo".oo-.-o.-ot--oo

Experiment 5: .. ... .. .. .. 0 i e,

(C) Results and Discussion ,,, . ........

Experiment 4: .. .. ........... et ecrereecenens
Experiment 5: .. ... ... ... ... .. ..., Ceeerenen
Experiment 6: .. .............0.... Coceeecens

Part 4: Studies on the Effect of Antiniacin on the

Induction of Niacin Deficiency

L R I A I )

(A) Introduction . ...... e eeeenanan ceeesecenaenn

Experiment B i ettt ittt

Page
116

117
118

128
128
129
129
130

131

143
143
145
145
146
146
147
147
149

151

179

179



(B) Experimental Procedures ...... csescssecsccsesss 180
Experiment 7: .. ........... ceeeen e ceesan .. 180

(1) Design .......viiuennennn. Ceeeeas ceeesse. 180

(1i) Quantitative Procedures ..:......eeeuwoenun. 181

(iii) Preparation of Tissue Extracts for
ATP Determination ...... Ceeecesreceaenens 182

(C) Results and Discussion

Ceceenssecesccarsreceanan 182
Part 5: The Fate of 7—14C—nicotinic acid in Differ-
ent Tissues of Japanese Quail Fed a Niacin
Free Diet and Restricted Amount of a Niacin
Supplemented Diet

ceee et et eccectseresosnn o 195

(A) Introduction ........ciiiiiiiinnnnncnenneennass 195

(B) Experimental ProCeAUIeS ..vuveceeeeeeesennnnnns 196
Experiment 8: ... ......eiiiiitnerrcnncanoncnnnns 196
(i) Management of Quail cecccsccrneresorenane 196

(ii) Preparation of Tissue Samples ........... 197
(iii) Separation of Radioactive Products by

DEAE Cellulose Chromatography ........... i97
(iv) Radioactive Counting ............. ceeone . 199

.(C) Results and Discussion

® %P SO0 e LTI ECE SO OO CO eSS - 199

Part 6: Effects of Dietary Nicotinic Acid Levels on

the Metabolism of 7-14

C-nicotinic acid in
Different Tissues and the Influence of Pyri-

dine Nucleotides on the in vitro Thermal Sta-
bility of NAD-and NADP-dependent Enzymes .... 224

(A) IntrOAUCEION tuvererveneeeesoonncnccaceneneenes 224

Part 6a: ........................;............. 224



Part 6b: * s % & & 0 ® > ® 9 % T B 6 S S S B S O B E G S G S SO GO e . .

(B) Experimental Procedures ,.....eeeeceens ceeeean
Experiment 9: ....cceoecenesescscrnccssseocccos
(i) Management of Quail ............. Ceeeeane
(ii) Preparation of Radioactive Samples ......
(iii) Preparation of Enzyme Extract Employed
in the Thermal Inactivation Studies .....
(a) Incubation of Enzyme Extracts in the
‘Absence of Pyridine Nucleotides .....
(b) Incubation of Enzyme Extracts in the
Presence of Pyridine Nucleotides ....
(C) Results and Discussion ........... ceeeseneeenan
(i) Effect of Nicotinic Acid Deficiency on
the Growth and Content of Pyridine
Nucleotides in Various 0rgans ....eeceeese
(ii) Effect of Dietary Nicotinic Acid Levels
on the Metabolism of 7-14C—nicotinic
acid in Various TiSSUES ....eeivsnenoccncs
(iii) Thermal Stability Studies ...............
(iv) Effect of Pyridine Coenzymes on Heat

Inactivation ........ cesecneoenoe ceoseneen

Part 7: Effect of Niacin Deficiency on General Protein

Turnover in Various Tissues of Japanese Quail
(A) Introduction .......ceeevececesccancencenns ceeen
(B) Experiment Procedures ..........cceees e

Experiment 10: .........cc Ceeseeeseccsonesseanen

227

227

228

229

229

229

230

230

234

245

. 250

259
259
260

260



(i) Management of Quail

(ii) Double-Isotope Administration
(iii) Preparation of Total-Precipitable

Proteins from Tissues

® ® ¢ 0@ ¢ e eV e Ce IR e

(iv) Fractionation of Breast Muscle Superna-
tant Proteins on Sephadex G-200

‘® & ¢ 80 8 ® W 0

(v) Isoelectric Focusing of Breast Muscle

" Proteins in Polyacrylamide Gels

{a) Preparation of Protein Samples for
Isoelectric FOCUSING v.vvveveennnnn
(b) Isocelectric Focusing in Polyacryl-
amide Gels

® 5 0 % 8 P TOEEN PO N L e L LT

(C) Results and Discussion ......

CONCLUSIONS

BIBLIOGRAPHY ,.......

262
263
265
265

266
268
292

303



10.

11.

12.

13.

14.

xii

INDEX OF FIGURES

Page
Chemical structures of niacin ......... ceeaen 7
Pathways of tryptophan metabolism and nico-
tinic acid synthesis .....ccieeeececocnscnnes 17
Chemical structure of sulfaguanidine ........ 35
Chemical structures of antiniacin .....cicccvs 39
Chemical structures of NAD and NADH ......... 52
Chemical structures of NADP and NADPH ....... 54
Pathways of synthesis and degradation of NAD. 70
Systemic pyridine nucleotide cycle ....ciecee. 79
Average growth curves for mature female quail
fed the niacin free diet containing sulfagu-
anidine and leucine and/or isoleucine (Exper-
iment 2) ................ T N
;o
Average growth curves for immature quail fed
the niacin free diet containing leucine and
leucine plus isoleucine (Experiment 3) ,...... 135
Growth curve of one day old quail fed the
niacin free diet (Experiment 4) .....ceeceeee 148
Growth patterns of quail fed nicotinic acid
supplemented and nicotinic acid free diets
(Experiment 5) ,....ciieeencccoccnanss .‘....... 150
Growth patterns of quail fed wvarious diets
(Experiment 6) .....cceecseeeecnansaccenacnaass 153

Growth curves of mature male Japanese quail



Figure

15.

l6.

17.

18.

19‘

20.

as affected by the.consumption of nicotinic

acid containing diets supplemented with or

without 6-aminonicotinamide (Experiment 7)... 183
Growth curves of quail fed the nicotinic

acid free diet and restricted amount of the
nicotinic acid supplemented diet (Experi-

ment 8) ......eiiieticiccactrtenaenonns ceee s 200
Plots of total radioactivity in liver versus

time after injection of 7—14C—nicotinic acid

for quail fed either the nicotinic acid free

diet or restricted amounts of the nicotinic

acid supplemented diet (Experiment 8) seeeeos. 207
Plots of total radiocactivity in heart versus

time after injection of 7—l4C—nicotinic acid

for quail fed either the nicotinic acid free

diet or restricted amounts of the nicotin;c

acid supplemented diet (Experiment 8) ¢eece... 208
Plots of total radioactivity in breast muscle
versus time after injection of 7—14C-nicotinic

acid for quail fed either the nicotinic acid

free diet or restricted amounts of the nico-

tinic acid supplemented diet (Experiment 8) ;;-- 209
Elution pattern of pyridine nucleotide and

their derivatives on a DEAE cellulose column
chromatography (Experiment 8) «eeeceeeeesecsss. 214

Thermal inactivation of quail liver enzymes
(Experiment 9) . .......ccevececcsecccnsaanseses 251



Figure

21.

22.

23.

24.

25.

Thermal inactivation of quail breast muscle
enzymes (Experiment 9) ....ccccseecccss ceeseee
Fractionation of quail breast muscle proteins
on Sephadex G-200 in the presence of SDS (Ex-
periment 10) .....cceoveecnsccsscoanns ceseeens
Electrophoretograms of breast muscle proteins
from three dietary treatments after isoelect-
ric focusing in polyacrylamide gel (Experi-
ment 10) ......ccieeecnrnnccncasscncnnoanns .
Optical scan of destained gels of breast mus-
cle proteins separated by isoelectric focus-
ing in polyacrylamide gel (Experiment 10) ...
Relative degradative rates of breast muscle
proteins separated by isoelectric focusing

in polyacrylamide gel (Experiment 10) -c.ee..n.

xiv

252

279

282

283

287



10.

Xv

INDEX OF TABLES

Page
Percent composition of Experimental diets ... 106
Recovery of pyridine nucleotides added to
liver tissue during extraction and assay
procedures (Experiment 1, trial 1) ..eeeve... 119
Effect of freezing time on stability of co- .
enzymes at various time intervals after
sacrifice (Experiment 1, trial 2) ...eeeee... 120

Stability of coenzymes during storage (Ex-

periment 1, trial 3) ...iiiiininoeecenooeennn 122
Effect of homogenization time on stability

of coenzymes (Experiment 1, trial 4) ........ 123
Stability of NADPH in the presence of reducing
reagents (Experiment i, trial 5) ..iiiiioeen. 124
Effects of amino acid supplementation and an
antimicrobial agent on body weight, liver

weight, and pyridine coenzyme levels of mature
female Japanese quail (Experiment 2) ........ 133
Effects of leucine and leucine plﬁs isoleucine.

on body weight gain, liver weight, ard mortality

in immature Japanese quail (Experiment 3) .... 136
Effects of leucine and leucine plus isoleucine

on pyridine coenzyme levels in liver tissue of
immature Japanese quail (Experiment 3) .....; 138

Effects of leucine and leucine plus isoleucine



Table

11.

12.

13.

14.

15.

le6.

on enzyme activities in liver tissue of im-
mature‘Japanese quail (Experiment 3) ........
Effects of 5 different dietary treatments on
body weight, weight gain, liver weight, heart
weight, brain weight, mortality and protein
content of liver and breast muscle in Japanese
quail (Experiment 6) ..........ceeeemononnnn.
Effects of 5 different dietary treatments on
levels of NAD, NADP, and NADPH in the liver

of Japanese quail (Experiment 6) cececnenenne
Effects of 5 different dietary treatments on
levels of NAD in brain and heart tissues of
Japanese quail (Experiment 6) ........... e eee
Effects of 5 different dietary treatments on
levels of NAD, NADP, and NADPH in breast mus-
cle of Japanese quail (Experiment 6) oo e
Effects of 5 different diets on tryptophan

pyrrolase, fructose diphosphatase, aldolase,

malic enzyme, glutamic dehydrogenase and lac-

tic dehydrogenase activities of liver tissue

in Japanese quail (Experiment 6) e eeteaens
Effects of 5 different dietary treatments on
lactic dehydrogenase, glyceraldehyde~3-phos~-

phate dehydrogenase, and aldolase in breast

muscle tissue of Japahese quail (Experiment 6).

XVvi

139

156

157

160

162

166

172



Table

17.

18.

19.

20.

21.

22,

23.

24,

Effect of 6-~aminonicotinamide on body weight
loss, total liver weight, breast muscle
weight, heart weight, and mortality (Experi-
ment 7) ,.ceececennes teeeseescoeesencasacenas
Liver NAD level, breast muscle pyridine co-
enzyme and ATP levels of quail fed nicotinic
acid and 6-aminonicotinamide (Experiment 7) -
Liver protein level and enzyme activities of
quail fed nicotinic acid and 6~aminonicotin-
amide (Experiment 7) ..eee... ceecsecensosmenas
Breast muscle protein level and enzyme acti-
vities of quail fed nicotinic acid and 6-amino-
nicotinamide (Experiment 7) ..eceeesecccances
Effects of niacin deficiency and food restric-
tion on body , liver, heart, and breast muscle
weights following the administration of 7—14C—
nicotinic acid (Experiment 8) ..eeeeeveeeancee
Incorporation of 7—14C—nicotinic acid into
different organs of quail at various time
intervals (Experiment 8) ..... cesecseseses oo
Analysis of variance (ANOVA) of the incorpor-
ation of 7—14C—nicotinic acid into different
organs of quail at various time intervals
(Experiment 8) . ...iuiieverencesassensssocnnss

Calculations of half-lives of the'radioactive

xvii

Page

186

187

191

192 -

201

203

205



Table

25,

26.

27.

28.

29.

30.

31.

32.

products in various organs after the inject=
ion of 7-14C—nicotinic acid (Experiment 8)....
Distribution of radioactive products in liver
following DEAE column chromatog;aphy (Experi-
MENE 8) vvvceececnnsocans ....................;.
Distribution of radioactive products in breast
muscle following DEAE cellulose column chro-
matography (EXperiment 8) ..eeeeeeeeeeencecean.
Calculations of apparent half-lives of indiv-
idﬁal metabolites in liver and breast muscle
tissués following the injection of 7—14C—
nicotinic acid (Experiment 8)....... ceacsetcana
Effects of 5 different diets on body, brain,
heart, liver, and breast muscle weight of
quail (Experiment 9) ..ueeeeeeeeeennonnnnn. eses
ANOVA. Effects of 5 different diets on body,
brain, heart, liver, .and breast muscle weight
of quail (Experiment 9)........ et eesestsecnnn
Effects of 5 different diets on the levels of
NAD in brain, heart, liver, and breést muscle
of quail (Experiment 9)...... ceceensans ceccsan
Incorporation of 7—14C—nicotinic.acid into
brain tissue of quail at various time inter-
vals (Experiment 9).........................,.
Incorporation of 7—14C—nicotinic acid into

heart tissue of quail at various time inter-

211

216

218

220

231

233

235

236



Table

33.

34.

35.

36.

37.

38.

39.

40.

41.

xix

Page
vals (Experiment 9) .v.e.eeiieeeeeenneecennns. 237
Incorporation of 7—14C—nicotinic acid into
liver tissue of quail at various time inter-
vals (Experiment 9) .......... ceecssscsasenas 238
Incorporation of 7—14C—nicotinic acid into
breasf muscle tissue of quail at various
time intervals (EXperiment 9) eeeeeeceeseesss 239

ANOVA of data in Tables 31-34 (Experiment 9). 241
Calculations of half-lives of the radiocactive
products in various organs after the injection

of 7—14C—nicotinic acid (Experiment 9) EEREER 243
Studies on thermal inactivation of liver

enzymes (Experiment 9) .....cveevean.. '........ 246
Studies on thermal inactivation of breast

muscle enzymes (Experiment 9) ..veeeeeveoeenn. 248
Effects of niacin deficiency and food restric-

tion on body, brain, heart, liver, and breast
muscle weights of quail (Experiment 10) ...... 269
3H/14C ratios of total proteins from quail

tissues with simultaneous injection of iso-

topes (Experiment 10) ........ -
3H/14C ratios of total proteins from quail

tissues with 6 day intervals between injections: -

(Experiment lo) .'...‘."...'...G....."I..... 273



260°

ADH:
ADP:
ADRP:
AMP:
6—-AN:
ATP:

CoA:
DNA:

DEAE:

EDTA:

ABBREVIATIONS

XX

Absorption at 260nm of a solution in a cuvette with

a one centimeter lightpath.
Alcohol dehydrogenase.
Adenosine—s'—diphosphate.
Adenosine diphosphoribose.
Adenosine—S'—monophosphate.
6~Aminonicotinamide.
Adenosine-5'-triphosphate.

Coenzyme A.

Deoxyribonucleic acid.
Diethylaminoethyl.

Ethylenediaminetetraacetic acid.

G.I.Tract: Gastrointestinal tract.

GSH:
IDH:
IU:
LDH:
NAD:
NADP:
NFD:
O.D.:
Pi:

PMSF:

Reduced glutathione.

Isocitrate ‘dehydrogenase.

International unit.

Lactic dehydrogenase.

Nicotinamide adenine dinucleotide.
Nicotinamide adenine dinucleotide phosphate.
Niacin free diet.

Optical density.

Inorganic phosphate.

Phenylmethylsulfonyl fluoride.

Poly U: Polyuridylic acid.



POPOP:
PPi:
PRPP:
RNA:
MRNA:
tRNA:
SDS:
- TCA:

Tris:

1,4 bis-{2-(5-phenyloxazoyl)} benzene.
Pyrophosphate.
5—phosphoribosyl—l—pyrophoéphate.
Ribonuleic aéid.

Messenger RNA.

Transfer RNA.

Sodium dodecyl sulphate.
Trichloroacetic acid.

Tris (hydroxymethyl) aminomethane.

xxi




INTRODUCTION

Niacin is a precursor of pyridine coenzymes. They
have been impliéated in most of the major metabolic path-
ways. As the prosthetic group of several dehydrogenases,
they are involved in glycolysis, fat synthesis and tissue
respiration. Recently NAD has been shown to have functions
beyond its Well known role as an electron carrier in various
biological oxidation-reduction systems.

One such area is that NAD is consumed in certain
metabolic reactions in which it serves as a substrate. 1In
eukaryotic cells, the most intriguing of these reactions is
the cleavage of NAD to form nicotinamide and a unique poly-
mer, poly adenosine diphosphoribose (poly ADPR); the reac-
tion is catalyzed by the enzyme poly ADPR synthetase
(Chambon et al., 1963). Other well studied reactions
‘involving the destruction of NAD include the cleavage of
NAD to form AMP and NMN (nicotinamide mononucleotide) by
bacterial DNA ligases (Olivera and Lehman, 1967) and the
breakdown of NAD (with the concomitant inactivation of pro-
tein synthesis) by the diphtheria toxin (Collier and Pappen-
heimer, 1964). Thus, one could envision a rather high turn-
oﬁer of NAD in various cells and this emphasizeé the impor-
tance of reutilizing nicofinamide in an efficient manner.

The objective of this thesis was to investigate in
greater detail the development of niacin deficiency and its

effect on turnover of pyridine coenzymes and to establish



the role which niacin plays in the turnover of tissue pro-

teins, particularly those proteins that have a coenzyme

requirement for pyridine nucleotides.

More specifi¢ objectives were:

To establish the reliability of methods for the extrac-

tion and determination of pyridine nucleotide contents.

This included:

a) the recovery of pyridine nucleotides in the extrac-
tion medium and assay mixture.

b) the stability of pyridine nucleotides as affected
by post-mortem changes, duration.of homogenization
time and storage in the presence of reducing
reagents.

To induce niacin deficiency in mature female gquail (127 -

128 g). This included a study on the effect of high

leucine or sulfaguanidine in a niacin free diet on

growth, liver weight, liver pyridine nucleotide content
and liver enzyme activity levels.

To induce niacin deficiency in immafﬁre quail (55 -62 g)

in a manner similar to that outlined above.

- To determine the effect of niacin deficiency in growing

quail of varying ages. The response in growth, pyridine
nucleotide contents and enzyme activity levels to graded
levels of nicotinic acid and to a high level of trtho—
phan in a niacin-free diet was followed. |
To determine if 6-aminonicotinamide (6-AN), as an anti-

niacin, produced a pattern of symptoms or metabolic dis-



turbances similar to those seen in the niacin deficient
birds. This included the effect of 6-AN on growth,
organ weights, pyridine nucleotide and ATP levels, and
enzyme activity levels.

To compare apparent turnover rates of radioactive niacin
metabolites in various tissues in response to different
dietary treatments. This included calculation of
apparent half-lives of radioactive NAD, NADP, and nico-
tinamide.

To determine if the in vitro stability of liver or
breast muscle enzymes from the niacin deficient and
food-restricted (but nicotinic acid supplemented) quail
was affected by the concentration of pyridine nucleo-
tides.

To determine if niacin deficiency altered the rate of
protein turnover in various tissues of immature quail.
This included the effect of subunit size and isoelectric
points on relative turnover rates of breast muscle pro-

teins.




LITERATURE REVIEW

1. NIACIN

Discovery

The search for the cause of pellagra forms a
fascinating Chapter in medical history. The disease was
first described by Casal (1762) in northwestern Spain in
1730 under the name mal de la rosa. It occurred among the
poor peasants for whom corn was the chief article of the
diet. In 1771 Frapolli described a syndrome in the country
districts of Italy which was known as pellagra from the
words pella, skin and agra, unsightly or rough.

Early observers of pellagra noted that the syndrome
appeared to spread throughout southern Eurape in conjunct-
ion with the use of maize in the diet. One of the theories
of the etiology of the disease was that it was due to an in-
sufficient or badly balanced diet. In 1795 in Italy, Cerri
demonstrated the importance of diet in the production of
pellagra. In the long search for the cause of pellagra, a
close association with the eating of maize was emphasized
_repeatedly.

In the early 1800's, Buniva carried out a series of
inoculations in human subjects which showed that in all
probability pellagra was not infectious. @At about the same
time, Marzafi (1817) suggested that maize might be deleter-
ious because of its low nitrogen content and that the dis-
ease might be due to protein inanition. Early in the

present century, the observation was made that one of the




important corn proteins, zein, was deficient in the amino
écids tryptophan and lysine. About this time, studies of
pellagra in Egypt led to the suggestion that the disease
was related to lack of an essential amino acid, probably
trthophan.

Although there was evidence that the disease could
be cured by.changing the diet, not until 191% was it assoc-
iated with the absence of a dietary factor. In 1918
Goldberger et al claimed that pellagra included at least two
aetiologically distinct syndromes and suggested that two
dietary factors might be involved. Seven years later,
Goldberger et al .(1925) reported that pellagra could be
cured by yeast and called the responsible factor the

pellagra preventive factor.

In 1867 nicotinic acid which was subsequently shown
to be pellagra preventive factor was prepared in pure chem-
ical forms by Huber. It is produced with ease by oxidiiing
nicotine, thus by exerting the toxic effect of this alkaloid
and leaving the water soluble B complex vitamin, nicotinic
acid.  In 1911 Funk, and later Suzuki, isolated nicotinic

acid from rice polishings in their search for B They ob-

1
served that it had no beneficial effect in beriberi, and did
not apparently suspect that they had actually isolated a
vitamin capable of curing a different deficiency disease,
pellagra. The discovery of nicotinamide as a component of

coenzyme II (NADP) by Warburg and Christian in 1935 and a

year later as a component of coenzyme I (NAD) by von Euler

et al gave the original clue of the importance of nicotinic




acid in metabolism, and quickly thereafter led to the

discovery of its role in preventing pellagra.

| Elvehjem et al had been studying for years the effect
of liver extracts on experimental blacktongue in dogs.

Their effért finally culminated in the brilliant discovery
in 1937 by Elvehjem et al that nicotinic acid would cure
canine blacktongue and that nicotinamide couid be isolated
from the blacktongue ~ curative fraction of liver.
Subsequent treatment of pellagrous humans with the compound

added final confirmatory evidence (Spies et al, 1938).

Chemical Structure and Properties

Nicotinicacid(nicotinate)isaawhitecrystallinesolid which
‘melts at 2280—2290C and is stable to light, heat, acids, and
alkalies. It is sparingly soluble in cold water, but soluble
in hot water and alcohol. It sublimes without decomposition
on heating. It behaVes as a base, forming a crystalline
hydrochloride, and also as an acid, forming salts with metals,
and esters with alcohol. It shows maximum absorption in the
ultraviolet region at 262 nm. Its empirical formula is
CgHgNO,, and the molecular weight is 123.11.

Nicotinamide also known as niacinamide is pyridine~
3-carboxylic acid amide.. It melts at 128-131°c. It has a
characteristic absorption curve in the ultraviolet region
with maxima at 210, 220 and 260 nm. The absorption maxima
of the nicotinémide is not, however, identical-with that of
the acid; the extinction at the maxima is usually less than

with nicotinic acid; hence the sensitivity of most color




reaction towards nicotinamide is lower. Its empirical
formula is C6H6N20 and its molecular weight, 122.13. It is

hydrolysed to nicotinic acid by boiling with acid or alkali.

In natural prbducts nicotinic acid occurs mainly in
combined form (aé coenzymes) and must be liberated by hydro-
lysis before assay. Chemical determination of the nicotin-
ic acid and nicotinamide is based on the principle that
pyridine derivatives give yellow colors with CNBr and a
primary or secondary amine (Kutsky, 1973). Micrébiological

methods with Leuconostoc mesenteroides, however, appear to be

more accurate despite its time-consuming and laborious work.

Nicotinic acid Nicotinamide

Figure 1. Chemical Structures of Niacin.

For biological activity, the pyridine molecule must have a
‘substituent in the 3-position. Any change at positions 2,
4, 5 or 6 yields an inactive compound with the exception of
quinolinic acid which readily decarboxylates to form nico-
tinic acid (Scott_gg al, 1976). Niacin functions metaboli-
cally as a component of the coenzymes nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP). The chemical structures of nicotinic

acid and nicotinamide, are given in Fig. 1. above.




Occurrences

Nicotinic acid is widely distributed in grains and
their by-products and in protein supplements. Liver, meat,
poultry, peanut butter, and legumes are the richest sources.
Milk and eggs, although low in preformed niacin, contain
high amounts of tryptophan and as such have a high niacin
equivélent. Free nicotinic acid apparently doesnot occur
in the living organism but is found in the urine of animal.
Nicotinic acid occurs in tissues in the form of its amide.
Nicotinamide occurs to a much greater extent in the bound
form than as the free nicotinamide. Thus, in rats, the
bound nicotinamide occurs, in the liver, kidney, and
muscle, while free nicotinic acid (or its amide) has been
found only in the liver (Rosenberg, 1945).

Additional evidence now indicates the presence in
many foodstuffs, especially cereals, of niacin-containing
compounds from which thé niacin is not nutritionally
available. Much of the hiacin in cereals such as rice
and corn occurs as niacihogen, a peptide with a molecular
weight of 12,000 to 13,000 and niacytin, é carbohydrate
complex with a molecular weight of some 2,370. In these
forms they are closely bound to protein and can only be
separated by alkaline hydrolysis. Fbr this reason the
niacin in these.foods has a low biological value and does
little to meet the body's requirement for the vitamin unless

prepared with alkali., Resolution of the important problems




of the relative activities of ?recursors and the biological
availability of forms of niacin in foods deserves high
briority.

Processing methods also influence niacin levels. For

example, as much as 80% to 90% of the niacin of cereals is

in the outer husk and is removed in the milling process

(Darby et al, 1975).

Requirements

Recommended dietary requirements for nicotinic acid
are influenced by two factors (Scott, 1976):
(1) nicotiﬁic acid is synthesized in the animal body from
tryptophan; thus the nicotinic acid requirement depends
upon the tryptophan content of the diet and (2) much of
the nicotinic acid present in many foods and feedstuffs is
in a bound form that is not available to man and animals.
It is released by treatihg the food materials with alkaline
solutions. Other phenomena which may alter nicotinié acid

requirements are the effects that various diets may have on

the nicotinic acid synthesis by the gastrointestinal
microflora. In view of this, it is very difficult to set

the nicotinic acid requirement unless the tryptophan level

is specified and it is known that the diet is adequate in
pyridoxine, since this vitamin is needed in the synthesis
of nicotinic acid from tryptophan. With growth as a

criterion of adequacy of nicotinic acid intake, Hundley
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(1949a)reported an average requirement for the rat of 5 mg
per kg of food per day for diets containing 9% of casein plus
0.15% of cystine, 3% of gelatin, and 81% of starch. 1In an
extensive experiment on pigs between 3 and 9 weeks of age,
Powick et al (1947) reported the mean requirement for
optimal growth lay between 15 and 25 mg of nicotinic acid
per kg of niacin free caeein. The requirement for nicotinic
acid of the adult dog on the ration containing 19% casein
and 66% sucrose are approximately 218 ug per kg of body
weight (Schaefer et al 1942). Tappan et al (1952) have
demonstrated that when the diet contained 9% casein and

82% of sucrose, 6-35 mg of nicotinic acid weekly or 1-4 gm
of DL-tryptophan was adequate for optimum growth of the
rhesus monkey. Adult ruminants on rations adequate for the
normal growth of rumen microorganisms do not need a dletary
supply of nicotinic acid (Hopper et al 1955). The horse,
like the ruminant, apparently synthesized nicotinic acid

in its dlgestlve tract.

Almguist et al (1941) found the L-tryptophan
requirement for optimum growth of the young chick to be
approximately 0.5% of the diet. The results of the stﬁdies
of Wilkening et al (1947) on the utilization of the isomers
of tryptophan by chicks showed that from 17 to 40% D-tryptophan
was utilized. Childs et al (1952) reported a requirement
by chicks of 28 mg of the niacin per kg of diet, which
contained approximately 28% of protein and 0.21% of

tryptophan. They also indicated that excess tryptophan could
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spare niacin to a slight extent but could not fully
compensate for a partial niacin deficiency. It has been

also suggested that chlcken is dependent upon a dietary
supply of niacin until at least 8 weeks of age. Fisher et al
(1954) have reported that L—tryptophan could completely
replace niacin, but that niacin did not spare tryptophan.
They also pointed out that the minimum tryptophan requirement
was\a\0.15% L-tryptophan in the presence‘of adequate niacin.
Sunde et al (1957) observed that the requirement of niacin
for the young ringneck pheasant was 50 mg of total niacin/

kg of ration. According to experiments by Scott et al (1959)
the niacin requirement was approximately 70 mg per kg of diet.
From the results of experiments by Adams et al (1967), it is
concluded that the niacin requiremént for the laying hen for
egg production and hatchability is less than 0.73 mg per day.
The turkey poulet, according to Briggs (1946), reqguires

30-50 mg of nicotinic acid per kg of ration containing 18%
of casein, 10% of gelatin, and 61% of glucose.

The Recommended Dietary Allowances (RDA, 1974) for
human adults, expressed as niacin, is 6.6 mg per 1000 kcal,
and not less than 13 mg at caloric intakés ofvless than
2600 kcal. The niacin allowance recommended for infants
up to 6 months is 8 mg per 1000 kcal, and for children over
6 months and adolescents, 6.6 mg per 1000 kcal, but not
less than 8 mg daily. The allowance recommended provides
an increase of 2 mg of niacin daily during pregnancy, based

on the recommended increase in energy intake. For lactation,
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an additional daily allowance of 4 mg of niacin is
recommended, consistent with the additional allowance of

500 kcal.

Hypervitaminosis

Nicotinic acid and nicotinamide are both quite non-
toxic. The ratio between an effective therapeutic dose and
a toxic dose is at least 1 to 1000. In rats and mice, the
LDSO's of nicotinic acid (Na salt when given parenterally)
and nicotinamide range from 3.5 to 5.0 gm/kg subcutaneously
and 5.0 to 7.0 gm orally. Nicotinamide is more toxic than
nicotinic acid (Hundley, 1954). 1Inclusion of 1% of
nicotinamide in a low-protein diet inhibited the growth of
rats, whereas inclusion of 1% nicotinic acid in the same
diet did not inhibit growth but induced fatty liver. Both
effects could be prevented by methionine, the former also
by choline plus homocystine, and the latter by choline
and betaine. These and a number of other studies indicate
that the toxicity of niacin and certain othef pyridine
derivati?es may be explained partially, but not entirely,
by depletion of the methyl groups of the body which are
needed for excretion of these substances.

Much larger doses of nicotinic acid, but not
nicotinamide, can cause a variety of pharmacologic responses.
Massive doses of nicotinic acid were found to produce

vascular dilation or flushing, with accompanying sensation

i
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of burning or stinging of the face'and hands. It has been
used therapeutically in efforts to induce cerebrovascular
dilation in senile ataxia, and as a harmless placebo in
management of some hypoéhondriacs. Dosing with nicotinic
acid of infants with kwashiorkor proved ineffective or
injurious, probably because of the demand created by the
added niacin for increased methylation in a state of
protein deficiency with, often, pronounced hepatic injury.
An extensively studied pharmacologic property of niacin is
the lowering df serum cholesterol and lipoprotein concen-
trates by massive (usuéily 3 or more-gms per day) oral

doses of nicdtinic acid. Nicotinamide does not share this
effect. Among the metabolié effecté of large doses of
nicotinic acid two seem noteworthy: the decreased mobiliza-
tion of fatty acids from adipose tissue in exercising sub-
jects and the increased utilization of muscle glycogen
stores. Long-term high-dose nicotinic acid therapy may in
some instances;be assdciated with appearance of laboratory
evidence of diabetes .and of hepatic injury, as well aé
activation of peptic ulcers all emphasize the non—physiologic
levels of niacin involved. ‘Ihtravenous'injections of‘
nicotinic acid in man résult in the development of fiﬁrinoly—
ticiactivity which becomes épparent about 5 min after
injectiqn. Oral doses of nicotinic acid do not induce -
fibrinolysis even though they cause acute flushing and

readily measurable blood levels of nicotinic acid. It is
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hypothesized that the fibrinolytic response to nicotinic
acid may be due to a rapid release of a stored activator

(Weiner, 1979).

Biosynthesis

The many attempts to elucidate thevniacin—tryptophan
relationship have centered around two main ideas:
(a) that bacteria in the gastrointestinal tract synthesize
the vitamin and (b) that niacin synthesis from tryptophan
takes place in the animal's tissues. The experimental
evidence supporting the first hjpothesis is as follows.
The early observations concerning the marked influence of car-
bohydrates in promoting growth in rats receiving corn diets
prompted Krehl et al (1946) to state that the effect of
diffefent carbohydrates on the growth depression might be
explained on the grounds that they contribute to the
establishment of an intestinal flora which is capable of
synthesizing adequate amounts of the deficient factor. In
a study on the intestinal synthesis of niacin and folic
acid in the rat, Teply et al (1947) noted that dextrin diets
caused the greatest synthesis of niacin as evidenced by
analysis of the animal's eecal content. The role of the
intestinal flora as an important source of niaein in the
human has received strong support frem the extensive studies
of Ellinger et al (1945). The results of these workers

indicate that the production and release of niacin by the
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intestinal flora can amount to as much as 80% of the daily
uptake. In a later report Ellinger et al (1949) observed
that, although a mixed culture from rats' caecum was ap-
parently able to produce‘nicotinamide from tryptophan,
E. coli was not able to effect this transformation in the
absence of lactate, whereas ornithine and, to a smaller
extent, glutamine and arginine were readily converted into
nicotinamide. Since more N'-methylnicotinamide was excreted
when tryptophan was given to rats orally than when given
parenterally, and since less was excreted when the animals
were given sulfasuxidiné, it was concluded that the nico-
tinamide was synthesized by the intestinal flora. It
becomes evident that dietary circumstances which have a
‘known influence on the character of the intestinal flora
must be taken into consideration if an adequate appraisal
of the nutritional status of an animal is to be made.

The contrary view supporting the second hypothesis
is as follows. Symptoms of nicotinic acid defiéiency in the
pig, the dog, and in humans were relieved by the administra-
tion of L-tryptophan and the reserves of nicotinic acid and
the urinary excretion of nicotinic acid metabolites were.
thereby incieased (Rosen and Perlzweig,l949).‘ Administrétion
of sﬁlphasuxidine did not impair the action of tryptophan in
relieving symbtoms of pellagravin‘humans, although such a
result.could be anticipated if the infestinal flora were
involved. Moreover, the intravenous administration of I-

tryptophan to infants gave a prompt and large increase in
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the urinary output of N'-methyl nicotinamide (Snyderman

et al 1949). The synthesis of nicotinic acid by rats was
apparently not affected by elimination of the bacterial
flora or by enterectomy; and nicotinic acid was synthesized

from tryptophan by rat liver slices (Hurt et al.,.1949 ;

Hundley, 1949b).
The tryptophan-niacin pathway, which is also known

as the kynurenine pathway (Fig. 2), is important for

production of nicotinic acid and provides also a means for
degrading tryptophan to acetoacetyl—CoA,.carbon dioxide,
and ammonia. The amount of tryptophan metabolized by the
various pathways available depends greatly on the amount of
the amino acid in the diet. From the work with [l4cy-
labelled tryptophan, Kailio et al (1949) and Mason et al
(1951) reported that the liver of the normal rat is able to
convert L-tryptophan into kynurenine, and formic acid was
isolated from the li&ers. The first step was conversion to
formylkynurenine which was then hydrolyzed by formylase.

The studies with mutant strains of Neurospora crassa and

with the rat have led to recognition of the fact that
kynurenine (Beadle et al, 1947), 3-hydroxykynurenine
(Mitchell et al, 1948), and 3-hydroxyanthranilic acid

(Bonner, 1948) are intermediates in the conversion of

tryptophan to niacin. Direct evidence for the metabolic
relationship between tryptophan and niacin has come from
isotope experiments in which labelled tryptophan or

3-hydroxyanthranilic acid was given to the rat and the
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niacin recovered from the tissues and urine was analyied.
The results indicate that position 3 of the indole ring
becomes the carboxyl carbon of niacin (Henderson et al,
1956) and that the nitrogen of the indole ring is

converted to the pyridine ring nitrogen of niacin (Schayer
et al, 1949). 1In 1951, Priest et al reported that a

soluble enzyme system from liver and kidney catalyzes the
conversion of 3-hydroxyanthranilic acid to quinolinic acid.
Several investigators subsequently showed that the primary
product of the oxygenation reaction was 2-amino-3-carboxy-
muconate-semialdehyde and'that cyclization -of the latter
resulted in the formafion of quinolinic.acid (Long et al,
1954). The latter reaction appeared to be a spontaneous
reaction and did not require an enzyme. However, quinolinic
acid has generally been considered to be a by-product of
tryptophan metabolism rather than an intermediate in niacin
biosynthesis since the compound is a very poor growth factor
in the rat and Neurospora. In the several mammalian liver
preparations studied by Mehler and May (1956), picolinic
carboxylase was the only enzyme found to react with 2-amino-
3-carboxymuconate-semialdehyde. Thé reaction produced pico-
linic acid and did not result in the formation of niacin.
Nishizuka et al (1963) have recently found the conversion of
éuinolinic acid to nicotinic acid ribonucleotide in the
presence of S-phosphoribosyl-1-pyrophosphate by a soluble
enzyme system obtained from the rat liver. Evidence is also

presented which excludes free niacin as a dissociable
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intermediate in this conversion. 1In higher plants and
many microorganisms, quinolinic acid is formed from
aspartate and glycerol (or closely related compounds)
by a series of reactions which have not yet been elucidated.
| Little of the tryptophan that enters the tryptophan-
niacin pathway is actually used to form nicotinic acid
ribonucleotide, and 60 mg of tryptophan results in the
formation of only about 1 mg of nicotinic acid in humans.
Recently Allen et al (1971) reported that in young growing
chicks a conversion ratio of tryptophan to niacin is 45:1.
Thus it would appear that this conversion ratio may not be
constant and shows considerable variation depending upon
the amount of tryptophan and preformed nicotinic acid
available to the organism and also the amount of pyridoxal
phosphate present. It has been reported that pyridoxine
defiqiency in animals can lead to increased excretion of
xanthurenic acid and quinolinic acid in the urine after a
tryptophan load (Kelsay, Miller and Linkswiler, 1968;
Rose and Toseland, 1973). When pyridoxine is deficient,
liver kynureninase located in thé cytosol, becomes rapidly
depleted of pyridoxal phosphate. However, the trans-
aminases that metabolize kynurenine and 3-hydroxykynurenine
to kynurenic acid and xanthurenié acid, respectively, are
located.in both kidney and liver and in both the cytosol and
mitochondria. The mitochondrial transaminase becomes
depleted of pyridoxal phosphate less rapidly. This accounts
for the diversion of tryptophan metabolism to the formation

of large amounts of xanthurenic acid in pyridoxine deficiency.
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Not much is known about the factors that cause the elevation

of quinolinic acid excretion due to the pyridoxine deficiéncy.
In fact quinolinaté phosphoribosyltransferasé which

catalyzes the conversionAof quinolinic acid to nicotinic acid

mononucleotide has been shown not to be a pyridoxal phosphate-

dependent ehzyme (Gholson et al, 1964; Taguchi et al, 1974).
Also, it has been suggested that tryptophan given in large
doses may result in pyridoxine deficiency by combining with

pyridoxal phosphate through the formation of Schiff bases

(Hughes, 1966). It might be anticipated that pyridoxine
deficiency woﬁld also result in deficient niacin synthesis.
»it is now generally accepted that the conversion of‘trypto—
phan to niacin does in fact take place in the tissues and
that while synthesis by the bacterial flora of the intestine
can and does occur, niacin from this source has little

effect on growth (Robinson, 1966).

Absorption and Excretion

Nicotinic acid and nicotinamide are absorbed readily

~from the lumen of the intestine. There are no significant
stores of niacin in the body. Following oral or parenteral

administration of niacin, there is a transient rise in the

blood niacin level, and the metabolites are excreted in
the urine (Svedmyr et al, 1970).
Loss of nicotinyl structure from the pyridine

nucleotide cycle may occur at the level of nicotinamide or
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nicotinate, which are excreted. either as derivatives or as
the free compounds depending on the species concerned.
Huff and Perlzweig (1941) reported that rats were able to
convert a substantial proportion of ingested nicotinate
into trigonelline and nicotinuric acid, only a small amount
being excreted unchanged. The formation of nicotinuric
acid from hicotinate has also been reported in the dog,
hamster and mouse (Leifer et al, 1951) as well as in the
rabbit, tortoise and frog. A study of the synthesis of
nicotinuric acid in rat kidney slices and homogenates
demonstrated that it was a two-stage process (reactions 1

and 2) involving nicotinylFCoA (Jones, 1959).
Nicotinate + ATP + CoASH —— > nicotinyl-CoA + P, + ADP (1)

Nicotinyl-CoA + glycine ——— nicotinuric acid + CoASH (2)

Dinicotino-ornithine is the major excretory metabolite
of nicotinate in chickens (Dann and Huff, 1947); it is
probably formed in a similar fashion to nicotinuric acid but
no coenzyme requirement has been reported. Koeppe and Hall
(1956) pointed out that nicotinuric acid constituted about
60% of the tertiary nitrogen derivatives of nicotinate
excreted by normal rats, but it fofmed a much lower proportion
in the case of pantothenic acid-deficient rats. This result
suggests that coenzyme A is involved in the biosynthesis of
nicotinuric acid as in the enzymic conversion of benzoic
acid into hippuric acid. Somewhat similar results were

obtained with dogs, which apparently excreted trigonelline
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and nicotinuric acid as the principal end-products of
nicotinate metabolism (sarett, 1942).

The excretion of another metabolite of nicotinate
was first noted by Najjar and his co-workers (Najjar and
Holt, 1941). They observed that pellagrins excreted in
the urine a fluorescent substance designated Fj, which
disappeared when the patients were treated with nicotinate,
and was replaced by another fluorescent compound known as
F2. Later Fz was shown to be N'-methylnicotinamide which is
a characteristic urinary excretion product of nicotinate in
animals. Cantoni (1953) demonstrated that N;—methylnicotina—
mide is formed only in liver under the influence of nicotina-
mide methyltfansferase (S-adenosylmethionine: nicotinamide
methyltransférase) with S-adenosylmethionine as methyl donor

(reaction 3).

nicotinamide + S—-adenosylmethionine —s N—methylnicotinamide

+ S-adenosylhomocysteine (3)

Kaplan (1961) provided %@ évidence that N'-methyl-
nicotinamide may come from the nicotinamide resulting from
the breakdown of NAD in liver. Nicotinate is not methylated
by nicotinamide methyltransferase, which accounts for the
’ absence of the betaine and trigonelline from animal tissues.
In rats nicotinamide added at a level of 1% to the diet
inhibited gfowth; nicotinate had no such effect. However,
they both produced "fatty livers", a characteristic symptom
of a deficiency of available labile methyl groups. Pfe—

sumably the nicotinamide methyltransferase activity is so
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great that when high levels of nicotinamide reach the
liver they trap all the available methyl groups and thus
produce a methyl deficiency syndrome. Nicotinate is less
effective than nicotinamide probably because it has first
to be metabolized to nicotinamide, via NAD (Handler and

' Dann, 1942),.

Using the technique of paper chromatography Reddi
and Kodicek (1953) showed that the main metabolites
excreted by humans following a 100 mg dose of nicotinate
are, in decreasing order, nicotinuric acid, N'-methyl-
nicotinamide and nicotinamide. On the ofher hand,
Ginoulhiac et al (1962)vindicated thaﬁ 6-pyridone of
N'-methylnicotinamide is the'principal urinary excretion

product resulting from the oxidation of N'-methylnicotinamide.

Deficiency

A) General

In their earlier studies.on the chick antidermatitis
factor;f'MickelsengELQl (1938) attempted to produce a
nicotinic acid deficiency in chicks through the use of the
modified Goldberger -diet. . They found that chicks on this
ration grew very poorly but showed no external symptoms.
Helmer et al (1938) demonstrated that the Goldberger diet(l926)
was deficient in thiamine and riboflavin as well as in

nicotinic acid.
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Briggs et al (1942), using purified rations low

in nicotinic acid, conducted the investigation of the role
of nicotinic acid in chick nutrition. In the abéenée of
nicotinic acid there was a depression in the growth rate
and the appearance of a deficiency condition similar to
canine blacktongue, A decrease in food consumption was
also noticed. Upon the addition of nicotinic acid to the
basal ration, food consumption and growth increased and
the chick blécktongue symptoms disappeared within a few days.

However, Dann and Handler (1941) and Snell and Quaries (1941)
have presented evidence for the occurrence of a marked
increase in the nicotinic acid content of the incubating egg
and suggested, therefore, that the hatched chick does not
require a dietary source of this vitamin. However, Briggs
et al (1942) dindicated that if such synthesis of nicotinic
acid does exist in the growing chick there is not sﬁfficient
formation to supply enough of the vitamin for the optimal
growth and for the prevention of chick.blacktongue. On the
basis of this observation they concluded that the growing
chick requires a dietary source of nicotinic acid for
optimal growth. In addition, they also.found nicotinamide
equally effective in stimulating growth and preventing
blacktongue.

Krehl et al (1945) have feported that rats fed a 9%

protein diet containing 40% corn developed a growth

depression which was corrected by either niacin or tryptophan.
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In work with dogs Krehl et al (1945) produced a nicotinic
acid deficiency by the addition of corn grits to a synthetic
ration. In work with swine, Davis et al (1940) noted
necrotic enteritis, due to a deficiency of nicotinic acid,
especially prevalent in pigs fed diets rich in corn in
contrast with other grains. Briggs et al (1945) reported
that the addition of 10% of gelatin to a highly purified
ration caused an increase in the nicotinic acia requirement
of chicks and that tryptophan acted similarly to nicotinic
acid in preventing the deficiency. Arginine, glycine, and
alanine have been known to account for some of the de-
pressing action of gelatin. It was speculated that nicotinic
groups.

2

To further emphasize the importance of amount and character

acid is necessary for the metabolism of excess NH

of dietary protein, especially with regard to tryptophan
content, Krehl et al (1946) showed that egg albumin, fibrin,.
and soybean globulin at dietary levels of either 10 or 15%
protected the rat from the usual growth inhibition which
resulted when corn grits were added to the diet. This is

in marked contrast to resuits obtained with casein at
comparable levels and is undoubtedly dependent upon the
higher tryptophan content of these proteins, as compared
with casein. ' The specificity of tryptophan in this relation-
ship is indicated at least by.the fact that addition of
lysine, arginine, methionine, and histidine to the corn
supplemented ration at levels of 0.5% failed to elicit a
growth response. The importance of dietary protein and

tryptophan in the nutrition of dogs on a niacin deficient
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diet has been reported by Singal et al. (1948a). They
‘noticed that niacin deficiency in dogs was not prevented or
significantly altered by the inclusion of the tryptophan-

deficient proteins, zein, or gelatin, in the diet.

B) Amino acid. imbalance

Although previous experiments with wheat gluten and
gelatin indicated that an undesirable growth rate might

result when niacin and tryptophan are simultaneously low,

Krehl et al (1946) looked at the effect of a niacin-free
diet contéining 9% casein and 6% gelatin along with
different carbohydrates on the growth of rats. In all
cases grthh inhibition was produced by the addition of
gelatin in much the same way as when wheat gluten had been
used instead of casein. Since this is the same condition
that prevails in corn-supplemented rations, the effect of
zein, the principal protein in corn, was tested by adding

it at a level of 3% to a 9% caseln ration at the expense

of carbohydrate. This addition of zein resulted in very

poor growth which was correctable by the addition of
tryptophah or niacin.

As a result of such investigations, Krehl et al. (1946)

proposed that the action of corn in niacin-low synthetic rat-
ions is a function of the character of the predominant protein
present, zein, and this in turn is due to an amino acid

" imbalance in this protein. It was further stated that an
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imbalance of amino acids results in an increased tryptophan
or niacin requirement, and therefore poor growth, is
evident by the fact that rats will grow reasonably well on
rations which contain the same amount of tryptophan and

which also contain a well balanced protein. They also

indicated that this imbalance of amino acids could be
extended beyond proteins such as gelatin and zein, when

it was noted that the addition of acid-hydrolyzed proteins

such as fibrin, egg albumin, and casein at levels as low

as 2% inhibited growth. Since such findings suggested the
possible involveﬁent of a specific amino acid,. glycine,
leucine, and glﬁtamic acid were added separately and
collectively ;t a level of 1% to 9% casein-dextrin ration.
No growth inhibition was observed, but when sucrose was
used as the carbohydrate in place of dextrin, the addition
of 2% glycine and a combination of L-tyrosine, DL-phenyl-
alanine, and DL-valine along with glycine ana L-leucine
resulted in a retarded growth rate which was markedly stim—.

ulated by the addition of niacin. Groschke et al (1946) also

observed that the addition of certain pure amino acids alone
and in combination to synthetic diets low in niacin produced
growth inhibition in chicks analogous to that noted with

gelatin. Niacin in all cases overcame this inhibition.

Glycine alone, arginine and glycine together, and especially
arginine, glycine, and alanine in combination showed marked

inhibitory action. These authors suggest that niacin is

concerned in some manner with the metabolism of amino acids
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especially glycine, arginine, and alanine.

In a further study on growing chicks and on laying
hens, Briggs et El.(l946a)repor£ed that niacin deficiency
may occur in chickens under practical conditions if the
protein (amino acid) content is unbalanced and that the
niacin requirement of chickens is influehced by the
protein content of the ration and in‘particular by the
éresence of excessive amounts of proteins such as gelatin
Which are deficient in tryptophan. Groschke et al (1947)
also pointed out that the chick-pellagra symptoms caused
by feeding zein are due to the accumulated action of
the amino acid constituents alone in this protein. . Of the
amino acids in zein, glutamic acid, leucine, alanine,
proline and phenylalanine seemed primarily‘concerned. An
indication of nonspecificity of amino acids in this mechanism
was indicated by the above mentioned work with rats and chicks
and was further demonstratéd by the report of Groschke et al
(1948) when they found that at a level of 4% in the diet,
nearly all of 17 amino acids tested depressed the growth
rate to some extent. DL-methionine proved particularly
effective in this respect. Another study on the amino acid
imbalance affectlng the growth of rats on a niacin- tryptophan
deficient diet was reported by Henderson et al (1947).

Growth retardation was observed in rats when the 9% casein-
sucrose, niacin-free diet was supplemented with 2% glycine,

2% acid hydrolyzed casein, or an amount of crystalline amino

acids equivalent to 2% acid hydrolyzed casein. Again the
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growth depressing effect of glycine could not be shown
on a diet which contained dextrins as the carbohydrate ..

Singal et al (1947) working along a similar line
with rats noted that the addition of histidine, wvaline,
threonine, and lysine, to the low protein (9% casein)
diet produces a marked growth depression which is not
accompanied by a decrease in liver niacin. Hankes et al
(1948) were able to demoﬁstrate that the specific amino
acids which most effectively induced a niacin-tryptophan
deficiency in the rat were DL-threonine and DL-phenylalanine
in amounts equivalent to that present in 2% acid hydrolyzed
casein, i.e., 0.078% and 0.104% respectively. DL-phenyl-
alanine was not as effective as DL-threonine and further-
more the growth inhibition with these amino acids was not
mérked when dextrin was used instead of sucrose as the
carbbhydrate. Singal et al. (1948b) confirmed the above
Observation concerning the growth retarding action of added
dietary threonine for thé rat and further noted that the
growth inhibition is not accompanied by a decrease in the
storage of niacin in the liver or muscle.

Hankes et al (1949) reported that tryptophan is
spared for conversion to niacin when the rate of protein
synthesis is limited by some other amino acids, such as
threonine. However, upon the addition of threonine to the
diet, tryptophan assumes the role of the most limiting
amino acid and is drawn into protein at the expense of

niacin formation, thus causing a deficiency of this vitamin.
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Henderson et al.(1953a,1953b) induced niacin deficiency in raﬁs

by raising the levels of threonine in diets containing
marginal levels of tryptophan. Growth was severely sup-
pressed when threonine wae increased from 0.33 to 0.38%
of a diet that chtained 10% hydrolyzed casein and 0.1%
DL-tryptophan. They also suggested that the age and size
of the animai was of importance in producing tryptophan-
niacin deficiency.

Further investigations were undertaken to see whether
excess leucine would also bring about such disturbances in

the tryptophan-nicotinic acid interrelationship. In 1954

Harper et al discovered that amino acid imbalance, created
by the addition of 3% leucine to 9% casein diet, could be
largely corrected by the simultaneous addition of 1.0%
isoleucine. In view of the structural similarity of the
two molecules, they postulated an antagonism between the
two amino acids, whereby leucine prevents the normal
utilization of isoleucine. Amino acid imbalance due to an
excess of leucine in jowar has also been suggested as a
possible factor in the development of pellagra which is
endemic in certain population groups that subsist princi-
pally on this millet (Gopalan et al 1960). 1In support of
this hypothe31s, it was further demonstrated that the oral
administration of leucine to normal human subjects brought
about a significant increase in the excretion of quinolihic
acid and a significant decrease in the excretion of.

6-pyridone of_NLmethylnicotinamide in the urine. There was
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alsb a significant decrease in the excretion of béth
S-hydroxyindoleacetic acid and free indoleacetic acid.

In the presence of a tryptophan load, these effects of
leucine administration were more pronounced. To ensure

that these effects were specific for leucine, the effect

of oral administration of lysine to a group of subjects

‘was investigated by Bela&ady et al (1963). This study
demonstrated that lysine administration had no effect on

the urinéry excretion of tryptophan metabolites. In line
with these observations on human subjects, Raghuramulu et al
(1965a) reported that urinary excretion of'quinolinic acid

and N'methylnicotinamide were increased in both young and
adult rats when leucine was added at 1.5% level to a 9%
casein diet. Quinolinic acid excretion was more markedly
affected in young rats, whereas NLmethylnicotinamide excretion
was more affected in adult rats. Isoleucine counteracted the
effect of 1euéine in young rats. 1In order to demonstrate tﬁe
possible role of leucine in the pathogenesis of pellagra they
induced a classical black tongue in dogs by feeding jowar,
which is not low in tryptophan but contains ¢onsiderable
amounts of nicotinic acid. In 1966 they also investigated
the nature of nicotinic acid present.in the millet jowar to
determine if poor availability of nicotinic acid in jowar

may be partly responSible for the occurrence of pellagra in
jowar-eaters (Belavady et al). Growth of rats and pups fed
jowar or lime-treated jowar diets revealed that animals con-

suming untreated jowar grew better, giving the inference
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tha£ nicotinic acid in jowar is, in fact, in the available
form. Their next studies were directed towards elucidating
the precise biochemical mechanisms underlying the effect of
leucine on nicotinic acid metabolism. In order to estab-
lish this effect, nicotinamide nucleotide synthesis in vitro
in the erythrocytes was studied in normal subjects as well
as in patients suffering'from pellagra before and after the
administration of leucine supplements. They observed that
the total nucleotide concentration in erythrocytes of pel-
lagrins was not lower than that in normal subjects, but the
ability of the erythrocytes to synthesize these nucleotides
in vitro was significantly lower. Oral administration of
10 g leucine daily, for 5 days; depressed the nicotinamide
nucleotide synthesizing ability of erythrocytes both in
normal subjects and pellagrins. This, however, was not
accompanied by changes in the actual nucieotide concentra--
tion in the erythrocytes themselves. These apparently para-
doxical phenomena would suggest that distribution of dif-
ferent nucleotide fractions of erythrocytes in pellagrins

. may be different from that of normal subjects.

In 1973, Ghafoorunissa et al. reported that adminis-
tration of leucine at 3% level in a 9% casein diet to young
rats resulted in a significant increase in the activify of
tryptophan pyrrolase in liver and a significant decrease in -
the activity of quinolinate phosphoribosyltransferase in the
liver and kidney. 1In addition, a significant increase in

the activity of picolinate carboxylase, a key enzyme in the
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oxidation of tryptophan to C02 through glutarate pathway,
was observed. In contrast to Gopalan's reports, Truswell
et al (1963) failed to see the anticipated elevation in
urinary N-methylnicotinamide by the excess intake of

leucine. Recently Nakagawa et al (1975) reported on their .

first studies of Gopalan's hypothesis. They found that there
were no consisteéent trends in the amount of excretion of

N-methylnicotinamide or nicotinic acid during the high leucine

period. In their second experiment, 5 female subjects were

fed the basal diét for 6 days at which time the leucine
intake was elevated to 11 g. Pyridone excretion was.signi-
ficantly reduced in all subjects. Excretion of quinolinic
acid, 5-hydroxyindole acetic acid, and nicotinic acid was
constant throughout the control and experimental period in
all 5 subjects. In their 3rd experiment, they examined

thé effect of leucine supplements (11 g per day) in 3 female
subjects when pyridoxine was omitted for the entire 20 day
test period. Once again, pyridone excretion declined in

2 of 3 subjects and urinary nicotinic acid was constant but

a trend toward an elevation of 5-hydroxyindole acetic acid
and N-methylnicotinamide and a decline in quinolinic acid
was noted. From these observations they concluded that

their data offered no support for the contention that an

excess intake of leucine causes changes in the excretion of
tryptophan and niacin metabolites.
Recently Krishnaswamy et al (1976) observed that in

normal human volunteers, simultaneous administration of
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pyridoxine orally with leucine could counteract some of

the metabolic effects of excess leucine, i.e. increased
quinolinic acid excretion, decreased in vitro nicotinamide
nucleotide synthesis in erythrocytes and abnormalities in
5-hydroxytryptamine metabolism. The results showed that

30 g leucine/ kg diet significantly reduced the quinolinate
phosphoribosyltransferase when the diets provided 5 ug
pyridoxine/10 g and that the effect was only marginal when the
diet included 30 ug pyridoxine/10 g. The inhibitory effect
was completely absent when the diet provided higher amounts
of pyridoxine (60 ug/10 g). 1In a later study. (1978) they
also reported that dietary excess of leucine induces leucine
aminotransferase which requires pyridoxal phosphate as
coenzyme, thus.modifying the requirements for vitamin Be.
It may, therefore, be expected that the enhanced activity
of leucine aminotransferase may cause the'increased cata-
bolism of leucine. These results suggest that in endemic
pellagra arising as a result of high intake of leucine from
jowar, the vitamin B6 content of the diet may be an import-
ant determinant of the ektent of impairment of the trypto-
phan-niacin pathway. According to Bapurao (1975) the
vitamin B6 content of jowar is only half that of wheat and

less than that of rice.
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C) Antimicrobial agents

An antimicrobial agent is so called because it has
the capacity to inhibit the growth of, to alter, or to
destroy bacteria in vitro or in vivo (1). The spectrum of
antimicrobial activity can vary from destruction of bacteria
to the production of slight changes in structure or metabol-
ism. Marshail et al (1940) reported that sulfaguanidine
appears to be the most effective bacteriostatic agent for
various intestinal bacteria. Black et al (1947) attempted
to find out whether intestinal bacteria may synthesize
certain unidentified factors essential in the nutrition of
the rat. They observed that the growth of rats was reduced
from the average of 25 gm per week to less than 10 gm per
week when 0.5% of sulfagqguanidine was added to their synthe-
tic diet containing 18% of purified casein and 76% of
sucrose. It has been suggested that the reduced growth
effect is attributed to the inhibition of intestinal syn-

thesis by responsible microorganisms,(Fig..3).

NH

SO2NH—C
'NH,

NH,

Figure 3. Chemical Structure of Sulfaguanidine.
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In 1951, Coates’et al. reported that penicillin supplementa—

tion accentuated the deficiency of niacin when the chicks
were fed a purified diet with dextrln as the carbohydrate.

In contrast, Biley et al (1952) have presented evidence

that aureomycin spares dietary niacin. However, Nelson et al
(1953) resolved these contrasting observations reported by
Coates et al and Biley et 2l. They demonstrated that niacin

deficiency symptoms were neither accentuated nor alleviated

by supplementing a semipurified diet (a casein-gelatin) with

aureomycin or procaine penicillin. Neither aureomycin nor
penicillin stimulated chick growth when the diet was severely

low in niacin (0.48 mg/kg) .

D) Antiniacin

General
Most coenzymes are-derivatives of vitamins and it has
been anticipated that analogs would induce vitamin-deficiency
states. This has been demonstrated in some cases; that is,

effective analogs have been found to produce a pattern of

symptoms roughly similar to those seen in deficiency of the
corresponding vitamin. Nevertheless, it should be clearly

understood that the situations are basically different. A

dietary restriction of a vitamin leading to a generalized .
depletion in the tissues would not necessarily bring about
functional changés identical to those caused by an analog,

which could be much more effective in interfering with
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certain functions of the ceenzyme than simple depletion
and possibly leave other functions untouched. Even though
the analog primarily interfered with the transport of the
vitamin into the cell, or blocked its further metabolism
to the active coenzyme, it is not justifiable to conclude
that a state of generalized depletion will result, because
these effects will presumably not be exerted equally on
all tissues. The differential penetration of the analog
into the various tissues will perhaps be one impoftant
factor in determining the response.

Contrary to vitamin depletion, analogs often cause a
rise in the renal excretion of coenzyme or its metabolites,
due to the displacement of the normal coenzyme by the analog
in the tissues and its release from the cells. The analog

might also alter the formation of the coenzyme from its pre-
cursors, or inhibit tne metabolism of the active coenzyme,
or in some manner change the renal excretion of resorption
of the coenzyme or its precursors, so that a variety of
effects on over-all excretion is possible. Furthermore, in
many instances the analogs are metabolized along the same
pathways as the coenzymes to form inhibitory products. The
direct effect of a coenzyme analog on the enzyﬁe reaction
requiring the cooperation of the coenzyme will depend on
the tightness with which the coenzyme is bound to the
enzyme. Some coenzymes are so tightly bound so that they
remain on the enzyme through numerous ieolation procedures,
and in such cases the addition of an analog, even though

it has a high affinity for the enzyme, may not be able to




replace the natural coenzyme rapidly enough to induce
inhibition. It must be remembered that the analog does
not actively displace the coenzyme (i.e., it does not
force it from the enzyme) but only binds to the free
enzyme; if essentially all of the enzyme is combined with
coenzyme, there is little opportunity for the analog to
act. It hashbeen freguen£ly stated that coenzyme analogs
are specific inhibitors. This is true in one sense
inasmuch as these analogs or their metabolic derivatives
appear to interfere only with those enzymes or reactions
involving the corresponding normal coenzymes, in most

instances. On the other hand, the coenzymes often parti-

cipate in several different types of metabolic activity so

that the metabolic disturbances produced by the analogs
may not be specific with respect to a single reaction |
(Webb, 1966) .

It'has-been reported that NADase can catalyze an
exchange reaction between the niéotinamide moiety of NAD
and compounds related to nicotinamide according to the
following eqﬁation (Kaplan et al, 1954):

NRPPRA + E — E - NRPPRA
\+N
N - ‘
E - RPPRA ——— E + RPPRA

N
+X

N
_ 2
XRPPRA + E —— E XRPPRA
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where NRPPRA is NAD, E is NADase, XRPPRA is the NAD. analog,




39

E-RPPRA is the relatively stable ribosyl enzyﬁe complex,
and X is the pyridine derivatives exchangeable with
nicotinamide. The overall exchange reaction would be:
NRPPRA + X T/ XRPPRA + N
These NADase which catalyze the hydrolysis of NAD at the
nicotinamide-ribose linkége might be considered as trans-
glycosidases and able to transfer the RPPRA group to
compounds structurally related to nicotinamide to form NAD
analogs (Zatman et al. 1954). The structures of some

antiniacins are shown in Fig. 4.

0
i
X0 X C- CHa
~
N N
pyridine-3- 3—acetylpyridine
sulfonic acid
Q
C-NHNH,
\\\\ CONH2 | \\\\
Z | =
HoN N N
6—aminonicotinamide isonicotinic acid
hydrazine

Figure 4. Chemical Structures of Antiniacin.
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(1) 3-Acetylpyridine

In‘a search for pyridine derivatives which might
have vitamin activity against black tongue in dogs, Woolley
et al (1938) observed that 3—écetylpyridine is not only ih—
effective but kills nicotinamide-deficient animals in 1 day,
normal dogs being unaffected. 1In 1945 Woolley induced a
niacin déficiency in mice and animals succumb at the LD50
(around 3 mg 3-acetylpyridine per day) in 3 to 4 days. '
However, mice can be completely protected by providing
nicotinic acid or nicotinamide in the diet. On the other

hand, yeast and most bacteria seem to be guite resistant

to 3-acetylpyridine, although the growth of Lactobacillus

casei in nicotinate-free medium is inhibited around 50% at
16.5 mM, a depression that can be reversed by nicotinate
but not by nicotinamide. These early observations all‘
point to the interference by 3-acetylpyridine in the meta-
bolism or function of nicotinic acid or nicotinamide. If
it is assumed that the primary role of these metabolites
is the formation of the NAD and NADP coenzymes, the follow-
ing possible mechanisms for inhibition by 3-acetylpyridine
might be imagined. (1) inhibition of some steplin.the
synthesis of NAD, (2) inhibition of the interconversion:
of nicotinate and nicotinamide, (3) entrance into one of
the pathways of nicotinate metabolism to form inhibitory
intermediates, (4) formation of an NAD analog (3-acetyl-
pyridine adenine dinucleotide), either through the normal

pathway or by the exchange reaction catalyzed by NADase,
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and (5) direct interference with NAD or NADP to inhibit
dehydrogenase activity.

In an attempt to solve the problem of how 3-acetyl-
pyridine induces its inhibitory effects, Gaebler et al (1951)
found that 3-acetylpyridine at doses around 0.5 g/day
increases the urinary excretion of NLmethylnicotinamide in
both normal and nicotinic acid deficient dogs. They also
indicated that the NLmethylnicotinamide could arise either
from a disturbance of nicotinamide metabolism, since N-
methylation is an important reaction in the elimination of -
nicotinamide, or directly from the 3-acetylpyridine. 1In
a later study they pointed out that N'-methylnicotinamide
is formed from 3-acetylpyridine and this analog might also
interfere with nicotinic acid metabolism in the course of
its oxidation and methylation (Beher et al, 1952). They
also made a very interesting speculation that the oxidation
of 3-acetylpyridine may involve NAD (P) enéymes; this mighf
mean that in nicotinic acid deficient animals, where NAD (P)
levels are low, the oxidation of 3-acetylpyridine would be
impaired and the analog>would be more toxic.

According to McDaniel et al (1955) 3-acetylpyridine
at low dosage (25-60 mg/day) can protect against black
tongue in dogs but at higher dosage it can create a nico-
tinic acid deficiency. Thus it has been suggested that
animals may have a limited ability to oxidize 3-acetyl-

. pyridine; small amounts are mainly oxidized to normal

metabolites and little 3-acetylpyridine is left to inhibit,
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whereas the larger doses exceed the metabolic capacity 6f
the system. This is indirectly supported by the results
of Guggenheim et al (1958), who determined the excretion
of N'methylnicotinamide in rats given comparable doses of
nicotinamide and 3-acetylpyridine. They observed that
beyond a dose of 50 mg/kg there seems to be relatively less
oxidation of the analoé. Further evidence confirming the
" conversion of acetylpyridine to nicotinamide was presented
by Kaplan et al (1954). They found that administration of
3-acetylpyridine (500 mg/kg of body weight) to mice leads
to a four-fold rise in the NAD level of the liver as com-
pared to the control. Despite a great increase in NAD
level, no 3-acetylpyridine analog of NAD was detected in
the liver. 1In view of these facts observed, it was concluded
that the metabolism of 3-acetylpyridine and the compounds
derived from it thus depend on the species, the-dose, and
whether the animals are normél or nicotinic acid deficient.
It was shown that 3-acetylpyridine-NAD can replace
NAD as the coenzyme for the various dehydrogenases. In
some cases 3-acetylpyridine-NAD can be reduced more rapidly
than NAD (horse liver alcohol dehydrogenase, beef liver
glutamate dehydrogenase, Lactobacillus D-and L-LDH) and in
other caseé proceeds more'slowly (yeast ADH, beef heart LDH,
yeast glyceraldehyde-3-p-dehydrogenase), while in a few
instances the rates are approximately equivalent (rabbit

muscle LDH) (Kaplan et al; 1956; van Eys et al, 1958;

Kaplan, 1959; Stockell, 1959). 3-Acetylpyridine-N E T,
plan, 4 ’ ylpy | @ﬁﬁﬁﬁ?@
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reduced about one-fifth as fast as NADP in the pig heart
IDH (isocitrate dH) system and is inactive in erythrocyte
glucose-6-P dehydrogenase (Marks et al, 1961). It was also
demonstrated that the relative rates do not necessarily
reflect the relative bindings to the dehydrogenases. The
introduction of 3-acetylpyridine may bring about an im-
balance of the normal relative substrate oxidation due to
the alteration of the rates of the various dehydrogenases

in different ways.

(2) Pyridine-3-sulfonate and pyridine-3-sulfonamide

These analogs might be expected to exert some in-
hibitory actions on nicotinic acid and nicotinamide metabol-
ism (Webb, 1966).

McIlwain (1940) found that in the absence of nicotinic
acid or nicotinamide the pyridine-3-sulfonate and pyridine-
3-sulfonamide inhibit the growth of various bacteria and the
inhibitions can be overcome by nicotinic acid and nicotina-
mide. In 1942 von Euler reported that pyridine-3-sulfonic
acid.ihhibited LDH when the concentration of the coenzyme
was kept constant and that of the analog was increased, so
that the latter would appear to compete with the coenzyme
for the apoenzyme. However, the inhibitory action decreased
as the concentration of the coenzyme or of nicotinic acid
or nicotinamide was increased. He also demonstrated that
the affinity of NAD for apodehydrogenase was 2 to 3 times

that of pyridine-3-sulfonic acid, while nicotinic acid,
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benzoic acid and benzene sulfonic acid had about the same
affinity as pyridine-3-sulfonic acid for apodehydrogenase.
It was concluded that the inhibition of enzyme activity by
"these compounds was not due soley to the carboxylic acid
or sulfonic acid groups but was rather a function of the
whole molecule. According to Karrer et al. (1946), the
antagonistic action of pyridine-3-sulfonamide towards nico-
tinamide was probably not due to displacement of the latter
by the former from NAD or NADP. If, however, displacement
actually does occur, then the altered NAD is probably Cap—
able of reversible reduction, since pyridine-3-sulfonamide
methiodide and ethiodide were reduced by sodium dithionite
to l-methyl-and l—ethyl—l,2—dihydropyridine—3—sulfonamide,
respectively. Woolley et al. (1943) observed that pyridine-
3-sulfonic acid did not produce symptoms of nicotinic acid
deficiency when fed to mice at 5% in the diet, nor did it
affect the excretion of N-methylnicotinamide by normal or
nicotinic acid deficient dogs, the coenzyme content of the
erythrocytes or the health of the animal. 1In addition,
‘Hicks (1955) observed hippocamgal necrosis in only one ani-
mal given pyridine-3-sulfonic acid, so that it is presum-
ably not so effective as 3-acetyl-pyridine. It has also
been presented that brain NADase is not inhibited by
pyridine-3-sulfonamide (McIlwain, 1950), and the sulfonate
does not significantly inhibit either beef spleen NADase
(Zatman et al., (1954) or nicotinamide deamidase (Grosso-

wicz et al, 1956).
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(3) Isonicotinic acid hydrazine (INH)

To explain the potent antitubercular activity of
isonicotinic acid hydrazine, Zatman et al (1954) considered
the possibility that INH may exchange with the nicotinamide
moiety of NAD to yield a toxic NAD analogue. The analogﬁe
(INH-AD) has been isolated from an incubation mixture con-
taining NAD, INH, and NADase from pig brain and from beef
spieen (Goldman, 1954). However, it does not inhibit
NAD-requiring dehydrogenase reactions. Although the occur-
rence has been reported of INH-induced pellagra in tuber-
culosis patients which completely responded to nicotinamide
treatment, there is no evidence to indicate that the
deficiency symptoms were due to the formation of INH-AD.
More recent investigations by Gangadharam et al (1963)
also suggests that INH exerts its bactericidal action by

selectively inhibiting nucleic acid synthesis.

(D) 6-Aminonicotinamide (6~AN)

6~AN is a structural analogue of nicotinamide,

differing from it only by the presence of the amino group
on carbon 6. This analogue has been suggested to be the
most potent nicotinamide antagonist available (Johnson

et al, 1955). The acute LDy, in mice is 35 mg/kg, although
2 mg/kg/day leadé to 50% mortality by the 11th day. His
subsequent studies demonstrated that the lethal toxicity

of 6-AN could be completely blocked by concurrent admin-

istration of nicotinamide, nicotinic acid, or tryptophan
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(Johnson et al, 1956). According to Halliday et al (1957),
it is very toxic to rabbits, producing loss of motor control
and paralysis, and in rats it produces these and other signs
of nicotinic acid deficiency. The endogenous respiration‘
of liver homogenates from 6-AN treated mice is depressed 70%
and lactate oxidation is depressed 49%; addition of NAD
counteracts these depressions. HoweVer, no effect is observw
ed when the analogue is added directly to liver slices. The
delayed action of 6-AN when injected into animals suggested
that 6-AN activity was contingent upon metabolic transforma-
tion in vivo, probably by incorporation into pyridine nucleo-
tides in place of nicotinamide to produce the corresponding
6-AN analogue (Kaplan et al, 1954). A substance was
isolated from the tissues of rats and mice following incuba-
tion of NAD, 6-AN, and NADase, which provéd to be the 6-AN
analogue of NAD. This analogue is completely inactive with
yeast alcohol dehydrogenase. Formation of 6-AN adenine
dinucleotide in vitro and in vivo was confirmed by Dietrich
et-al.(1958b), who also demohstrated that the corresponding
- 6-AN analogue to NADP was formed in vivo. These analogues

- underwent none of the addition reactions typical of

natural pyridine nucleotides. However, it has been postu-
lated that these impotent pyridine nucleotides become

bound, in vivo, to apo-dehydrogenases, producing inactive
‘holoenzymes. Dietrich éE gl.(1958a) have studied the

effect of 6-AN administration on the activities of several

NAD-linked enzyme systems in the 755 adenocarcinoma trans-
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planted into C57BL mice. LDH was unaffected, while 3-
phosphoglyceraldehyde dehydrogenase, B-hydroxybutyrate
dehydrogenase, and o-ketoglutarate oxidase activities

were markedly inhibited. In the 755 adenocarcinoma,

where a relatively low enzymatic capacity to carry out
oxidative phosphorylation is coupled with a high energy
requirement, (indicated by the very rapid growth of the
tumor) , marked lowering of the ATP and ADP, and increases
in the AMP concentration were observed upon the administra-
tion of 6~AN. Thus, it would appear that 6-AN owes its
biological activity to the formation of the corresponding
analogues of NAD and NADP, which are unable to function as
normal hydrogen carriers, but compete with the normal co-
enzymes for active sites on the enzyme. Consequently, they
postulated that interference with pyridine nucleotide
metabolism in this manner would be expected to exert a
pronounéea effect on the over-all metabolism of tissues,
since most metabolic reactions are directly or ultimately
NAD- or NADP-dependent.

As previously stated by Halliday et al (1957) 6-AN
exerts a depressing action against the growth of certain
lymphosarcomas and adenocarcinomas, and this is reversed
by nicotinamide. Tumor regression occﬁrs at 3-4 mg/kg/day
but some weight loss also occurs; at lower doses the
weight loss can be minimizéd with some reduction in carcino-

static activity,.but combined at these lower doses with

8-azaguanine it is reasonably effective. Therefore, it was
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considered to represent a new class of potentially useful
carcinostatic agents. It is also interesting that 6-
aminonicotinic acid is one-seventh to one-fifteenth as
toxic as the amide, suggesting either that penetration of
the acid form is limiting or that conversion to the amide
is slow.

In 1964 Herken et al showed that NADP is being con-
verted into the nucleotide containing 6-AN faster and more
completely than it is the case with NAD. Schultz et al
(1966) reported that intraperitoneal injection of 6-AN
(50 mg/kg) resulted in a marked hyperglycemia. They
indicated that the hyperglycemic action of 6-AN was mediated
by an increase of epinephrine release from the adrenal
medulla. 1In brains of 6-AN treated rats, among the NADP-
dependent oxidoreductases, the 6-phosphogluconate dehydro-
genase was so strongly inhibited in vivo, that the tissue
concentration of the 6—phosphogluconate rises to about the
200-fold of the normal level (Herken et al, 1969). The
high intracellular 6-phosphogluconate caused an inhibition
of the glycolysis on the level of the glucose-6-P isomerase
for which 6-phosphogluconate is a competitive inhibitor in
relation to glucosé-G—P. Thus thereisa direct inhibition
of the hexose monophosphate pathwayand ar indirect inhibition
of glycolysis. To gain further understanding of the
relationship of the hexose monophosphate pathway to meta-
bolic events in neural tissue, Kauffman and Johnson (1974)

undertook additional studies of the effect of 6-AN on cerebral
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Venergy metabolism. The accumulation of 6-phosphogluconate
in brains of 6-AN-treated mice was dose-dependent; adminis-
tration of 6-AN in doses of 10 and 35 mg/kg increased brain
levels of 6-phosphogluconate 50-and 120-fold, respectively.
Levels of ATP were reduced approximately 12% in the brain
of 6-AN-treated mice with no change in levels of phos?ho—
creatine. There was a five fold increase in cerebral
glucose, and in spite of this the lactate levels were the same
in the brains of 6-AN-treated and control mice. However,
the decreased level of fructose-1, 6-diphosphate in cerebral
tissue of 6—AN—£reated mice indicates that metabolism via
phosphofructokinase may have been inhibited in this tissue.
Since brain levels of ATP decreased slightly after 6;AN
treatment, the observed inhibition of phosphofructokinase
would not appear to be due to fhis nucleotide. They
calculated the total high-energy phosphate reserve in
cerebral tissue of 6-AN-treated mice to be 35% higher than
the control levels, which was accounted for by the increése
in cerebral glucose and glycogen. They also measured the
total amounts of NAD and NADP in neural tissues of 6—-AN-
treated and control mice. However, there were no signifi-
cant differenceé in the pyridine nucleotide levels between
normal and 6-AN-treated tissues. This is in agreement
with Shapiro's report (1957) that 6-AN administration did
not influence appreciably the NAD levels of liver and
brain of treated animals. Recently Kehr et al (1978)
investigated the effect of 6-AN on dopamine and noradren-

aline synthesis and utilization in rat brain. In corpus



striatum, 6-AN (10 mg/kg i.p.) lowered the concentration
of dopamine and markedly reduced the disappearance of
dopamine after synthesis inhibition with a-methyl-p-
tyrosine. They suggested that muscular rigidity produced
by 6-AN may be assoéiated with disruption of dopamine
transmission in the striatum. Zeitz et al (1978) studied
the effect of 6-AN on growth and acetylcholinesterase
activity during differentiation of Neuroblastoma cells
in vitro. They demonstrated that 6-AN causes a strong
inhibition of cell division accompanied by higher cell
volume, a decrease in protein content and an increase of
specific acetylcholinesterase activity as compared to
controls. It was suggested that 6—-AN-induced differentia-

tion may be accompanied by proteolytic processes.

Deficiency Symptoms

Pellagra has long been recognized as a disease
resulting from nicotinic acid deficiency in humans.
Déficiency signs include pigmentary changes in skin with
loss of hair, loss of body weight, dementia, and
alimentary manifestations such as anorexia and diarrhea.
The pathological features are characteristic and consisted
of chronic atrophic gastritis and degenerative changes in
the mucosa of the small and large intestines. Mental |
éymptoms form an important part of the clinical‘manifesta—
tions of pellagra. A study of the electroencephalographic

(EFG) pattern showed that in most cases there was either

50
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an excess theta activity or delta activity (Srikantia
et al, (1968). The biochemical mechanisms underlying the
mental change in pellagra have yet fo be elucidated.

The main symptom of nicotinic acid deficiency in
young chicks is an enlargement of the hock joint and bowing
of the legs similar to perosis. The main difference be-
tween this condition and the perosis of manganese or choline
deficiency is that in nicotinic acid deficiency the tendon
of Achilles rarely slips from its condyles. Briggs (1946)
described further symptoms of nicotinic acid deficiency
as inflammation ©f the mouth, diarrhea, poor feathering
and growth. On a niacin-low diet turkey poults develop an
enlarged hock disorder. In ducklings its deficiency is
characterized by lack of growth, diarrhea and general
weakness. Growing rats, maintained on a low niacin diet,

develop a condition characterized by growth depression.
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2. PYRIDINE NUCLEOTIDES

Structures

1)

NAD and NADH

empirical formula: NAD Co1Hy70;4,N,P,

NADH Cj,H, 40, ,N;P,
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Figure 5.

Chemical Structures of NAD and NADH.
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- molecular weight: NAD 663.3; NAD (ca.4H20) ca.735

NADH 665.3; NADH—Naz(ca.3H20) ca.763

redox potential: Eo =-0.318 Vat pH 7.0 (Rodkey, 1955)

PK value: 3.9 (Kaplan et al, 1955)
Optical rotation [a]%sz
B-isomer; - 34.8°

a-isomer; + 14.3O

NAD is a white powder which ié very soluble in water.
It has only limited stability, but in the dry and cold state
it keeps for mpnths. Aqueous solutions at slightly acid pH
are moderately stable, but unstable above pH 7.0. On the
other hand, NADH is stable in dilute alkali (pH 7.5-12),
but unstable in acids (Schlenk, 1951). Light and in parti-
cular heavy metals accelerate a partial oxidation of NADH
solution to NAD. NADH is strongly hygroscopic compared to
NAD. In moist preparations, inhibitors for dehydrogenases
are formed without a decrease in O0.D.349 and at the same
~time the preparations become colored, yellow to brown
(McComb et al, 1968).

Like all nucleotides, NAD absorbs in UV light with
a maximum at 260 nm; the corresponding molecular extinction
coefficient is 18.0 x 10° cm2/mole at pH 7.0. - Aqueous
solutions of NADH have slightly lower absorption at 260 nm
than NAD solutions, but have a second characteristic
absorption maximum at 340 nm. This is the basis of the

enzymatic determination of NAD. A molecular extinction
coefficient of 6.22 x 10%cm2/mole was obtained for NADH

and NADPH at 340 nm  (Horecker and Kornberg, 1948).
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By measurements of the cyanide complex at 327 nm the

sum of the pyridine coenzymes can be obtained; the differ?
ence between this value and that obtained ehzymatically for.
B-NAD (measured at 340 or 365 nm) gives the content of o-NAD.
o-NAD and B-NAD differ sterically in the glycosidic linkage
between the nicotinamide and ribose. a-isomer can not be
reduced enzymatically and is inactive as coenzyme. NAD

fluoresces in strong alkali and this is the basis of the
fluorimetric method for the determination of NAD after de-

composition of NADH with acid (Kaplan et al, 1955; Lowry
et al, 1957).

2) NADP AND NADPH

empirical formula: NADP C21H2gN7017P3

NADPH C,H3oN;0; ;P

NH»2
H: |
/C\ ~C -
Hﬁl '\?-CONHz T C—N
' | I
H&\N¢CH HC\N/CWWEH
B 0 0 H
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Figure 6. Chemical Structures of NADP and NADPH.
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molecular weight: NADP 743.42 NADP-Na,H 787.4
NADPH 745.42 NADPH'-Na4 834.0

Redox potential: Eé =-0.317 V at pH 7.0 (Kaplan
et al, 1953)

PK value: 6.2 - 6.3 (Theorell, 1934)

NADP and NADPH are colorless, hygroscopic compounds which
are stable for several months when stored cool and dry,

but which are sensitive to UV light. Although NADP is
relatively stable in weak acids (PH 3-6), it is rapidly
desfroyed in alkaline solution with the cleavage of nico-
tinamide. NADPH is relatively stable in alkaline conditions
(pH 8-9), but is destroyed on eprsure to acid due to the
opening of the pyridine ring (Schlenk, 1945). The addition
compounds of NADP and acetone or other ketones exhibit a
strong fluorescence in alkaline solution which can be used
for the quantitative determination of NADP. As for NAD the
a— and B-forms of NADP differ sterically in the glycosidic
linkage between nicotinamide and ribose. The g-form only

is enzymatically active (Kaplan et al., 1955).

.3) Stereospecificity for reduction of Pyridine

coenzymes

As indicated above the conversion‘of'NAD+ or NADP™
to the reduced form NADH or NADPH is accompanied by a
marked alteration in the spectrophotometric properties of
the coenzyme. The oxidized forms absorb maximally near

260 nm, the absorption being slightly less than the summation




of that due to adenine and that due to nicotinamide. On

reduction, the absorbance at 260 nm decrease considerably,

and a new band having a maximum at 340 nm, characteristic

of a dihydronicotinamide, appears.

Thus the nicotinamide

moiety of these coenzymes is the site of the oxidation-

reduction reactions. Electronically, reduction might take
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place at either the 2, 4, or 6 position of the nicotinamide

ring, yielding the corresponding dihydro derivatives

(I, II, and III): (Pullman and Colowick, 1954a).

Taking advantage of the fact that the ferricyanide oxidation

of N'-methylnicotinamide is known to yield predominantly

the 2- and 6-pyridones, Pullman et
that position 4 is the actual site
conversion of NAD+ to NADH results

new asymmetric center. Dithionite

al (1954b) demonstrated
of reduction. The
in the formation of a

reduction of NAD+ in
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D20 medium yields the two stereoisomers as follows:

(A) (B)

Forms A and B differ only in the posit;on occupied by the
deuterium with respect to the plane of the pyridine ring.
NAD+— and NADP-linked dehydrogenases exhibit stereo-
specificity for tﬁe A or B form of the reduced coenzyﬁe.
This was convincingly demonstrated by Vennesland et al
(1954) for alcohol dehydrogenase (ADH) and LDH. Deuterium-
labelled reduced NAD+ was prepared enzymatically with ADH

and l.l-dideuterio-ethanol: CH3CDQOH + NADT —— CH3CDO + NADD

When the reduced coenzyme was reoxidized with either acetalde-
hyde and ADH or pyruvic acid.and LDH, the deuterium was quan-
titatively removed from the coenzyme and transferred to the
reduced substrate. These experiments present the following
points. First, the transfer of hydrogen between substrate
.and coenzyme is direct. Second, ADH and LDH are sterospec-
ific with respect to coenzyme. Finally, both ADH and LDH
transfer hydrogen tq and from the same side of the NAD+
molecule (form A). Some enzymes utilize form A, some form B.

In only one known case, that of diaphorase (lipoyl dehydro-
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genase), is hydrogen exchanged on both sides of the nicotina-
mide ring, and this enzyme contains a flavin as prosthetic
group. Formally, NAD+— and NADP-dependent reactions involve
the transfer of.a hydride ion, a hydrogen nucleus with two
electrons, between substrate and coenzyme. Such reactions
may proceed via an actual transfer of a hydride ion or via

a two-step reaction pathway involving the transfer of a
hydrogen atom preceded or succeeded by the transfer of an
electron. Although it is not known with certainty which

of these altérnatives, singly or in éombination, correctly
describe NAD+-dependent enzymatic reactions, the hydride

ion transfer mechanism appears more likely. The overail
kinetics and magnitude of the kinetic deuterium isotope
effect in some of the enzyme-catalyzed cases are consistent
with the hydride ion mechanism (Abeles et al, 1957;

Abeles and Westheimer, 1958).
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Biochemical Functions of NAD

1) Carbohydrate Metabolism

(a) Anaerobic and Aerobic Oxidation of Glucose
(i) glyceraldehyde-3—phosphate dehydrogenase
(Krebs, 1955)
D—glyceraldehyde—B—g + NAD+ + Pi —_—

1,3-diphosphoglycerate + NADH + HT

This reaction is the first one in the.glycolytic sequence
to involve oxidation reduction which results in conservation
of the energy of oxidation of the aldehyde ‘group of glycer-
aldehyde—3-g in the form of a high energy phosphate compound
formed as l,3~diphosphoglycerate.

(ii) Lactate dehydrogenase (Fritz, 1965)

+
Pyruvate + NADH + H+ —> lactate + NAD
S

In the last step of glycolysis, pyruvate is reduced to
lactate at the expense of electrons originally donated by

glyceraldehyde—3—£ under anaerobic conditions

(b) TCA cycle
(i) © pyruvate dehydrogenase (Koike.et al, 1963)
pyruvate + NaDt + CoA~SH —— acetyl-S-CoA +

NADH + HT + co,
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Although it is not itself part of the TCA cycle, it is an
obligatory step by which carbohydrates (via pyruvate)

enter the cycle.

(ii) isocitrate dehydrogenase (Chen and Plaut, 1962)

Isocitrate + NAD' (NADP+) — a—-ketoglutarate +.CO2 + NADH (NADPH)
+ H

The oxidation of isocitrate to a-ketoglutarate is catalyzed

by an allosteric enzyme and is usually the rate-limiting

reaction of the TCA cycle.

(iii) a-ketoglutarate dehydrogenase (Massey, 1960)

‘a—ketoglutarate + NAD+ + CoA-SH —— succinyl-S-CoA + CO. +
~— 2
+ NADH +H'
The reaction as a whole is not readily reversible because
of the decarboxylation step.
(iv) malate dehydrogenase (Callahan and Kosicki,
1967)

L-malate + NAD+ —_ oxaloacetate + NADH + H+
, <

" In the last reaction of the cycle, the NAD-linked L-malate
dehydrogenase catalyzes the oxidation of L-malate to

oxoloacetate.

(c) HMP Shunt Pathway
(1) glucose-6-P dehydrogenase (DeMoss, 1955)

glucose-6-P + NADP+ — 6-phosphogluconate + NADPH + H+
- < - :
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(ii) 6-phosphogluconate dehydrogenase (Pontremoli

and Grazi, 1966)
6-phosphogluconate + NADP+ —_— D—ribulose—S—g + NADPH + HﬁFCO

2
HMP ‘shunt pathway provides NADPH required by anabolic
processes outside the mitochondria.
. 2)  Electron Transport System
(i) oOxidative Phosphorylation (Lehninger, 1975)
+
NADH FAD Fe2+ Fe3 H20
.|.
+ 4
H cyt-c cyt-
oxidase
+ 2+
NAD" FADH,, Fe> Fe 50,
3 moles of ATP are formed per mole of NADH oxidized or atom
of oxygen consumed.
(ii) ' Microsomal hydroxylation reaction .(Dus, 1976)
NADPH reductase cytochrome CH§R
L
(FAD _) / P-450 (Fe?¥)
ox )
phosphatidyl : 2 .
choline » -
/\ H,0
NADP+ reductase cytochrome HOCHZ-R
+
(FAD__.) P-450 (Fe3T)
red

Microsomal hydroxylases contain electron transport systems

capable of utilizing molecular oxygen to oxidize specific

\
organic molecules, by direct insertion of one or both its

oxygen atoms into the product.
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© 3) Lipid Metabolism

(a) Triglyceride synthesis

glycerol-phosphate dehydrogenase (Beisenherz et al, 1955)

Dihydroxyacetone phosphate + NADH + gt — L-glycerol-3—_Ii+NAD+

(b) Fatty acid oxidation and synthesis
(i) B-ketoacyl-ACP-reductase (Majerus, 1965)

acetoacetyl-S-ACP + NADPH + H' — D-g-hydroxybutyryl-S—-ACP

+ nappt

(ii) crotonyl-ACP-reductase
crotonyl-S-ACP + NADPH + H+ - butyryl-S-ACP + NADP+
(iii) ° L-3-hydroxyacyl CoA dehydrogenase

L-3-hydroxyacyl CoA + NAD' — 3-ketoacyl CoA + NADH + HY

(c) Steroid synthesis _
(i) B—hydroxy—B—methylglutaryl CoA: reductase
B-hydroxy-g-methylglutaryl CoA + 2 NADPH,f72H+ —
mevalonic acid + 2 NADP' + CoA |

(ii) Squalene synthetase

2 farnesyl pyrophosphate + NADPH + H+ E—

squalene + NaDPt + 2PPj3

(d) Interconversion of acetoacetate and
B-~hydroxybutyrate
(i) B-hydroxybutyrate dehydrogenase

: +
acetoacetate + NADH + H+ —— B-hydroxybutyrate + NAD
. —
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(e) Malic enzyme (Hsu and Lardy, 1969)

L-malate + NADP' —— pyruvate + CO. + NADPH + H'
‘—_-—_' .

2
NADPH generated is another source of reducing power for
fatty acid synthesis in liver.

4) Protein Metabolism

(a) Degradation and synthesis of amino acids

(i) phenylalanine hydroxylase (Kaufman, 1957)

2 — tyrosine + NADP® + H,0 S

phenylalanine + NADPH + H+ + 0

(ii) glutamate dehydrogenase (Sedgewick and

Frieden, 1968)

NH, + o~ketoglutarate + NADPH + Ht —— L-glutamic acid + Napp'

(b) glutathione reductase (Colman and Black, 1965)

2GSH + NADP ——\ GSSG + NADPH + HT
| ~—

5) Vitamin Metabolism

(a) Ascorbic acid synthesis

(1) glucuronate reductase (Chaudhuri and
Chatterjee, 1969)

. . . . . +
D~-glucuronic acid + H20 + NADPH + H+ — L-gulonic acid + NADP

This gulonic acid is the direct precursor of ascorbic acid

in those animals which are capable of synthesizing this vitamin.
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(b) Vitamin A synthesis
(1) Retinene reductase

retinal + NADH + HT —— retinol . + Napt
—

(c) Tetrahydrofolic acid synthesis
(i) folic reductase

folic acid + NADPH + H+ — PFH_ + NADP+

2
(ii) dihydrofolic reductase (Stanley et al, 1971)

FH, + NADPH + HY — FH, + nappt

Before functioning as a Cl carrier or a formate unit, folic

acid must be reduced using NADPH by both enzymes above.

6) Other functions (as a substrate for ADP-

ribosylatron)

The major biochemical function of NAD is known to.
be as an coenzyme in various biological oxidation-reduction
systems. The structure of NAD can also be envisaged as
the adenosine diphosphate-ribosyl moiety (ADP-ribose)
battached covalently to a nicotinamide through a B-N-
glycosidic linkage. This linkage constitutes a so-called
high~energy bond, since its free energy of hydrolysis is
approximately -8.2 kcal/mole at pH 7.0 and 25°C. The
energy of this bond suéplies.the driving force for the
various ADP-ribosylation reaction.

Two kinds of NADase have been reported. Microbial
NADase hydrolyze the N-glycosidic linkage of NAD, yielding

free ADP-ribose, nicotinamide, and a proton. Mammalian
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NADase, in contrast, catalyze both hydrolysié of NAD

and transfer of the ADP-ribose moiety to various basic
acceptors, thus acting as both hydrolases and trans-
glycosidases. One such reaction is the diphtheria toxin
(fragment A)-catalyzed transfer of ADP-ribose from NAD to
eukaryotic EF2 (elongation factor), resulting in the
covalent modification and selective inactivation of this
factor and the concomittant inhibition of protein synthesis
(Pappenheimer, 1977). Another ADP-ribose transfer reaction
involves the functioning of NAD as a substrate for poly

(ADP-ribose) synthetases. Studies of this reaction have

suggested a close relationship between poly (ADP) ribosylation

and the control of gene expression. Poly (ADP-ribose)

synthetase is tightly associated with chromatin and catalyzes

the-synthesis of homopolymer poly (ADP-ribose) from the ADP-
ribosyi moiety of NAD.

Burzio and Koide (1970) reported that the treatment
of isolated rat liver nuclei or chromatin with NAD decreased
the incorporation of 3H—labelled deoxyribonucleotides into
DNA due to the formation of poly (ADP-ribose). 1In contrast
to the findings of Burzio and Koide, Roberts et al (1973)
demonstrated the activation of DNA synthesis in Hela cells.
| Thus, it was cdncluded that the effect of poly (ADP)-
ribosylation on nuclear DNA syntheéis is apparently de-
pendent on the type of cells involved. Evidence suggesting
a crucial role fdr poly ADP-ribosylation in both S and G

2
stages has been presented by Kidwell et al (1974). They
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showed from pulse-labelling mouse L cells with [3H]-

adenosine that there are two short-lived bursts of poly
(ADP-ribose) synthesis during the S and S to G2 phasés,
while the rate of DNA synthesis increases continuously.

A nicotinamide, an inhibitor of poly (ADP-ribose) synthe-

tase, diminished poly (ADP-ribose) synthesis in vivo and
also DNA synthesis, but the latter effect was apparent only

after the time of the first burst of poly (ADP-ribose)

synthesis. These observations suggest that DNA replication

may require an immediately prior synthesis of poly (ADP-

ribose). These results, together with other reports,

2

pPhase in some way to sustain continuous cell proliferation.

indicate that poly (ADP)-ribosylation functions in the G

Recently Lorimer et al (1976) reported that poly (ADP-
ribose) appears to cross-link two Hl histone molecules to
make a dimer—polymef complex. Based on these observations,
they postulate that poly (ADP~ribose) functions as a bridge
in the reversible condensation of chromatin via a linkage

of neighboring H1 molecules. Furthermore Smulson et al

(1976) demonstrated that histones derived from nuclei
preincubated with NAD have less affinity for DNA than
unmodified histones. These data, taken together, appear

to support the hypothesis that the covalent attachment of

poly (ADP-ribose) to histones alters their structure and

results in their decreased affinity for DNA.
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Little informations afe available regarding the
correlation between the NAD concentration and the activity
of poly (ADP-ribose) syﬁthetase in_various tissues with
different proliferation rates. Recently it was revealed
that the nucleus is the major locus of NAD breakdown in
Hela cells and that the cleavage occurs éxclusively at the
nicotinamide-ribose linkage (Rechsteiner, 1976). These
findings.are in accord with the eérlier observations
indicating rapid turnover of NAD as well as poly (ADP-
ribose) in nuclei, and suggest a crucial rble for poly (ADP)-
ribosylation in cellular NAD metabolism (Roberts, 1974).
Caplan et al (1976) recently presented evidence that the
cellular NAD level may be a determinant for differentiation
of embryonic chick mesodermal cells into muscle or cartilage
and that poly (ADP-ribose) synthesis is closely related to
this differential phenotypic.expression; they suggested
that poly (ADP)-ribosylation of histones is involved in

the control mechanism.

Distribution of pyridine nucleotides (or coenzymes)

The nicotinamide dinucleotides, NAD, NADH and
nicotinamide dinucleotide phosphates NADP, NADPH occur. in
éll living-cells. Within cells, the nicotinamide dinucleo-
tides are not distributed evenly over the various subcellular

regions, €.g. mitochondria and cytosol. 1In whole blood, the

nicotinamide dinucleotides occur only within the cell elements
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(erythrocytes, thrombocytes, leucocytes). Glock and McLean

(1955) reported that NADPH is present in great excess over
NADP in whole rat liver, whereas NAD is present in higher
concentrations than NADH in the same tissue. The only

other tissue besides liver which shows significant concen-

trations of the NADPH is the adrenal cortex. Jedeikin and
Weinhouse (1955) demonstrated that skeletal muscle contains

roughly the same amount of NAD as liver does. However, the

level of NADH in skeletal muscle was found to be relatively

low. McLean (1958) also reported an interesting finding

with regard to the concentration of pyridine coenzymes in the
rat mammary gland. She observed a remarkable rise in the
level of NAD and NADPH during lactation and a sharp fall
. during the involution of the gland. Jacobson and Kaplan
(1957) indicated that approximately 10% of the total
pyridine coénzymes of rat liver can be found in the mito-~
" chondria. Mitochondria fractions contain predominently
NADPH and very little NADP; on the other hand, NAD is
usually found in higher levels than is NADH. It was also .

reported that the concentration of pyridine coenzymes in

microsomes is considerably less than in mitochondria, and
the coenzymes are primarily in the oxidized form. 1In

addition, nuclei contain% very little of either reduced or

oxidized forms of the coenzymes. The rat heart contains
more total pyridine coenzfmes than either brain or kidhey
but less than the liver; the heart is also similar to brain
and kidney in having a smaller amount of reduced coenzymes

than oxidized ones in the mitochondria. Jacobson and Kaplan
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(1957) also compared the leve; of mitochondrial pyridine

- coenzymes among species. Pigeon and mouse liver homogenate
contain amounts of oxidized and reduced pyridine coenzymes

comparable to those of rat liver homogenate. On the other

hand, examination of the mitochondria from both the mouse

and pigeon liver showed that the pyridine coenzyme dis-~
tribution was quite different from that of rat liver. The

divergence was greater in the case of pigeon liver mito-

chondria in which the oxidized pyridine coenzymes exceeded

the reduced forms by 15 times; in the case of mouse liver
mitochondria,the oxidized exceeded reduced coenzymes by 1.5
to 2.0 times. 1In the mitochondria of rat liver the ratio

is reversed (reduced to oxidized) to give values of 2 to 3.

NAD Biosynthesis and degradation

The biosynthesis of pyridine nucleotides and the
regulation of their intracellular concentrations are

complicated by the existence of three different precursors

such as tryptophan, nicotinic acid, and nicotinamide.
Several studies have clearly implicated tryptophan and its
metabolites as precursors of niacin in mammals and

Neurospora (Partridge et al., 1952). In addition, Nishizuka

et al (1963) have shown that quinolinic acid is a key inter-
mediate in the conversion of tryptophan to nicotinic acid
mondnucleotide in rat liver (reaction.4, Fig. 7.). As can
be seen in Figure 7 ., quinolinic acid is synthesized from

tryptophan or de novo from amino acid and carbohydrate

intermediates. The synthesis of quinolinic acid from
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Figure 7. Pathways of synthesis and degradation of NAD.
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Continued.

Enzymes involved in reaction 1)-——-(13) :

(1)
(2)
(4)
(5)
(6)
(7)
(8)
(9
(10)
(11)
(12)

(13)

Tryptophan pyrrolase

Picolinic carboxyiase

Quinolinate phosphoribosyltransferase

Nicotinate mononucleotide phosphoribosyltransferase
Nicotinate phosphoribosyltransferase

NAD synthetase |

Nicotinamide mononucleotide phosphoribosyltransferase
NAD pyrophosphorylase

Nicotinamide deamidase

Nicotinamide methyltransferase

NAD kinase

NADase (NAD glycohydrolase)
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compounds other than tryptophan (reaction 3, Fig. 7)
-is apparently restricted to microorganisms and plants.

The tryptophan-NAD pathway is very important because
it may be the ultimate source of NAD in mammalian cells in
the absence of nicotinic acid and nicotinamide. Control
of NAD synthesis from tryptophan appears to be exerted at
the tryptophan pyrrolase and picolinic carboxylase steps.
Tryptophan pyrrolase is the first enzyme (an irreversible
one) on the tryptophan-NAD pathway, and its activity deter-
mines how much tryptophan enters the pathway (reaction 1,
Fig; 7). Cho-Chung et al (1967) reported that the activity
of the purified tryptophan pyrrolase is allosterically
inhibited by NADPH and also by NADH. Since these 2 re-
duced pyridine nucleotides are the end products of trypto-
phan metabolism via the kynurenine pathway, they suggested
that the tryptophan pyrrolase may be regulated by a feed-
back mechanism

Tkeda et él (1965) have reported that picolinic
carboxylase can be another factor which determines whether
2~-amino-3-carboxymuconate semialdehyde, deri&ed from 3-
hydroxyanthranilic acid, proceeds into the quinolinic
pathway leading to NAD+ synthesis, or into the glutarate
pathway (reaction 2, Fig.7). The latter results inbthe
complete oxidation of the tryptophan molecule. Picolinic
carboxylase activity seems to be genetically regulated. .
Its activity in cat liver is about 30 to 50 times higher.

than in the liver of rat and man, so that in the former
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species 2-amino-3-carboxymuconate semialdehyde is de-
carboxylated before it can enter the NAD pathway (Ichiyama
et al, 1967). This is in agreement with the fact that
tryptophan can not replace nicotinamide in the diet of cats.
Furthermore, there seems to be a hormonal control of pico-
linic carboxylase activity, which haé been found to be
increased in ‘the livers of alloxanized or pancreatectomized
rats. Insulin administration returns the activity of this
enzyme to the normal level (Mehler et al, (1965).

The other pathways of NAD biosynthesis, which enploy
nicotinic acid or nicotinamide as precursors, have been
investigated by Preiss and Handler (1958). They described
the biosynthetic pathway of nicotinic acid to NAD including
nicotinic acid mononucleotide and deamido-NAD as inter-
mediates of this metabolic chain (reactions 6), (6), and @
Fig. 7). A prominent feature of this sequence is the fact
that all 3 steps result in'fhe formation of inorganic pyro-
phosphate. For the formation of NAD from nicotinamide 3
possibilities exist: (a) the pathway via nicotinamide
and NMN (reactions (8) and (9), Fig. 7), (b) the pathway
via'nicotinamide, nicotinic acid, nicotinic acid ﬁononucleO-

tide and deamido-~NAD (reactions (10), (5), (6) and (7),

Fig. 7.) and (c) the transfer reaction catalyzed by the NADase

(reaction (13), Fig. 7.).
In addition, Preiss and Handler (1957) also have
reported that the synthesis of NMN from nicotinamide and PRPP

in human erythrocytes. However, they found that NMN phos-
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phoribosyltransferase which can initiate the net synthesis

of NAD from nicotinamide exhibit a high Ky for nicotinamide
in the order of 0.1 M. The range of nicotinamide concentra-
tions considered "physiological® is 5 x 10—5 to 10_6M. This

Oobservation led them to conclude that the formation of NAD

from nicotinamide may not take place via NMN under physio-
logical conditions. 1In contrast to Preiss's findings,
Dietrich et al (1966) reported that NMN phosphoribosyl-

transferase is present in livers of rats with an apparent

Kpm of 2.6 x 10—6M for nicotinamide. Thus the discovery by
vDietrich EE al (1966) of a NMN phosphoribosyltransferase
with a high affinity for nicotinamide has raised the possi-
bility of the direct utilization of nicotinamide in the
biosynthesis of NAD. 1In supﬁort of Dietrich's findings,

Ohtsu et al. (1967) have found .that Lactobacillus fructosue

appears to form NAD from nicotinamide via NMN without being
converted to nicocinic acid. Also Grunicke et al (1966)
observed that NAD biosynthesis from nicotinamide via NMN
represents an appreciable part of the total NAD formation

in Ehrlich ascites tumor cells. A similar observation was

made by Greenbaum and Pinder (1968) for mammary tissue.
Dietrich et al. (1968)have demonstrated that NMN phospho-

ribosyltransferase is subject to feedback control by NAD,

NADP, and NADPH at their normal concentrations. This
enzyme is also controlled by the ATP concentration, ATP
probably serving as a positive modifier of the enzymic

reaction. On the other hand, Streffer and Benes (1971)

reported that the biosynthesis of NAD was mainly via the
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nicotinic acid pathway and only a small fraction of nicotina-
mide is incorporated directly to NAD via NMN after the intra-
peritoneal application of a high nicotinamide dose (I mmole/

kg body weight). However, after the injection of a small

nicotinamide dose within the physiological range the path-
way via NMN is utilized to a large extent. Their data
demonstrated that NAD biosynthesis from nicotinamide is

almost independent of the nicotinic acid pathway when the

level of the nicotinamide in the liver tissue is low or

comparable to the physiolpgical situation. According to
Wang'and KRaplan's reports (1954), NADP was synthesized from
NAD by the NAD kinase reaction in which NADH did not serve
as a substrate (reaction 12, Fig. 7).

Hughes and Williamson (1953) demonstrated the existence
of nicotinamide deamidase in washed suspensions and cell-

free extracts of Lactobacillus arabinosus which results in

the hydrolysis of nicotinamide to nicotinic acid and ammonia.

According to Chaykin et al (1965) nicotinamide is the pre-

dominant form of the vitamin in blood and other mammalian

tissues. Kaplan and his co-workers (1956) indicated that

when nicotinamide was administered to mice intraperitoneally

the NAD level in the liver increased markedly, presumably

because of inhibition of NADase by nicotinamide. Moreover,
nicotinic acid has been shown‘to give a much smaller rise
in NAD than does nicotinamide. Petrack et al (1963) have
isolated nicbtinamide deamidase from liver in rat and also

suggested that the greater efficacy of nicotinamide than
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of nicotinic acid for the synthesis of liver NAD in vivo

might be due to the long half-life of nicotinamide
(4% hours) compared to nicotinic acid (1 hour). The long
half-life of nicotinamide, together with the occurrence

of nicotinamide deamidase in mammalian liver, permits the

generation, over a prolonged period of time following
nicotinamide injection, of a noninhibitory level of
nicotinic acid, which is used for the synthesis of NAD.

Considering the reported high Kn value (4 x 10--2 to

2.5 x 10_1M) of nicotinamide deamidase for nicotinamide
and the presence of an inhibitor in liver tissue which
masks the activity of nicotinamide deamidase Hagino et al
(1968) suggest that this enzyme may play little or no role
in the intact liver. However, Hayaishi and co-workers
(1966) presented some evidence that the Preiss-Handler
pathway is functional in animals lacking deamidase in Fhe
liver because nicotinamide is not deamidated in the liver.
They approached the problem with the pulse labelling tech-

nique and demonstrated the involvement of both the liver

and the intestine in the conversion of nicotinamide to NAD.
They observed that nicotinamide administered by intraportal
or intraperitoneal injection first passes into the intestine

and is deamidated by the action of the bacterial flora or

gastrointestinal enzymes. The resulting nicotinic acid was
then absorbed and transported to the liver where it was
converted to NAD by the reactions described by Preiss and

Handler (1958). They also observed that nicotinic acid—l4C




is a better precursor of NAD than nicotinamide when
administered in small doses (78 mumoles). When a large
dose of nicotinamide—l4c (82 to 164 umoles) was injected,
however,the liver NAD level increased markedly for a pro-
longed period of time. Such an observation confirms the
previous reports by Kaplan and his co-workers (1956). In
contrast, injection of nicotinic acid-l4c in a large dose
gave a much smaller rise in liver NAD than did injection
of nicotinamidé—l4c. Greengard et al (1964) showed that
in hypophysectomized rats injection of nicotinamide leads

to a much larger and more prolonged rise in hepatic NAD
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levels than in normal rats. They proposed that this effect

may be due, at least in part, to an increased hepatic
nicotinamide deamidase activity brought about by the ab-
.sence of an endogenous inhibitor of this enzyme in hypo-
physectomized rats. The inhibitor appears to act by
increasing the Ky for nicotinamide.

An important feature of the metabolic pathway of NAD

is the involvement of NADase, the enzyme that cleaves NAD

and NADP at the nicotinamide riboside linkage. The NADase

reaction is irreversible and NAD can not be synthesized
from adenosine diphosphate ribose and nicotinamide; this

is due to the fact that'the nicotinamide-riboside linkage

is a high energy bond. This enzyme is almost ubiquitously

distributed in animal tissues. It is found in the highest

concentrations in lung and spleen (Quastel gE'gl, 1953).

However, muscle contains the lowest concentration of the
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enzyme. Also the NADase activity is generally concentrated
in the microsomal fraction of liver, kidney, and brain.
Kaplan (1968) found that the NADase has a low activity
on NAD which is bound to dehydrogenases; this inactivity on
the bound coenzyme may be an important factor in the regu-
lation of the level of the coenzyme. 1In conclusion, Kaplan
(1968) indicated that the regulation of pyridine coenzyme
levels in animal tissues is controlled by (a) the level
of synthetic enzymes for pfridine coenzymes, (b) the NADase,
(c) the amount of pyridine nucleotide—linkéd enzymes.
Gholson (1966) emphasized the importance of efficient re-
utilization of nicotinamide released from NAD by the action
of NADase. On the basis of this observation he proposed
the so-called "pyridine nucleotide cycle" ‘would be of use
to all organisms in maintaining the adequate coenzyme con-
centrations in the dell. The schematic outline of the
systemic pyridine nucleotide cycle is shown in Fig; 8.
Tryptophan and nicotinic acid released from dietary proteins
in the gastrointestinal tract are synthesized into NAD in
liver, which is then degraded via NADase, releasing nico-
tinamide that is then excreted back into the general circu-
lation. Nicotinamide, on the other hand, might also be‘
excreted back into the gastrointestinal tract, be converted
there into nicotinic acid by the intestinal flora of the
tract. The cycle is completed by the reassimilation of the

released nicotinic acid into NAD by appropriate enzymes.
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Gerber and Deroo (1970) subsequently investigated the
incorporation of labelled nicotinic acid and nicotinamide
into NAD and replacement of labelled NAD in different
organs of mice and rats. Following intraperitoneal in-
jection of 14C-—nicotinic acid or 14C—hicotinamide in rats
and mice, they observed that at all timés later than 3 hf
after injection, NAD represented 70-80% of the radio-
~activity in all the tissues studied and that the only other
important radioactive metabolite present was nicotinamide.
Surprisingly, nicotinamide mononucleotide, nicotinic acid
mononucleotide, NADP and deamido-NAD contained no signifi-
cant radioactivity. They also showed that the replacement
of NAD was rapid in kidney, liver, and intestine, and
slow in brain, muscle, and testis. The value found for
replacement of liver NAD was in good agreement with the
‘half-life of 10 hr reported by Ijichi et al (1966) for
mouse liver NAD. Since free radioactive nicotinic acid
disappears rapidly from all tissues, it has been suggested
that extensive reutilization of breakdown products of NAD,
i.e., nicotinamide,_takes placé, and that this effect may
differ from one organ to another. Deguchi et al (1968)
explored the biosynthesis of NAD in the brain by the admin-
istration of various radioacﬁive precursors directly into
the cisternal cavity of rats. They observed that the brain
is capable of synthesizing NAD rapidly and efficiently from
nicotinic acid by way of nicotinic acid mononucleotide and

deamido-NAD, as described in the liver and erythrocytes.
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The rate of synthesis in the brain was comparable to that

in the liver. However the half-life of NAD in brain was 3-

4 days compared to approximately 10 hr in liver. This para-
dox between the relatively high synthetic activity and low
turnover rate of brain NAD seems to be ascribed to the limited

penetration of NAD precursors across the blood-brain barrier.

Very recently Rechsteiner et al (1976) presented data
for D98/AH2, a human cell line derived from Hela which makes
possible calculation of the fraction of NAD biosynthesis
that éompensates for breakdown. D98/AH2 cells were grown in
medium containing 14C—adenine and 3H—nicotinic acid, both
precursors of NAD, for 6 hr and then moved to unlabelled
medium. At various times after transfer, they extracted
intracellular nucleotides and calculated the breakdown rate
of NAD in vivo. They demonstrated that the half-life of an
intact NAD molecule is approkimately 1 hr in whole D98/AH2
cells, yet in enucleated cells the.half—life of an intact
NAD molecule is 10 hrs. They suggested that NADase and
poly ADPR synthetase may be involved in NAD turnover in
mammalian cells. However, the relative contributions of
these two enzymes to NAD turnover are still unknown.
Nevertheless, it has been speculated that the formation of

the unusual nuclear polymer, poly-ADPR, is probably the

major source of NAD turnover in mammalian cells. Further-

more, Rottman et al (1974) postulatéd the possibility that
NAD turnover is involved in some aspects of RNA processing

such as the modifications at the 5'end of mRNA molecules.
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Effect of Niacin on the level of pyridine nucleotides

Kohn (1938) has demonstrated an increase in the
blood factor V (coenzyme I or coenzyme II) of both normal
subjects and pellagra patients following the ingestion of
large amounts of nicotinic acid and Vilter et al (1939)
have observed a decrease in the factor V content of the
blood of pellagrins which could be remedied through nico—
tinic acid therapy. Axelrod et al (1939), using a yeast
fermentétion method, made the following observations:

(1) a nicotinic acid deficiency in dog and pig results in
a lowered coenzyme I content of the liver and muscle

(2) no effect is noted upon the coenzyme I content of the
brain, kidney cortex and blood. (3) The coenzyme I content
of rat tissues can not be increased by the administration
of excessive amounté of nicotinic acid. Von Euler et al
(1938) also made a similar observation that there is no
increase in the coenzyme I content of the tissues of rats
fed excessive nicotinic acid whereas Dann and Kohn (1940)
reported only a slight increaée. Axelrod et al (1941)

have demonstrated that the ingestion of large amounts of
nicotinic acid to pellagrins is followed by an increase in
the coenzyme I content of human erythrocytes and muscle.
However, they found no bearing upon the coenzyme II content
of the tissue. They also observed that the coenzyme I
content of erythrocytes does not decrease significantly in
varying stages of pellagra whereas the coenzyme I content
of pellagrins muscle decrease as the deficiency becomes

more severe.
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Briggs et al (1943) reported that chicks receiving
purified diets free 6f nicotinic acid show a marked lowering
of the nicotinic acid and coenzyme I content of breast muscle.
Anderson et al (1944) examined the effect of 3 different
levels of nicotinic acid in a synthetic ration (basal, 1.5 mg
niacin and 10 mg niacin/100 g ration) on the level of nico-
tinic acid and coenzyme I in different tissues of chick.

They demonstrated that there is no increase in the weight of
the chicks when the supplement is increased to 10 mg per 100g
ration, but there is a marked increase in nicotinic acid and
coenzyme I content of breast and leg muscles. In the liver,
however, the free nicotinic acid was the same for the basal
and 1.5 mg supplementéd groups, and doubled when the supple-
ment was increased to 10 mg %, while the coenzyme I values
remained approximatély the same. Therefore, no such definite
correlation between the level of nicotinic acid in a diet"
and that of coen%yme I in liver tissue is established.
Furthermore, they observed that brain tissue is low in
coenzyme I regardless of the level of nicotinic acid tested.

Singal et al. (1948b) measured the nicotinic acid‘
levels in different tissues of rats on corn rations and
found them to be subnormai in the brain, liver, and muscle
of the deficient animals but normal in other tissues.
Williams et al (1950) showed that NAD levels in rat liver
fell to very low values when tryptophan and niacin were
excluded from the diet. The addition of these two

compounds to the diet restored the NAD levels to normal.
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Hewever, no such decrease was found in brain. Duncan and
Sarett (1951) had‘shown, using human subjects, that blood
pyridine nucleotides increased much more rapidly when
niacin was ingested in large amounts than when tryptophan
was ingested. Burch et al (1955) reported that rats fed
low amounts of tryptbphan and niacin had subnormal amounts
of NAD and NADP in blood cells and liver. In 1956, Kaplan
et al found that injection of iarge doses of nicotinamide
elicited a 9- to 12-fold increase of NAD in the livers of
mice. Under the same conditions, no change in the levels
of this compound in brain was noted. Later, Burton et al
(1958) injected nicotinamide and reserpine concomitantly
fo mice and observed that ﬁhe two compounds acted syner-
gistically to increase NAD synthesis in mouse liver.
Tupule (1958) reported that the livers from rats fed a
protein-deficient diet showed a lowering of the ratio of
oxidized te reduced coenzymes. Both pyridine nucleotides
were lowered, the oxidized forms more so than the reduced
ones. Similarly, Spirtes and Alper (1961) studied the
NAD and NADH levels in the livers of niecin-deficient and
protein-deficient mice. They found a decrease of NAD and
NADH in the liver of niacin—deficient adult mice and no
change in the NAD/NADH ratio. On the other hand, protein—
deficient mice developed a sharply lowered liver NAD
centent and an unchanged NADH level.

Garcia-Bunuel et al (1962) measured the levels of

the pyridine nucleotides in liver and brain of rats made
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deficient by a low-tryptophan and niacin-free diet. There

was a significant fall in NAD (34%), NADH (18%), and NADP
(13%) levels in the brain of deficient rats compared with
controls. In the livers of niacin deficient rats the

levels of NAD, NADH, NADP, and NADPH were, respectively,

34%, 59%, 73%, and 55% of normal controls. In contrast,
NAQPH levels in the brain were not affected by diet.
Also Greengard et al (1968) found lower levels of NAD

and NADP in the liver of rats treated with niacin~free and

tryptophan-deficient diets.

In 1960, contrastiné reports have been published by
Morrison et al regarding the pyridine nucleotide contents
in response to niacin deficiency. They determined the
effects of an amino acid imbalance on growth and liver
pyridine nucleotide concentrations of rats fed niacin-
deficient diets containing 8% of casein. Although rats
fed the niacin-deficient diet grew very little and apparently
developed a niacin deficiency, their liver pyridine nucleo-
tide concentrations Were not depressed and a level (2.5 mg/

100 g of diet) of niacin which prevented the deficiency

condition did not increase pyridine nucleotide concentration.
Similarly, Brown (1964) also reported that deficiencies of

tryptophan or niacin in a diet had little or no effects on

the levels of NAD in rat brain. Even though the inanition
was severe, and the animals were near death, the NAD levels
in brain were remarkably unchanged. He suggested'that in

brain, the turnover of NAD is almost nil, or that the levels
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are maintained at the expense of other tissues, such as

the liver, which are depleted during deficiency. According
to Ichiyama et al's reports, the amount of total NAD in

diabetic rat livers was maintained at a normal level (1967 ).

[




3. PROTEIN TURNOVER

A) Role of Coenzyme in Protein Turnover

A number of examples are known in mammalian cells
where the rate of protein catabolism changes in response to
supply of substrates, coenzymes, or other factors that bind
to the polypeptidé. Interactions with small molecules can
alter a humber of other chemical and physical properties of
a polypeptide, including its senéitivity to proteolytic
enzymes (Citri, 1973). It has long been recognized that
administration of tryptophan or a-methyltryptophan to a
rat leads to increased levels of tryptophan pYrrolase as a
result of aecreased rates of enzyme degradation as weil as
increased rates of enzyme synthesis (Schimke et al 1965,
Pirias et al 1967).

In addition, coenzymes have been found to stabilize
protein conformations in vitro in a fashion that may
influence intracellular degradative rates. Bond (1971)
reported that NAD addition to the incubation mixture fully
protected glyceraldehyde-phosphate dehydrogenase from
inactivation by all of the proteases (chymotrypsin,
subtilisin and pronase) and partially protected a-glycero-
phosphate and lactate dehydrogenases. He also‘observed
that pyridoxal phosphate reduces the'sensitivity of serine
dehydratase and tyrosine aminotransferase to trypsin and

chymotrypsin. Perhaps of greater physiological relevance
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, ié the recent findiﬁg by Katunuma and co-workers (1973)

of proteases that can inactivate selectively pyridoxal-
requiring enzymes and Proteases for NAD-requiring enzymes.
The sensitivity of several such enzymes to these group-
specific proteases increases upon removal of their respec-
tive cofactors. The greater sensitivity of the apoenzymes
to such proteases can explain the low levels of vitamin-
requiring enzymes in vitamin Bg and niacin-deficiency or
the decreased degradation of serine dehydratase upon
administration of pyridoxine. They suggested that the con-
version of holo- into apo- form is the rate-limiting and
initiating step in the degradation of these Bg enzymes

in vivo.
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Litwack and co-workers (1973) proposed that the tight-

ness of coenzyme binding could be 3 major determinant of

degradative rates in vivo. They pointed out that several

liver pyridoxal enzymes which are inducible by glucocorticoids

have short half-lives and dissociable coenzymes, while
eénzymes which are poorly inducible by glucocorticoids ha&e
long half-lives and nondissociating coenzymes.'(Moreover,
these workers showed that the relative rate of dissociation
of the coenzyme roughly correléted with the half-life of
five liver eénzymes. Thus they suggested that the rate of
coenzyme dissociation may be a rate-limiting step in‘enzyme
degradation in vivo. 1In contrast, Clark and Fuller (1976)
have found that the rate bf dissociation of coenzymes does

not change appreciably during a period when the activity
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half-life of ornithine decarboxylase decreases 2-6 fold,
1nd1cat1ng there is no close link between the two. To
test whether pyridoxal phosphate-dependent enzymes are
stabilized by a high concentration of pyridoxal phosphate
in vivo, Hunter and Harper (1976) have measured rates of.
decline of the activities of three pyridoxal phosphate-
dependent enzymes (serine dehydratase, ornithine amino-
transferase and tyrosine aminotransferase) in liver from
rats. They noted that vitamin Bg deficiency affects differ-
ent enzymes in different ways. Serine dehydratase activity
aeclined more rapidly in vitamin Bg deficient than in
control liver; however, ornithine aminotransferase and
tyrosine aminofransferase aqtivities were equally stable
in deficient and control liver. Ornithiné aminotransferase
(t% = 1.3 days) was predominantly in holoenzyme form in
both control and deficient rats, whereas tyrosine aminotrans-
ferase (t% = 4.4 hrs) was predominantly in apoenzyme form
in both groups. The proportioh of serine dehydratase
(t%s = 0.9 - 1.2 days) ih apoenzyme form was twice as great
in deficient as in control liver. Therefore, the absolute
rate of decay of activity seems to be determined by some
intrinsic property of the enzyme other than the rate of
dissociation into coenzyme and apoenzyme.

Very recently, Lee et al (1977) employed immuno-
chemicél analysis to determine not only the decay of
enzyme activity, but also synthesis and degradation of the

tyrosine aminotransferase and alanine aminotransferase in
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BG-deficient rats. The authors found that coenzyme deficiency
results in a significant reduction in tyrosine_aminotransferase
levels, a reduction clearly attributable to reduced-synthesis
of enzyme. The degradation rate of the actual enzyme mole=
cules, measured by immune precipitation after labeling,
however, was identical for deficient and control enzymes

(t% = 1.5 hrs). 1In contrast to the results with tyrbsine
aminotransferase, the rate of synthesis of alanlne amino-
transferase was not significantly changed in Bg deficiency.
They noted that the inactive apo-form enzyme is synthesized
and degraded at the same rate as the enzymatically active
enzyme of the Bg~fed control rats, thus accounting for

equal synthesis and degradation rates, but lower enzyme
activity in deficiency. They pointed out that coenzyme inter-
action with enzymes "was not a significant determinant in
intracellular degradation" of the enzymes, since the more
.dissociated pyridokal pPhosphate-deficient tyrosine amino-
transferase enzyme was degraded at the same rate as the un-
dissociated holo-enzyme of ﬁhe control rat. They also
believe that coenzyme binding and rate of degradation, al-
though not causally related, are both reflections of struct-
ural properties of the enzyme which determine coenzyme

binding and degradation rate. Hence, they.proposed that
tyrosine aminotransferase has a highlj flexible;structure,
resulting in ready coenzyme dissociation at the same time

as rapid degradation; alanine aminotransferase presents a.

more hydrophobic  structure which binds pyridoxal phosphate




- tightly and also in less readily susceptible ﬁo attack by
degradative enzymes. Furthermore, they specﬁlated that

the prolonged B6 deficieﬁcy may cause an endocrine
dysfunction which may indirectly affect the normal hormonal
regulation of enzyme synthesis, at least as far as tyrosine

aminotransferase is concerned.

B) Lysosomes

The possibility that the lysosomal system is involved
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in proteolysis is suggested by the localization of cathepsins

within lysosomes (Barrett, 1972) and by the fact that
isolated lysosomal proteases are capable of degrading large
proteins to ffee amino acids or small peptides (Coffey and

Duve, 1968). Moreover, it is known that lysosomes are

capable of digesting exogenous proteins after its endocytic

uptake by liver (Mego et al 1967). Jacques (1969) has prd—
posed a broad discriminatory capacity for uptake into
digestive vacuoles based upon a putative variability among
proteins in their affinity for the hydrophobic surface of
membranes. Evidence in ﬁhis direction has been reported by
Dean (1975), who notes that proteins that turn over more
rapidly in vivo have a greater absorbability to lysosomes
than those that turn overlmore slowly. However, Huiéman
et gl:(;97ﬁﬂ in similar experiments could find no such
selectivity. Recently Ballard (1977) has'suggested that
both lysosomal and hon-lysosomal pathways of protein

degradation are operative, but with different specificities,




and that short-lived proteins (abnormal proteins) are
preferentially degraded by non-lysosomal pathways.

Segal et al (1976) and Bohley et al (1972) reported
analogous studies with lysosomal proteases at acid pPH.
Upon incubation with lysosomai enzymes, liver proteins
with short half-lives in vivo tended to be degraded prefer-
entially. 1In addition, lysosomal cathepsins‘selécfively
hydrolyze analog—containing proteins from mammalian cells.
Such results are consistent with an involvement of lyso-
somal enzymes in the degradation of cell proteins and the
possibility that the rate-limiting step in proteolysis
occurs within this organelle. They certainly do not prove
such conclusions, since analogous results have been obtained

with many non-lysosomal proteases at neutral pH.

C) Size of Proteins

‘During the course of stﬁdies on the heterogeneity
»of turnover of proteins of plasma membrane and endoplasmic
reticulqm, Dehlinger and Schimke (1970) made the observation
that relative rates of protein turnover, as measured by the
double-isotope method of Arias et al (1969), were related
to the size of the protein subunit as electrophoresed on
SDS gels. Dice and Schimké (1972) have also found thié
same correlation for proteins of rat liver ribosomes.
Such studies have led these workers to propose that the
cofrelation of size and rate of degradation is based on the
overall greater chance of‘a larger protein being "hit" by

a protease, producing an initial rate-limiting peptide bond
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‘cleavage.

Larger protein components of certain organelles also
appeér to be degraded more rapidly than the smaller proteins.
Correlations between size and degradative rates have been
demonstrated for the protein subunits of the endoplasmic
reticulum and plasma membrane from rat and mouse liver
(Gurad éE al 1973), for plasma membrane proteins from cultured
baby hamster kidhey oells, and for membrane proteins in brush
border of rat intestine (Alpefs, 1972). A similar correla-
tion between size and degradation rate was also observed
among the protein components of chromosomes (Dice and Schimke,
1973) and the multienzyme complex, fatty acid synthetase
(Tweto et al, 1972). Dice and Goldberg (1975) found a
correlation betweeﬁ the logarithm of the subunit molecular
weight and the measured or estimated half-life of 33 rat liver
proteins. A straight line plot of the log: of the subunit
molecular weight versus the turnover time showed a coefficient

of correlation of -0.60.

D) Charge

Recently Dice and Goldbérg (1975) reported a correia—
tion between degradative rates in vivo and isoelectric
points among soluble proteins of rat liver, skelatal muscle,
kidney and brain. In a wide variety of mammalian tissues,
proteins with low isocelectric points tend to be degréded
faster than those with neutral or basic isoelectric points.
In addition, a highly significant relationship (Y? -0.824,

o

RS
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P<0.01) was demonstrated by statistical analysis of 23 iiver
pProteins. These statistical studies, as well as direct
experiments, indicated that protein size ang charge are
independent factors influencing half-1life. Thus proteins
with a given isoelectric point still show a correlation
between molecular weight and intracellular hélf—life.

These results predict that particularly stable proteins
should be both small and basic. In fact the hiStones,
vwhich fit these criteria exactly, are probably the most
stable polypeptides in the cell (Dice and Schimke, 1973).
In agreement with'the findings of Dice and Goldberg (1975),
Duncan and Bond (1977) presented evidence that acidic
proteins from liver cytosal have larger subunits than do
basic proteins.

Momany et al (1976) calculated a parameter which
relates the amino acid composition and subunit size of a
protein to the degradative rate in vivo. A plot of this
parameter versus the half-life of 11 rat liver proteins is
linear with a coefficient of correlation of -0.96. They.
proposed that the denéity of excess acidic amino acids on
the surface of the protein is the most important factor in
determining differential turnover. Recent observations.by
Dice et gl'(l978) indicate that the tendency of acidic
proteihs to turn over more rapidly is decreased or abolished
in liver and muscle of starved or diabetic animals. Thus
the features of the degradative process that are responsible |
for the correlation between net charge and half-life must be

masked or altered during the enhanced protein degradation
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seen in diabetes and starvation. They also reported that
glycoproteins tend to be degraded more rapidly than non-
glycoproteins. Very recently Dice et al (1979) examined
further the relationship between protein net charge ana
catabolic rate of soluble proteins from rat lung, heart,
and testes, and from human fibroblasts and mouse-—-embryo
cells grown in culture. They indicated that the more
rapid degradation of acidic proteins is a general character—

istic of degradation of soluble protelns in mammalian tissues.

E) Denaturation

It has been suggeéted that the rate-limiting step in
degradation of most cell proteins is spontaneous denaturation
(Li and Knox, 1972). The actual free-energy difference
between the native conformations of most globular protein
and various unfolded states is surprisingly small (Pace,
1975). Free energies of denaturation of enzymes are of the
order of only 5-15 kcal mole + compared to 80 kcal‘mole-1
for the dissociation energy of an aliphatic cérbon-carbon
bond. Thus, it has been suggested that denaturation may be
a relatively frequent event under in vivo conditions. A
study of the stability of a number of liver enzymes by
Hopgood and Ballard (1974) indicated that most enzymes lose
activity in homogenates at rates that correlate roughly
with their in vivo half-lives. It has been‘speculated that
enzyme inactivation precedes or can occur in the absence of

proteolytic cleavage. In fact, Ballard et al (1974) have




96
shown that the loss of‘PEP carboxykinase activity in
homogenates involves initial denaturation, precipitation,
and subsequently limited proteolytic cleavage. It is
noteworthy that inactivation of this enzyme was more rapid
'in the presence of microsomal fractions than lysosomal
fractions.

Bond (1975) has studied a series of liver enzymes in
vitro and showed that their half-lives in vivo correlate
roughly with rates of temperature inactivation and inactiva-
tion at pH 5.0. She suggested that acid inactivation wifhin
lysosome rather than proteolytic attack may be the rate-
limiting step in the degradative process. Nevertheless,
these findings by Bond may indicate that the ease of denatura-
tion is a feature of most proteins with short half-lives.
Bohley and colleagues (1976) observed that proteins with short
half-lives teﬁd to precipitate out of solution more readily

than stable cell components.

F) Covalent Modification

The observations that approximately 80% of'the intra-
cellular populationvof Ehrlich ascites cell (Brown and
Roberts, 1976) and other mammalian proteins are o-N-acetylated
suggests that this‘blocking group serves an important biologi-
cal function. Jdrnvall (1975) demonstrated that a-N-acetyl
groups may protect proteins from proteolytic degradation.
"Recently Brown and Roberts (1976) also reported that their

preliminary experiments with L-cells suggest a lower turnover
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rate for proteins containinq acetylated amino-terminal |
- residues than for those with free amino-terminals.
Fﬁrthermore, Dice and Goldberg (1975b) reported that
acetylation and isoelectric point are important in determin-
ing the in vivo protein half-life. On the other hand,
Roberts and Yuan (1975) have provided evidence that proteins
acetylated with acetic anhydride in tissue culture have the
same half-life as proteins that are not acetylated. 1In
support of the findings of Roberts and Yuan (1975), Mauk
et al (197e6) investigated the significance of amino terminal
acetylation in the turnover of Hb by measuring the synthesis
and degradation of HbA and HbB in domestic cat blood. Their
results showed that the turnover of Hb is unrelated to iso-
electric point or to amiﬁo—terminal acetylation of the
protein. Recent observations by Brown (1979) demonstrated
that a-N-acetylated L-cell proteins are not unusually stable
band suggesf that o-N-acetylation does not protect proteins
from proteolytic degradation.

In a series of repofts, Carlson and Kim (1974a and b)
provided evidence that rat liver acetyl-CoA carboxylase is
controlled by covalent modification: phosphorylation results
in inactivation of the enzyme, whereas dephosphorylation
results in activation. Examination of the sedimentation be-
havior of treated acetyl-CoA carboxylase revealed that phos-
phorylation of rat liver enzyme is accompanied by depoly-

merization and inactivation of the enzyme. In support of

covalent modification as a mode of'control of acetyl-CoA
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carboxylase in vivo, they have shown that epinephrine
treatment of isolated epididymal fat tissue causes depoly-

merization of carboxylase (Lee and Kim, 1978).

G) Degradation of Abnormal Proteins

The first evidence for rapid intracellular degradation
of abnormal proteins was obtained by Rab1now1tz and Fisher
(1961) with rabblt reticulocytes incubated with amino acid
analogs. These workers showed that the incorporation of
t-a-amino-g-chlorobutyric acid in place of valine and
S—(B—amino—ethyl)—cysteine in place of lysine into Hb by
reticulocytes leads to rapid catabolism of this protein.

Recently Etlinger and Goldberg (1976) have observed
that the degradation of analog-containing globin in
reticulocytes is inhibited by dinitrophenol and various
sulfhydryl—blocking\reagents, but not by inhibitors of
protein synthesis. 1In addition, incorporation of canavanine
by cultured human fibroblasts and baby hamster kldney cells
promotes proteln degradation 51gn1flcantly (Bradley et al,
1976). The effects of analogs on protein turnover in
ﬁeuber’HBS hepatoma have been extensively studied by
Knowles et al (1975). Canavanine promoted the degradation
of average cell protein several fold as well as the de-
gradation‘of PEP carboxykinase. On the other hand, Johnson
and Kenny (1973) have studied the incorporation of several
tryptophan analogs on the half-life of tyrosine aminotrans-

ferase in rat hepatoma cells; although the enzyme became




99

more sensitive to high temperatures, its half-life in vivo

was not shortened.

H) Energy Requirement For Degradation

The early study of Simpson (1953) demonstrated an
inhibition of the degradation of proteins in rat liver by
anaerobiosis or by the addition of cyanide or dinitrophenol.
The degradation of both the labile cell proteins and the
more stable components in rat fibroblasts (Poole, 1973) and
in E. coli (Goldberg et al, 1975) show such a dependence on
metabolic energy.

Several workers have suggested an importént role of
ATP in the functioning of lysosomes. de Duve and Wattiaux
(1966) indicated that ATP facilitates the entry of protein
into lysosomes either through some specific uptake proceés
or possibly through some -continuous "vacuuming of the cyto-
plasm" by the lysosomal apparatus. Similarly, Hayashi et al
(1973) reported that degradation of Hb by isolated lysosomes
is stimulated by ATP at pH 4.5 and céncluded that ATP
facilitated Hb transport into thesevstructures. However;
Huisman et §£.0974a) showed that ATP under these conditions
prbmoted lysosomal ruptureAand probably the subsequent extra-
lysosomal degradation éf the Hb. Recent studies reported
by Hershko and.Tomkins (1971) indicated that the degradation
of tyrosine aminotransferase in hepatoma cell culture was
dependent on ATP. Follbwing induction with dexamethasone,

tyrosine aminotransferase activity usually returned rapidly
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to the preinduction level. However, the addition of NaF or
kF remarkably inhibited the degradation of both induced
tyrosine aminotransferase and general cell proteins.

| Mego and co-workers (1972) have found that ATP may
be required for the maintenance of an acid pH within lyso-
somes. They also noted that hydrolysis of pinocytized
[!25T]albumin in liver slices, which presumably occurs
within secondary lysosomes, can be inhibited by dinitrophenol,
or azide. 1In addition, they showed that albumin degradation
in crude preparations of kidney lysosomes increased upon
addition of ATP under alkaline conditions but not at pH 5.0
or below. These findings were interpreted to imply that an
energy-dependent proton pump is responsible for the low pH

within the lysosome.

(I) Hormone

-Knox and associates (1951) demonstrated that the
hepatic enzymevtryptophan pyrrolase could be markedly in-
creased in activity following treatment of rats with
cortisone. It was shéwn that the rate of synthesis of
tyrosine aminotransferase is specifically enhanced by hydro-
cortisone (Kenney, 1962), insulin and glucagon (Holten and
Kenney, 1967). Degradation of tyrosine amlnotransferase is
inhibited by agents that block proteln synthe51s, such as
cycloheximide or puromycin (Grossman and Maurides, 1967),

and by certain inhibitors of RNA synthesis (Lee et al, 1970).
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Several workers (Manchester et al, 1959; Wool and
Welnshelbaum, 1960; Shimizu and Kaplan; 1964), using isolated
diaphragms, have shown that there was a reduction in the in-
corporation of labelled amino acids (glycine, histidine,
Phenylalanine and methionine) into muscle protein in rats
which were given cortisone or cortisol. The increased loss
of labelled protein from muscle of cortisone—treateddrats by
Goldberg (1969b) was taken to show that cortisone increased
protein catabolism. Studies ig_zizg (Goldberg, 1969a and
wlth isolated muscle from hormone-treated rats indicate that
growth hormone induces growth by stimulating protein syn-
thesis without changing degradation. Thyroidectomy or
hypophysectomy, either of whioh greatly diminishes thyroid
hormone production, decreased protein degradation in skeletal
muscles of rats (Griftin»and Goldberg, 1978). Physiologic
doses of thyroxine or triiodothyronine induced muscle growth
- and increased both protein synthesis and protein degradation.
In addition, thyroid hormones were found to increase proteln
degradation in 11ver but not in heart or kidney.

Mortimore and Co—workers (1970) demonstrated that
insulin reduces protein catabolism in perfused liver. The
reduction in proteolysis was associated with deoreaeed
development of large, osmotically sensitive lysosomes, which
appeared during perfusion in the absence of the hormone (Neely
et al, 1974). wildenthal (1973) found that insulin reduced
the activity of cathepsin D in fetal mouse hearts in organ

culture. The hormone also has been reported to reduce
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protein degradation in other tissues including adipose
tissue (Minemura et al, 1970), fibroblastsb(Hershko et al,
1971), and skeletal muscle (Goldberg et al, 1974). 1In
addition, this hormone stimulates protein synthesis and
transport of amino acids and glucose in many tissues (Fulks
et al, 1975).

Glucagon probably stimulates net liver protein cata-
bolism by promoting autophagocytosis. This process involves
the subcellular redistribution of lyéosomal enzymes from
"substrate-poor" primary lysosomes to "substrate-rich" auto-
phagic vacuoles (Deter, 1971). This overall effect is
manifested by increased urea formation (Miller, 1960), a
reduction of liver protein content (Miller, 1965) and an
increase‘in the net release of amino acids from protein

(Mallette et al, 1969).

J) Deprivation of Nutrients

In general, starvation increasés fhe activities of
a number of enzymes involved in gluconeogenesis, amino
acid catabolism and lipid catabolism. These changes".
involve 'an increase in the activity of glucose-6-phosphatase
(Harper, 1959). PEP-carboxykinase (Nordie et al, 1965),
glutamic-pyruvic transaminase and glutamic-oxaloacetic
transaminase (Fitch and Chaikoff, 1961), serine dehydratase
and tyrosine transaminase (Goswami et al, 1966). However,
it appears that the activities of_phosphorylase'(Gutman and

Shafrir, 1964),vphosphoglucomutase, phosphohexose-isomerase,
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malic enzyme and glucose-6-phosphate dehydrogenase (Weber
and Cantero, 1957), citrate cleavage enzyme (Kornacker and
Loﬁenstein, 1963), and B-hydroxy-g-methylglutaryl-CoA
- reductase (Regen-gE al, 1966) decrease.

It has been known that food deprivation remarkably
reduces protein synthesis and RNA content in muscle
(Millward et al, 1973). The isotopic experiments of
Millward (1970) and Gan and Jeffay (1971) first showed
accelerated protein breakdown of skeletal muscle during
fasting. Li and Goldberg (1976) studies muscle from fasting
rats in vitro and observed iﬁcreased degradation in the "pale"
muscles but not in the "dark" ones. The relative importance
of‘increased proteolysis aﬁd decreased synthesis in the
mobilization of muscle protein remains uncertain (Garlick
et al, 1975). 1In rat muscls, protein synthesis decreases
one day after food deprivation, while increased degradation
is first evident the subsequent day (Li and Goldberg, 1976).
In fasted animals, accelerated proteolysis is more pro-
nounced  in livef than in muscle (Garlick et al, 1975). 1In
starvation, synthesis of rRNA of rat livers decreases rapidly
and reaches a minimum after 24 hrs starvation (Rickwood and
Klemperer, 1971). This decrease is correlated with a
decrease in activity of the nucieolar RNA polymerase A

which catalyzes synthesis of rRNA. A second RNA polymerase B
vis concerned with synthesis of mRNA (Chambon, 1971). This
polymerase is less rapidly affected by starvation. Such a

difference in the response of rRNA and mRNA to fasting implies
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that their synthesis is regulated by separate mechanisms.
In stuaies of intact animals, Henshaw et al (1971)

observed fhat fasting involves a lower protein synthesis rate
per microgram of muscle RNA in addition to a fall in tissue
RNA. Furthermore, they found not only a decreased ribosome
content but also a lower polysome activity in livers of
fasted rats.

| Buse and Reid (1975) proposed the hypothesis that
leucine inhibits protein degradation and promotes protein
synthesis in muscle. Therefore, it has been suggested that
leucine may act as a regulator of the turnover'of protein
ir muscle cells. Goldberg and Odessey (1972) reported a
threefold acceleration of the oxidatioﬁ of branched-chain
amino acids by isolated muscles obtained from rats after a
67 hr fast. The branéhed-chain amino acids are the only .
amino acids that are not concentrated by muscle cells to a
significant degree (Bergstrom et al, 1974). The oxidation
of leucine may provide appreciable ATP to the muscle in
starvation (Chang and Goldberg, 1978a) and leads to

decreased oxidation of glucose (Chang and Goldberg, 1978b).
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GENERAL. EXPERIMENTAL PROCEDURES

1. Animals

One-day old Japanese quail (Coturnix japonica) were

obtained from the University hatchery. They were housed for
‘all experiments, in electrically-heated, thermostatically-
controlled batteries with raised wire floors. The birds had
free access to water at all times and were exposed to con-

stant lighting.

2. Diets

To produce niacin deficiency, a niacin free diet was
fed ad libitum (Briggs et al., 1942). The composition of the
experimental diet which was purchased from U.S. Biochemical
Corporation is given in Table 1. A microbiological assay of
this basal diet showed a nicotinic acid content of 0.3 mg
per 100 g of diet (Briggs et al., 1942). Some‘birds were fed
a nicotinic acid supplemented diet. The compositioh of this
diet was identical to that of the niacin free diet except
that nicotinic acid was added. Chick starter diet containing

21% protein was obtained from a commercial source, and used

briefly on newly hatched chicks.
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Nicotinic acid —_—

Table 1. Percent Composition of Experimental Diets.
Ingredients Niacin deficient diet Niacin supplemented diet
. .1 % %
Vitamin free casein 18.0 18.0
Dextrin 61.0 61.0
Gelatin 10.0 10.0
L-Cysteine 0.3 0.3
Cod liver oil 3.0 3.0
Soybean o0il 5.0 5.0
.Monocalcium phosphate 1.0 1.0
Vitamin mix 2.2 2.2
Phillips Hart salt mix3 5.0 5.0
0.007

lThe amino acid comp

0.83;'L—serine, 1.42; L-glutamic acid, 4.24; 1,

2.62; L-alanine, 1.31; L-cystine,

2The vitamin mix per k

osition (% of diet) was as follows:
L-histidine,0.45; L-arginine, 1.19; L-aspartic acid, 2.3; L-
-proline, 2.58; L-
0.40; L-valine,

g of diet comsisted of the foll
ascorbic acid, 980 mg; biotin, 0.44 mg; folic acid, 1.98 mg; pyridoxine,
22 mg; riboflavin, 22 mg; thiamine, 22 mg; p-aminobenzoic acid, 110 mg;

1.16; L-methionine,
0.58; L-isoleucine, 0.83; L-leucine, 1.59; L-tryptophan, 0.19; L-tyrosine,
0.69; and L-phenylalanine, 0.86.

choline chloride, 1.650 mg; inositol, 110 mg; menadione, 49.5 mg;

D-calcium pantothenate, 66 mg; vitamin B

2,197 1u;

The composition of the miner
K2HP04, 16,130 mg; caco

vitamin A acetate, 19,780 IU; "and o

CaHPO,.2H, 0, 3,750 mg; ferric citrate, 1,380 m

15 mg? Co

¢

12.6H20, 22 mg; and MnSO4.H20, 250 m

» 0,03 m
tocopherol, 109 IU.

g

g; calciferol (D

al mix (mg/kg of diet) was as follows:
s 15?000 mg; NaCl, 8,440 mg; MgSO4, 5,130 mg;
g; KI, 40 mg; ZnClz,

owing composition:

BE

L-lysine, 1.43;
threonine,
glycine,
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3. Chemicais

The following chemicals were used: Rabbit muscle
(EC. 4.1.2.13)
aldolase, a—glyceraldehyde—3—phosphate dehydrogenase, ¢-
(EC. 1.2.1.12)

glycero%hosphate dehydrogenase, fructose—l,6,—diphosphatase,

EC. 1.1.1.18) (EC. 3.1.3.11)

phosphoglucose isomerase, triosephosphate isomerase,
(EC. 5.3.1.9) _ (EC.5.3.1.1) '
lactic dehydrogenase, chicken liver malic énzyme, bovine liver
(EC.1.1.1.27) ' (EC.1.1.1.40)

glutamic dehydrogenase, yeast glucose—6—phos§hate dehydrogenase,
. (EC.1.4.1.2) (EC.1.1.1.49)
alcohol dehydrogenase, 3-phosphoglycerate kinase, NAD, NADH,

(EC.1.1.1.1) (EC.2.7.2.3) .

NADP, NADPH, FDP, ATP, dihydroxyacetone phosphate, 2-oxoglutar-~
até, glycerate¥3—phosphate, glucose—6—phosphate, malic acid,
pyruvic acid, ascorbic acid, tris, methemoglobin, bovine serum
albumin, conalbumin, ovalbumin, cytochrome C, dextran biue,
tryptophan, leucine, isoleucine, 6—aminonicotinamide, énd
phenylmethylsulfonyl fluoride were purchased from the Sigma ' ;
Chemical Co., st. Louis, Mo. [Carboxy—l4C] Nicotinic acid
(50760 mCi/mmole), L-14,5-H]-leucine (100 Ci/mmole), L-[u-1%c]-
leucine (300 mCi/mmole), PPO(Z,S—diphenyloxazole), POPOP (p-

bis—[2—(5—pheﬁyloxazolyl)] benzene); NCS (tissue solubilizer),

Triton X-100 (Scintillation grade) were from Amersham/Searle.
Other chemicals ‘purchased were ammonium persulfate, toluene

(scintillation grade), glacial acetic acid, (Fisher Scientificv

Co.), phenol reagent.(Harleco), DEAE (Whatman), Sephadex G-200
(Pharmacia Fine Chemicals), AmpholineR, pH 3-10, (LKB), and
acrylamide, bisacrylamide, riboflavin, and coomassie brilliant

- blue (Bio. Rad Lab).




108

‘4. Measurements of Pyridine Nucleotides

a) Extraction and determination of NAD and NADP

An adequate portion of tissue was weighed for the
extraction and determination of NAD and NADP. Tissue samples
and 5 ml of cold 0.6 N HclO4 were introduced into centrlfuge
tubes, homogenlzed for 1.0 minute in an ice box using a
Polytron homogenizer (Kinematica, GmbH) and the homogenate was
then centrifuged at 5000 x g for 5 minutes in a Sorvall RC 2B
centrifﬁge. The pH of the supernatant was'adjusted to 7.2 to
7.4 by the addition of 3N KOH along with 0.2 ml of 1M K,HPO, .
The pH adjuéted extract was recentrifuged at 5000 x g for
5 minutes and the clear supernatant was collected for immediate
analysis.

Enzymatic assays of NAD and NADP were'carried out accord-
i ing to the procedure of Klingenberg (1974). NAD and NADP were

determined by quantitative reduction to NADH and NADPH
respectively using alcohol dehydrogenase (ADH) and glucose-6-

~ phosphate dehydrogenase (g6p-dH) enzyme systems according to

reactions given below.

. +
Ethanol + NAD —2DHS acetaldehyde + NADH + H

b wa—

Glucose-6-phosphate + NADP gﬁg:ig‘6—phosphogluconate +
., b a— .

NADPH + HT
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- The assays were performed at 340 nm at 30°C in l1-cm cuvettes
in a Gilford Model 2400 spectrophotometer using 0.1 or 0.5
absorbance as a full scale. Duplicate analyses were per-
formed routinely on the extracts. The millimolar extinction
coefficient of reduced coenzymes was taken to be 6.22 X lO6
cm /mole.

For a typical NAD determination, 1 ml of.clear extract
was incubated with 1 ml of 0.1 M pyrophosphate buffer (pH 8.8)
and 0.05 ml of absolute ethanol for 15 minutes at 30°C.

After incubation ‘the change in absorbance of the reaction
mixture was followed at 340 nm for approximately 10 to 15 min-
utes until a constant value was reached (Al). Finally, 2 units
of alcohol dehydrogenase was pipetted into a cuvette and the
change in absoibance at 340 nm was followed for approximately
10 minutes until a second constant reading was obtained (A )
The final reading (A ) minus the initial reading (A ) was used
to calculate the levels of NAD present in the extract.

For the determination of NADP, the same procedure was
followed as in the caee of NAD. The assay mixture consisted of
0.1 ml of 0.2 M glucose-6-phosphate, 0.02 ml of 1M MgSO4.7H20,
and 2.5 ml of sample extract. After incubation at 30°% for
15 minutes, the change in absorbance at 340 nm was followed for
10 to 15 minutes until a constant readlng was obtained (A ).
Then 10 units of glucose-6-phosphate dehydrogenase (300 units/mg
protein) was added to the assay mixture and the subsequent ab-
sorbance change was followed until the reaction was complete

(A As for NAD, the absorbance change (AA=A2—A ) was used

2)'
in the calculations for concentration of NADP in extracts.
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b) Extraction and determination of NADH and NADPH

An adequate portion of tissues was weighed for the
measurements of NADH and NADPH. The sample tissues were

homogenized in 5 ml of cold alcoholic 0.5 N KOH containing

1 mM 2-mercaptoethanol with a Polytron homogenizer for 1.0 min-
ute . The homogenate was heated in a- 90°C water bath for
5 minutes. Immediately following heating, the sample was
pPlaced in an ice box for 5 minutes. The pH of extract was then

brought to 7.8 by the addition of an equimolar mixture of 0.5 M

triethanolamine—phosphate buffer (pH 5.8). Finally the extract
was centrifuéed at 30,000 x g for 5 minutes and filtered
through Millipore filter paper (type HA 0.45 um).

NADH and NADPH were also determined in the extract by
Kllngenberg s method (1974) The following reactlons are

involved: ‘ 4 |

Dihydroxyacetone phosphate + NaDH + B' — .~ glycerol-3-
—
phosphate + NAD (1)

2-Oxoglutarate + NH'+ + NADPH — glutamate + NADP ' (2)
4 -~

The measurement of NADH is based on the oxidation of NADH by

dihydroxyacetone phosphate and glycerol-3-phosphate dehydrogenase
‘(equation (1)). Likewise, the measurement of NADPH is based on

the oxidation of NADPH by 2-oxoglutarate and glﬁtamic dehydro-

genase (equation (2)). For the determination of ‘NADPH, the

oxidation of NADPH must be preceded by that of NADH.
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Two milliliters of clear extract were incubated w1th
0.05 ml of substrate mixture containing 0.5 mM dlhydroxyacetone
phosphate, 2.5 mM 2- oxoglutarate, and 5 mM NH4 for 15 minutes
at 30°. After incubation the change in absorbance of the
reaction mixture was followed at 340 nm for 10 to 15 minutes
until a constant reading‘was attained (Al). Then 9 units of
glycerol-3—phosphate.dehydrogenase (175 units/mg pfotein) was
“added to the reaction mixture and the absorbance change (A )
was followed for an add1t10nal 10 to 15 minutes until the reaction
was complete. The dlfference'ln absorbance change between A2
and Al was used to determine the NADH content. In order to
measure NADPH, 10 units of glutamic'dehydrogenase f50 units/mg
protein) was subsequently added to the reaction mixture and the
absorbance change was followed for an additional 10 to 15 minutes

(A The absorbance change thus obtained (AA= A3—A2) was used

3)'
to calculate the NADPH content.

5. Enzyme assays

For all enzyme assays, except for tryptophan pyrfolase,
tissue samples were homogenized with a Polytron homogenizer in
10 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA
and 5 mM 2-mercaptoethanol. - Samples for tryptophan pyrrolase
assay were homogenized in cold 20 mM potassium phosphate buffer
(pH 7. 0) containing 0.14 KCl. The homogenates were centrifuged
at 50,000 x g for 15 minutes and resulting supernatants were
incubated with cocktail reactlon mixtures at 30°C for 15 min-
utes prlor to the initiation of the enzyme reactions. All

assays were monitored with a Gilford Model 2400 recording

spectrophotometer. Each reaction except for tryptophan
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' pyrrolase was followed at 340 nm for 10 minutes and the
initial linear portion of the curve was taken as the rate of
reaction. Also, duplicate or triplicate assays were per-
formed routinely on the enzyme extracts. The molar extinction
coefficients for the aldolase reaction was 12.44 x lO6bcm2/
mole and 6.22 x lO6 cm2/mole for the remeining five enzymes
except tryptophan pyrrolase. Aall enzyme activities‘were
expressed in terms of a unit, defined as the amdunt of enzyme
that catalyzes the formation of l umole of product per mlnute
or hour at 30°c.

Specific assays were as outlined below:

a) Aldolase (EC.4.1.2.13)

The aldolase assay was that reported by Marquardt (1969).
Each cuvette contained 2.3 ml of the reaction cocktall which
consisted of 50 mM Tris, 5 mM EDTA (pH 7.5), 0.2 mM NADH, 15 ug
rabbit muscle glycerol—3;phosphate dehydrogenase, 15 ug triose-
phosphate_isomerase plus 0.01 ml of extract. The reaction was
initiated by the addition of 0.025 ml of 0.48 M FDP (fructose-1,

6-diphosphate) to the cuvette.

b) Fructose-1, 6~diphosphatase (EC.3.1.3.11)

Fructose-1, 6~ ~diphosphatase act1v1ty was determlned
spectrophotometrlcally by follow1ng NADPH formatlon at 340 nm
(O1lson and Marquardt, 1972). The usual assay system contalned

2.0 ml of 50 mM Tris, 1.0 mM EDTA (pH 7.5), 15 mM MgCl 0.2 mM

2’
NADP, 10 ug phosphohexose isomerase, 10 ug glucose-6-phosphate
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dehydrogenase plus 20 pl of the extract. The reaction
mixture was incubated at 30°c for 30 minutes prior to the
initiation of reaction by addition of 0.02 ml of 8.0 mM FDP.
The long incubation period provided sufficient time to

completely activate the enzvyme (Marquardt Vg personal
ym q SN

communication).

c) Glyceraldehydé—3—phbsphate dehydrogenase (EC.1.2.1.12)°

This assay was a modification of that reported by
Velick. (1955). Each cuvette contained 2.5 ml of 6.7 mM EDTA,
26.7 mM sodium pyrophosphaté, 3.4 mM sodium arsenate, 3 mM

2-mercaptoethanol (pH 8.4), 0.33 mM NAD, 2 mM FDP, 15 ug

aldolase and 15 ug triosephosphate dehydrogenase. The
reaction was initiated by addition of 0.05 ml of the'approp-

riate dilution of the enzyme extract.

d) Malic enzyme (EC.1.1.1.40)

This assay was a modification of that reported by Wise
and Rall (1964). The assay mixture contained 2.5 ml of 54 mM
Tris (pH 7.4), 5 W4 MnCl,.4H,0, 0.4 mM NADP and 0.05 ml of
the appropriate dilution of the enzyme extract. The reaction

was started by the addition of 0.1 ml of 15 mM L-malate.

e) Lactic dehydrogenase (EC.1.1.1.27)

Lactic dehydrogenase assay was a modification of that

reported by Hirota et al., (197e6). The assay mixture contained
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2.5 ml of an equimolar mixture of Tris-acetate buffer (pH 7.5),
8 mM pyruvate, 0.08 mM NADH and 0.38 ml of distilled water.
The reaction was initiated by the addition of 0.05 ml of the ap-

propriate dilution of the enzyme extract.

f) Glutamic dehydrogenase (EC.1.4.1.3)

Glutamic dehydrogenase was a slight modification of that
reported by Colman and Frieden (1966) . The assay mixture
contained 2.5 mlef an equimolar mixture of 10 mM Tris-acetate,
0.01 mM EDTA (pH 8.0), 50 mM NH4C1, 2.4 mM 2-oxoglutarate, and
1.0 mM NADPH. The enzyme reaction was started by the addition

of the appropriate dilution of the enzyme extract.

g) Tryptophan pyrrolase (EC.1.13.11.11)

Tryptophan pyrrolase activity was measured by the metﬂod
of Knox et al. (1955a). This method consists 6f an initial
activation (conversibn of the oxidized holoenzyme to the re-
duced holoenzyme) in a prior incubation,foilowed by the measure-
. ment of the catalytic reaction. Liver tissue was homogenized in
cold 0.02 M potassium phosphate buffer (pH 7.0) containing 0.14
M KC1 using a Péiytronvhomogénizer for 1.0 minute . The super-
natant from a 25% liver homogenéte Oobtained by centrifugation
at 100,000 x g was preincubated at 37°C in small fest tubes for
40 minutes (with gentle shaking) with the mixture containing 2 mg
of methemoglobin/ml, 5 mM L-tryptophan, and 0.03 M freshly
neutralized ascorbate. The following compounds were then added

at 30°C to a 1 cm cuvettes: 0.7 ml of 0.2 M sodium phosphate
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buffer (pH 7.0), 0.2 ml of 0.05 M L-tryptophan, 0.4 ml of
preincubated enzyme mixture, 0.1 ml of freshly neutralized 0.3 M
ascorbate, énd 0.6 ml of distilled water. After mixing, the
assay mixture (3.0 ml) was immediately placed in the sample

chamber of the spectrophotometer, equilibrated at 30°c and

the initial change in absorbance due to kynurenine formation

was followed at 360 nm for at least 15 minutes. The extinction

coefficient of kynureniné (absorbahcy of 1 cm of . 1.0 M solution

at 360 nm) is 4530 (Kno¥, l955a). Activities are expressed as
units (pumoles of kynurenine formed per hour at 3OOC) per gram

of wet liver.

6. Protein determination

Protein was determined by the procedure of Lowry (19515.
Protein samples were mixed-with an equal volume of 1 N NaOH
and digested at 60°C for three hours. One ml of the dilute
protein solution was mixed with 5 ml of a copper reagent
(2% Na2CO3, 0.01%.CuSO4.5H20 and 0.02% NaK tartrate) prepared
fresh daily. Tubes were mixed and allowed to stand for.

15 minutes. To each tube, 0.5 ml of 1 N phenol reagent (Folin

and Ciocalteu's phenol reagent) was added and mixéd thoroughly.

‘After 10 minutes the absorbance at 660 nm was measured and

compared to the standard.
The standards consisted of 1.ml samples of bovine serum
albumin (20 to 200 pg/ml) in 0.5 N NaOH. These were treated

in the same manner as the test proteins.
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RESULTS AND DISCUSSIONS

PART I : Studies on the Stability of Pyridine Nucleotides

(A) Introduction

It is well known that reduced pyridine nucléotides
may be destroyed.by acid without damaging the oxidized forms
(von.Euler et al., 1936)and that, conversely, the oxidized
pyridine nucleotides may be decomposed by alkali without the
slightest loss of the reduced forms (Adler et al., 1936).

It is also known that pyridine nucleotides are rapid-
ly destroyed in tissue-homogenates by a heat-labile system
(von Euler and Heiwinkel, 1937). The activity of this sys—”
tem can be inhibited by nicotinamide (Mann and Quastel, 1941).

The objectives of futufe studies are to establish the
influence of niacin status on turnover rates of pyridine nu-
cleotides and its effeét on metabolically related enzymes .
It is therefore importént that the reliability of methods
for the extraction and determination of pyridine nucleotide
contents be examined. It is also particularly important to
‘establish the influence of various conditions in tissue sam-
ples br homogenates prior to the denaturation of proteins,

The objective of the present study was to establish
fhe effects on the stability of pyridine nucleotides of post-
mortem changes, duration of hqﬁogenization time, and storage

in the presence of reducing reagents.

(B) Experimental Procedures




117

EXPERIMENT 1 :

‘Mature male Japanese quail maintained on a chick
starter diet (a complete diet) weré sacrificed by decapita-
tion. The liver was removed immediately and blotted free
of blood. 1In general, livers were ffozen within 3 minutes of
decapitation in liquid nitrogen and stored at -70°C until
analyzed.

A series of five trials were employed to investigate
the stability of pyridine nucleotides in livers under a var;
iety of conditions. In trial one, the recovery of pyridine
nucleotides was determined when added to the liver during
extraction and assay procedureé. In trial two, the post-
mortem change in pyridine nucleotides was examined by freez-
ing liver tissues at 3 and 10 minute-intervals after decapit-
ation. In this trial, liver samples were excised and kept in
a small coverea dish for 3 or 10 minutes at room temperature
prior to freezing with liguid nitrogen. 1In trial three, the
stability of pyridine nucleotidés was tésted ﬁsing fhe fresh
liver tissue versus the frozen liver tissue obtained at dif-
ferent time intervals. In trial four, the stability of py-
ridine nucleotides was tested following homogenization for 2
or 10 minutes with a Polyﬁron homogenizer of liver tissues.
In trial five, the stability of NADPH during storage was ex-
amined by the addition of reducing reagents to the homogeniz-
ing buffer. 2—Mercaptoetﬁanol and reduced glutathione were

added to the homogenizing buffer at the final concentrations
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of 1mM respectively to determine if these compounds affected
NADPH assay values. In this trial, the extracts were assayed
aﬁ various time intervals throughout the course of experiment.
The control sample assay did not contain a reducing reagent.
The methods for extraction and determination of pyri-
dine nucleotides are described in General Experimental Pro-
cedures. Analysis of variance was performed according to
Snedecor (1956) and treatment differences werelsubjected to
the Students—Newman-Keuls‘multiple range test as outlined by
Kirk (1968). 1In order to estimate the significance of 4diff-
erences between two means, the Student's t-test was employed

(Hill, 1961).

(C) Results and Discussion

The results presented in Table 2 1nd1cate a reasonably
good recovery of NADH and NADPH when added to the extraction
medium. The recovery of NAD and NADP however was not tested in
this trial. Similar results were obtained in a second exper-
iment in which known amounts of NAD and NADP were.added to
the assay system prior to being assayed. These results would
suggest that there was a reasonably good recovery of pyridine
nucleotides under both the extraction and assay procedures.

The data from Table 3 (trial 2) demonstrate that the
»concentrations of NAD, NADP, and NADPH were not greatly in-

fluenced by the time of freezing after the death of quail..

NADH levels in all cases were too low to be detected.




Table 2. Recovery of Pyridine Nucleotides Added to Liver Tissue during Extraction and Assay Procedures

(Experiment 1, Trial 1).%*

RECOVERY OF PYRIDINE NUCLEOTIDES

Pyridine N
Nucleotides Added during Extraction _ Added to Assay System
Mmoles percentage Hmoles percentage
added recovered added recovered
NAD : - - 0.2 93.0+4.0
NADH : | 2.5 97.047.0 _ - -
© NADP | | - - 0.05 95.0+8.0

NADPH 4.0 90.0%5.0 - -

* .
Values are mean = S.E. of 2 observations.

v+?yridine nucleotides are added to the homogenizing buffer containing the liver tissues.

6TT




Table 3. Effect of Freezing Time on Stability of Coenzymes at Various

Time Intervals after Sacrifice (Experiment 1, Trial 2),*

Time Between Coenzyme Levels (umoles/ g liver)

Decapitation and

Freezing of Liver

Tissue (min) NAD NADP NADH NADPH

3 0.60+0.06 0.13%0.01 0 0.48+0,03
10 | 0.50%0.08 0.10%0.02 0 0.50+0.08
P P>0.05 P>0.05 P>0.05 P>0.05

*
Values are mean * S.D. of 3 observations.
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The results from Table 4 (trial 3) demonstrate there
were no appreciable differences in coenzyme levels between
fresh or frozen tissues (-70°C) or between frozen tissues
when stored for various time intervals. 1In another study
it was shown that NADPH levels tended to decline as the time
of storage at -70°C was prolonged.

The results from Table 5 (trial 4) indicate that homo-
genization time (2 versus 10 minutes) tended to reduce the
levels of NAD, NADP, .and NADPH. These results would sugges£
that homogenization time is not highly critical but that it
should not be excessively long. The mean non-significant
(p >0.05) decrease in NAD, NADP, and NADPH concentrations
due to a five-fold increase in homogenization time was 20%,
33%, and 9.3%, respectively.

The results from Table 6 (trial 5) indicate that 2-
mercaptoethanol was a more effective NADPH protecting reag-
ent than reduced glutathione (p <0.01). Nevertheless, red—
uced glutathione protected NADPH to a slight degree relative
to the control which did not contain any reducing reagents.
(p <0.05). However, there was a tendency for NADPH to de-
compose gradually over a period of>8 days at 4°C irréspec—
tive of the presence of reducing reagents in the extract.

Polakis and Bartley (1966) observed that cysteine,
added to weak acid used in preparation for the yeast ex-
tracts, yieded lower NADP values, presumably by preventing

NADPH oxidation. Neubert et al. (1964) reported that re-




Table 4. Stability of Coénzymes during Storage (Experiment 1, Trial 3).*

122

Coenzyme Levels (umoles/g liver)

Pyridine Fresh Tissue Frozen Tissue Frozen Tissue
Nucleotides (3 min) (30 hr) (72 hr) P
NAD 0.59%0.,07 0.57+0.05 0.63%0.08 p>0.05
NADP 0.09+£0.02 0.09£0.02 - 0.11£0.02 P>0.05
NADH 0 0 0 P>0.05
NADPH Of56i0.05 0.53+0.05 0.52%+0.05 P>0.05

Values are mean * S.D. of 2 observations.
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Table 5. Effect of Homogenization Time on Stability of Coenzymes

(Experiment 1, Trial 4).*

Coenzyme Levels (umoles/g liver)

Homogenization

Time (min) NAD NADP NADH NADPH
2.0 . 0.61%0.11 0.09+0.01 0 0.54%0.04
10.0 0.50+0.01 0.06+0.01 0 0.49%0.04
P P>0.05 P>0.05 .P>0.05 P>0.05

*
Values are mean * S.D. of 2 observations.




Table 6. Stability of NADPH in the Preéence of Reducing Reagents

%
(Experiment 1, Trial 5).

NADPH (umoles/g liver)

1 mM

Time Elapsed " Without 1 mM
(day) Reducing Reagents 2-Mercaptoethanol GSH

0 0.59+0.04 0.77i0.04. 0.66+0.04

1 _ 0.48+0.04 0.67+0.04 0.57+0.04

2 | 0.36%0.02 0.62+0.04 0.44+0,02

3 0.29+0.01 0.55%0.04 0.37%0.02

4 0.28+0.01 0.51+0.04 0.32+0.02

5 - 0.2240.01 0.42+0.02 0.23+0.01

8 0.09+0.01 0.27+0.01 0.1410.01

*
Values are mean * S.D. of 2 observations.

Abbreviations: GSH, reduced glutathione.
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duced glutathione was partially protective against the ox-
idation of NADPH when liver mitochondria were acidified.
According to studies by Burch et al.(1967), all sulfhydryl
compounds (ie. cysteine, dithiothreitol, 2-mercaptoethanol
and reduced glutathione) were rather ineffective whether
added to the acid (up to 8mM concentration) or to an alka-
line mixture of hemoglobin and NADPH prior to acidification
(final sulfhydryl concentration was up to 1.5 mM).

The pH stability was not studied as this has been well
established in the literature. NAD is stable in dilute
acids, but unstable in alkali whereas NADH is stable in dil-
ute alkali, but unstable in acids (Schlenk, 1951). Although
NADP is réiatively stable in weak acids, it is rapidly des-
troyed in alkaline solution with the cleavage of nicotinam-
ide (Kaplan et al.,1951). NADPH\is relatively stable in °
alkaline conditions, but is destroyed on exposure to acid
due to the opening of the pyridine ring (Kaplan, 1960).

Surprisingly in the current study no NADH was detected
in the liver in any of the subsequent studies. Since there
was ‘a good recovery of NADH when added to the extraction
medium it is assumed that the level of NADH in liver is too
low to be determined. Although it is generally believed
that the level of NADH.in pigeon is véry low in all organs
relative to other pYridine nucleotides (Jedeikin and Wein-
house, 1955), it is rather intriguing to explain the pheno-

menon in which no NADH was detected in the current assay

system.
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Jandorf (1943) reported that the initial value of NAD per
gram rat liver decreases by iO and 19%, respectively with-
in 2.5 and 15 minutes of killing and that it becomes stable
after 20 minutes. It was also speculated that the decline
of NAD during the first few minutes was probably due to a
conversion of NAD to NADH as a result of anaerobiosis. The
data from the current study, although not significantly di-
fferent, follow the same trend.

In a very similar experiment to Jandorf (1943), Jed-
eickin and Weinhouse (1955) observed that there was a grad-
ual decrease in NAD, amounting to 29% in 1 hour, 49% in 2
hours and 60% in 4 hours after standing at room temperature.
A similar decrease in NADH was also reported. From these
findings, they suggested that large variations in the
amounts or proportions of the two forms of the pyridine nu-
cleotide would not be expected during the 5 or 10 minutés
ordinarily'requiréd for removal of tissues. More brecise
‘information‘with regard to relative proportions of reduced .
and oxidized forms of the coenZymes-Would'requite that tis-
sues should be frozen within a few seconds of death. The
freeze clamp technique of Wollenberger et ilf(l960) could be
used for this purpose. This technique was not utilized in the
current study as the initial concern of the study was to de-
termine total amounts of oxidized and reduced form of the
two coenzymes and not proportions of the oxidized and reducea

forms.
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The results of the current study would suggest that
under the conditions tested there is a slow progressive
decrease in pyridine nucleotide concentration during the
assay procedure. Factors that influence this would include
the time after freezing, duration of the homogenization per- . ;ﬁi
iod and the level of reducing reagenﬁs in the extracting

media.




128

PART II : Studies on the Induction of Niacin Deficiency

by Sulfaguanidine and Amino Acid Imbalances

(A) Introduction

Many reports have been published regarding the induc-

tion of niacin deficiency by various means in several species.
It has been postulated that an excess of leucine is a possible
causative factor in the development of pellagra (Gopalan and

Srlkantla, 1960) and isoleucine counteracts the pellagragenic

effect due to high leucine (Krishnaswamy and Gopalan, 1971) .

It has also been well established that an excess of dietary
leucine retarded the growth of rats and the addition of iso-
leucine overcame the growth depressing action of the excess k
leucine (Harper et al., 1955). Niacin was not a llmltlng nu-
trlent in this latter experiment.
In contrast to the work carried out with humans, it
has recently been demonstrated that an excess of leucine is

not primarily responsible for the induction of niacin defici-

ency in ‘rats or chicks (Nakagawa et al., 1977; Mason and Car-

penter, 1978). It has also been postulated that microbial
synthesis of niacin may be an important source of niacin as
the bacteriostatic agent, sulfaguanidine, when fed +to the

young rat greatly reduces growth rate. It was assumed that

1ntest1nal bacteria were able to meet part of the animal re-
quirements for niacin (Black et al., 1947).
{ The initial experiment outlined 'in this sectién

involves mature quail rather than immature quail in order to
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facilitate the subsequently planned protein turnover stddies.
The reason for this requirement is that protein turnover is
most suitably measured in animals that are in a steady state
condition (ie. non-growing state) (Arias et al., 1969). In
the subsequent experiment, immature quail were employed in an
attempt to accelerate the onset of niacin deficiency as it
.was not possible to develop this deficiency in mature quail.
Biochemical parameters which were thought to be an index of
niacin deficiency were also measured. In both experiments,
a high level of leucine was used in order to accentuate nia-
cin deficiency and isoleucine was added in an attempt to
correct this disturbance. Sulfaguanidine was also used in

the first experiment.

(B) Experimental Procedures

EXPERIMENT 2 : MATURE QUATL

Prior to the initiation of this ekperiment r Mmature
female Japanese quail, four monthé old, were fed ad libitum
a mixed diet (chick starter plus niacin free diet’ for 10 days.
During this adaptation period the relative amount of the nia- -
cin free diet in a mixed dlet was gradually increased.

After this period, 127 4o 128 g quail were divided in-
to eiéht groups of seven quail each. Each group was fed the
basal diet (contained no added nicotinic acid) plus supple-
mental levels of the following compounds : diet 1, 0.007 &

nicotinic acid; diet 2, no additives; diet 3, 0.5% sulfa-
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guanidine; diet 4, 0.5% sulfaguanidine plus 3% leucine; diet
5, 3% leucine; diet 6, 3% leucihe plus 1% isoleucine; diet
7, 6% leucine; and diet 8, 6% leucine plus 2% isoleucine.
The quail were allowed free access to food and water. Body
weights were determined every week and mortality was checked
daily throughout the experiment. At the end of the experim-
ent, all quails were sacrificed by decapitation and the livers
were removed and stored at -70°C until analyzed.

Pyridine nucleotides were analyzed by methods describ-
ed in General Experimental Procedures. Analysis of variance
was conducted according to Snedecor (1956) and treatment di-
fferences were subjected to Stuéents—Newman—Keuls multiple-

range test as outlined by Kirk (1968).

EXPERIMENT 3 : IMMATURE QUATL

Newly hatched quail were fed a chick starter diet un-
til they reached 3 weeks of age. They were then provided ad
libitum a mixed diet consisting of chick starter and the nia-
cin free diet for 1 week. During the adaptation period the.
relative amount of niacin free diet in the combined diet was
gradually increased.

Quail weighing from 55 to 62 g were then randomly di-
vided into six éroups of 12 quail each. The six dietarYijeat—
ments included the basal diet (niacin.free diet) plus supple-

mental amounts of the following ingredients : diet 1, 0.007%

-8

nicotinic acid; diet 2, no additives; diet 3, 3% leucine

diet 4, 3% leucine plus 1% isoleucine; diet 5, 6% leucine-;
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and diet 6, 6% leucine plus 2% isoleucine. All quail had:ﬁxe‘
adcess to food and water for 8 weeks and body weights were
measured every week.

The quail were sacrificed after 8 weeks by decapita-
tion and livers were promptly removed, frozen in liquid nitro~
gen and stored at -70°C unﬁil analyzed. Chemical and statis-
tical analysis were the same as in Experiment 2 and General

Experimental Procedures.

(C) Results and Discussion

The grbwth curves for méture female quail fed the
eight different diets in experiment 2 are illustrated in
Figure 9. The results demonstrated that after an initial
rapid decline in weight during the first 2 weeks, average
body weights of quail on the eight diets did not change app-
reciably dufing the remaining 5 week period. Quail on the
control diet, however, did not lose as much weight initially
or throughout the experiment as ¢0mpared to those on the other
diets (p<0.05). The expécted weight depressing effects of
sulfaguanidine and leucine did not occur and the addition of
isoleucine to the leucine supplemented diets had no effect.

A comparison of body weight changes, liver weights,
and pyridine nucleotide levels of each group of quail also
. demonstrated no éignificant differences (p5’0.05)‘among the
eight treatments (Table 7). Results from the 8 week experi-

ment would suggest that it is not possible to induce niacin




Figure 9.

Average Growth Curves for Mature Female Quail

fed the Following Diets below (Experiment 2).
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Each point represents mean of 5 observations.
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Table 7. Effects of Amino Acid Supplementation and an Antimicrobial Agent on Body Weiﬁht, Liver Weight,
and Pyridine Coenzyme Levels of Mature Female Japanese Quail (Experiment 2).

Initial Final BW Liver No.
Diet BW BW Change WE ety NAD NADPH NADP
g g z g ymoles/g pmoles/lOOg pmoles/g ymoles/100g pmoles/g  pmoles/
liver BW2 liver BW liver 100g BW
1) an +10i007%1d 128+6.0 112411 -12.5¢1,7 3.3750.61 0 0.61%0.13  1,84%0,22 0.50£0.06  1,50+0.30  0.091+0.01 0.27+0.03
cotinic ac
2) EFD a 132£2.0 106t4,0  -19.7+2.4 3,18t0.32 0 0.56%0.13  1.68%0,21 0.52¥0.10 1.56£0.34  0.082+0.01 0.25%0.03
3) NFD + 0.5% 127¢8.0 100£5.0  -21.3+1,9. 2,75%0.50 1 0.62%0.06  1.71*0,27 0.52¢0.06 1.44*0.26  0.095%0,01 0.26%0.05
Sulfaguanidine
4) NFD + 0.5% s_%lff— 138:8.0 107£7.0  .22,5%2.5 3,07%0.50 0 0.58%0.09 1.66%0,30 0.45%0.05 1.32%¥0.20  0.085%0.01 0.24%0,02
uanidine + eu
5) N NFD + 37 leucine  128:5.0 108£4.0  _35,6%1,5 3,11%0.41 2 0.54%0.05 1.560.34 0.47%0.03 1,35%0.15  0.081%*0.01 0.23%0.04
6) NP 4,38 leycine  129:6.0 115¢2.0  110,9%1.8 3.25%£0.48 0 0.58%0.03  1.64%0,23 0.50%0.06  1.41*0,31  0.079%0.01 0.22%0.02
7) NFD + 6% leucine 129+4.0 109+3.0 -15.5¢t1.0 2.87#0.20 0 0.67£0.04 1.76%0.20 0.52+0.10 1.37%0.30 0.073%0.01 0,19%0.03
8) NFD + 6% leucine  132%5.0 113£3.0  Z14.421.4 2.84%0.23 0 0.59%0.04  1.48%0.21 0.48%0,04 1.22%0.20  0.098%0,01 0.25%0.04

+ 2% isoleucine -

lValues are means * 5.E of 5 observations each, values within column were not significantly different (P>0.05).

2umoles/lOO g BW is calculated by multiplying umoles/g liver by multiplying the total liver welght by 100 and
by dividing by body weight. :

Abbreviations: NFD, niacin free diet; BW, body weight; Wt, weight.

€ET
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deficiency symptoms in mature female Japanese quail under the

condition used in this experiment .and that the expécted niacin
deficiency was not enhanced in the presence of leucine or sul-
faguanidine. _

- In experiment three, immature Japanese quail Weighing
from 55 to 62 g were used to study the effects of leucine and
isoleucine imbalance on body weight gain; liver weight, levels
of‘pyridine nucleotides and enzymes activity levels.  The
growth curves for quail fed the six diets demonstrated that
there were considerable differences among the groups in rates
of body weight gain (Figure 10). Quail féd the niacin free
dief had a growth rate which was significantly lower (p< 0.01)
than that of quail fed the nicotinic acid supplemented diet
but were significantly higher (p%0.01) than for those fed fhe
other diets. 1In all cases, there was either no change or a
decrease in body weight during the latter portion of the ex-
periment when quail were fed the various nicotinic acid free
diets. An overall summary of the data is presented in Table
8. There were significant differences in body weight gains
between the control group fed 0.007% nicotinic acid and quail
fed the niacin free diet (p <0.01) and between the control
group and the other groups (p <0.01). Quail in the latter
group also had significantly lower (p <0.01) body weight gains
than those fed the niacin free diet. This indicates that the
inclusion of leucine as well as leucine plus isoleucine in

the niacin free diet partially depressed body weight gain.




Figure 10.

Average Growth Curves for Immature Quail Fed

the Following Diets Below (Experiment 3).
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of curves.
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Table 8. Effects of Leucine and Leucine Plus Isoleucine on Body Weight
‘ Gain, Liver Weight, and Mortality in Immature Japanese Quail
(Experiment 3).1’2
Initial Final BW Liver No. of
Diet BW BW Gain WT Mortality
g g g g

1) NFD + 0.007% 57.5+2.2 97.4i3.8A 39.9+1.5 1.86+0.13 1
nicotinic acid .

2) NFD 57.4+1.0 84.0i4.0B 26.6*1.5 1.76+0.12 2

3) NFD + 3% 56.842.5 73.7¢4.4° 16.9+1.4 1.61+0.09 3
leucine '

4) NFD + 3% 58.3%1.9 73.2i4.2c 14.9+0.6 1.82+0.12 3
leucine +
1% isoleucine

5) NFD + 6% 58.5:1.9  74.4x4.5% 15.920.4C 1.65:0.06 2
leucine

6) NFD + 6 59.0+1.7 72.1+4.5°%  13.1+0.8% 1.93+0. 25 3
leucine +
2% isoleucine

P>0.05 P>0.05

1Values are means * S.E. of 8 observations.

2Means not sharing a common superscript letter within

significantly different (P<0.01).

Abbreviations: NFD, niacin free diet;

a column are

BW, body weight; wt, weight; no, number.
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Some of quail that were fed the niacin free diet, the niacin
free diet supplemented with leucine or the niacin free diet
supplemented with leucine Plus isoleucine exhibited poor

feathering as compared to those from the control group. These

symptoms are indicative of niacin deficiency (Scott et al.,
1976) .

In the case of total liver weights or pyridine nucl-

eotide levels, no significant differences (p:>0.05) were ob-

served among the six treatment groups. Similar non-signifi-

cant differences (p >0.05) were also obtained with the acti-
vity }evels of NADP-dependent malic enzyme, NAD—dependent
glyceraldehyde—3—phosphate dehydrogenase, or aldolase which
does not require these coenéymes(Tables 9 and 10).

The results obtained in the current study with sulfa-
guanidine are different than those reported by Mérshall et
al. (1940) and Black et al. (1947). Marshall et al. postu-
lated that sulfaguanidine could be an effective bacteriostatic
agent for intestiﬁal bacteria which were responsible for the

synthesis 6f the vitamin B complex. Black et al. demonstrated

that the growth rate of rats was . reduced from the average 25 g
per week toAless than 10 g per week when 0.5% of this drug was

added to regular synthetic diet. The failure to obtain similar

results with mature quail may be attributed to the fact that
their requirements for niacin may be lower than that of the
rat or that some other factors influenced their requirements,

These results nevertheless would suggest that niacin is very




Table 9.

of Immature Japanese Quail (Experiment 3).l

Effects of Leucine and Leucine Plus Isoleucine on Pyridine Coenzyme Levels in Liver Tissue

+ 2% isoleucine v

Diet NAD NADP NADPH
umoles/g imoles/100 g BW2 umoles/g  umoles/100 g BW umoles/g umoles/100 g BW
liver liver . liver
1) NFD + 0.007% 0.69+0.06 1.32+0.18 0.170.04 0.32+0.07 0.56%0.04 1.070.14
nicotinic acid B :
2) NFD 0.5840.06  1.22.0.18 0.14+0.01  0.2940.04 0.53£0.02  1.11+0.09
3) NFD + 3% leucine 0.64+0.07 "1.39i0.20 0.13+0.02 0.28+0.05 0.63+0.04 1.38+0.19
4) NFD + 3% leuciné 0.60+0.06 1.49+0.20 0.1310,02 0.32+0.05 0.53+0.06 1.32+0.21
+ 1% isoleucine :
5) NFD + 6% leucine 0.73+£0.07 1.57+0.25 0.20+0.06 0.45+0.09 0.59+0.03 1.27+0.13
6) NED + 6% leucine 0.50+0.10 1.31+0.30 0.13+0.02 0.35+0.03 0.45+0.08 l.ZOiQ.Zl

lValues are mean * S. E.

2umoles/lOO 8 BW are calculated by m
100 ‘and by dividing by body weight.

of 8 observations.

Abbreviations: NFD, niacin free diet; BW, body weight.

Means within columns are not significantly different (P>0.05).

ultiplying umoles/g liver by multiplying the total liver weight by

8€T




Table 10. Effects of Leucine and Leucine Plus Isoleucine on Enzyme Activities in Liver Tissue of

Immature Japanese Quail (Experiment 3).l

Diet - Malic Enzyme » Glyceraldehyde-3—phosphate Aldolase
: - Dehydrogenase
units/g units/100 g‘BW2 units/g liver units/100 g BW units/g units/100 g BW
liver ‘ liver
1) NFD + 0.007% 23.9£1.0 45.7+4.0 151.6%7.5 289.6+33.9 107.249.9 204.7+23.5
nicotinic acid ‘ :
2) NFD - 26.5+2.0 55.5+5,3 136.3+6.8 285.6+18.6 96.2412.0 201.6*19.0
3) NFD + 3% leucine. 26.3£3.0 57.5%8.7 135.247.8 295,2+18.8 89.4%7.9 195.4%27.0
4) NFD + 3% leucine 35.0£8.5 86.0+24.0 142.6%4.2 354.5+27.0 77.8%1.6 193.4%22.0
+ 1% isoleucine
5) NFD + 6% leucine 22.5%4,0 48.3+7.5 143.7+13.3 308.1+43.7 87.3%9.6 187.3+11.1
6) NFD + 6% leucine 19.3+4.0 51.7+6.3 117.7+15.8 299.0%£25.0 72.2%13.1 193.3+24.0

+ 27 isoleucine

1Values are mean * S. E. of 8 observations. Means within columns are not significantly different (P>0.05).

2Units/lOO g BW are calculated by multiplying units/g liver by multiplying the total liver weight by
100 and by dividing by body weight.

Abbreviations: NFD, niacin free diet; BW, body weight.

6€T
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effectively conserved in the niacin deficient quail ér that
niacinAwas being provided from some other sources. Additional
experiments should be carried out to more effectively compare
the effects of dietary supplementation of sulfaguanidine in
both mature anq %mpaturevniacin deficient quail.

-In gﬁigégthstudy, the failure to obtain a growth de-
pressing effect in mature quail wheh leucine and/or isoleucine
was added to the niacin free diet would suggest that they did
not affect the niacin sfatUs of thevanimal.‘ With immature-
quail both leucine or leucine pPlus isoleucine produced sig~’
nificant depressing effects on growth as compared to quail fed
the niacin free diet (p<0.01). It is likely that part of
this‘apparent effect in immature quail may be attributed to an
amino acid imbalance (Harper gE'El.) 1955) rather than to nia-
cin deficiency. However, additional experiments would have to
be carried out to distinguish between these two effects.

Several researchers have reported conflicting results
with regard +to the influence of leucine and isoleucine in
niacin deficiency. Gopalan and Srikantia (1960) and Krish-
naswamy and Gopalan (1971) have postuléted that high leucine
levels in diets were pellagragenic and that isoleucine count-
eracts this effect. 1In support of this hypothesis Raghura—
mulu et al.(1965b) reported that the synthesis of nicotinamide
nucleotides from nicotinic acid by erythroéytes was decreased
in normal individuals fed a high level of leucine. Further—

more, Rao et al. (1972) indicated that leucine results in

increase of picolinate carboxylase, tryptophan pyrrolase, and
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decrease of quinolinate phosphoribosyl transferase which are
responsible for the interference in tryptophan metabolism.

In contrast to Gopalan's reports, Allen et al.(1971)
were unable to induce niacin deficiency in chicks with leu-
cine supplements. Furthermore, Nakagawa et al. (1977) also
supported Allen et al.s' view that leucine.is not a primary
agent in causing a niacin deficiency in rats. Very recently
Mason and Carpenter (1978) carried out a comparable experi-
ment to Allen et al.s' in order to establish the niacin
status of chicks using a high level of leucine. It was found
that chiéks fed low levels of niacin and tryptophan produced
niacin deficiency symptoms which were not exacerbated by the
‘- addition of sugplémentary leucine (17.4 g/kg diet). They
alsQ demonstrated that the addition-of supplementary leucine
to diets that.contaihed optimum ;evels of niacin and trypto-
‘phan depressed food consumption and weight gains of chicks;

, thén‘chicks, however, did not show any niacin deficiency symp~—
toms. In_addition, Pearson and Song (1963) reported that in
the case of a disturbance in tryptophan-niacin metabolism by
aﬁino acid imbalance the metabolites affected appeared to be
influenced by the age of aniﬁals.

In conclusion, the results obtained in the current
study woula suggest that it is difficult if not impossible
to induce niacin deficiency in mature quails even when the
synthesis of hiacih by bacteria is suppressed by the admin-
istration of sulfaguanidine or by the addition of leucine to

the diet. 'The results obtained with immature quail demon-
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‘strated thét it is possible to induce niacin deficiency sym-
ptoms in these birds. A rather long period of time, however,
was required to cause cessation of growth. These effects in
both the mature and immature quail may be attributed to the
fact that niacin is synthesized from either microbial sources
or tryptophan derived from tissue profeins or the diet, and/or
that niacin is very effectively conserved in the the animal.
The overall results would suggest that a re-evaluation of nia-
cih requirements be made in quaii and other avian species ,
particularlY'with regard to mature birds. Niacin deficiency
however did not affect any of the biochemical parameters
including NAD and NADP that were measured in the liver of the
immaturé bird. It is conceivable that niacin levels in the
liver of the niacin deficient bird are maintained at a con-

stant level at the expense of other tissues.
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PART III : Effects of Niacin Deficiencies on Pyridine

Nucleotide Levels and Enzyme Activities in

Different Organs of Immature Quail

(A) Introduction

Briggs et al. (1943) demonstrated that chicks receiv-
ing purified rations low in nicotinic acid showed poor growth,
a decreased food consumption, a mafked lowering of the nico-
tinic acid and NAD conteﬁt of breast muscle, poor feather de-
velopment, and perosis or scaly dermatitis. Williams et al.
(1950) also showed that NAD levels in the liver from immature
rats fell to very low values when tryptophan and niacin were
excluded from the diet. Feigelson et al. (1951) observed that
nicotinic acid and tryptophan were equally effective as pre-
cursors of liver pyridine nucleotides in rats. Garcia-Bunuel
et al. (1962) reported the response of pyridine nucleotides
and pyridine nucleotide requiring dehydrogenases in the brain
and liver of rats tgAa iow trypfophan, niacin free diet. The
niacin deficient rat had reduced levels of brain pyridine nu-
cleotides but the activities of glutamlc dehydrogenase and
isocitrate dehydrogenase were unchanged. A similar reductlon
of pyridine nucleotldes was observed in the liver. Isocitrate
dehydrogenase and t—-glycerophosphate dehydrogenase aqﬁivities
were 25% and 50% less respectively in niacin deficient liver
.whereas glutamic dehydrogénase activity was unchanged. Katu-
numa et El;(l973) reported that a group-specific protease for

NAD- or NADP- requiring enzymes was enhanced in niacin deficient
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condition.

Although information, as indicated above, 'is avail-
able on some of the effects of niacin deficiency a consider-
able amount of additional research must be carried out to
more clearly establish overall effects and sequence of events
that occur during the development of niacin deficiency.vahe
results of the previous experiments also indicated that it
was not possible to induce niacin deficiency symptoms in
mature quail and that these symptoms did not readlly develop
in immature quail that had reached 65% of mature weight.

The objectives of these studies were'to develop pro-
cedures for the induction of niacin deficiency in the immature
quail on a routine ba51s and to establish corresponding ‘changes
in pyridine nucleotide and enzyme act1v1ty levels of several
tissues,

Based on the rather poor results obtained from the
Previous investigations with both mature (an average initial
weight .of 131 g) and adolescent quail (an average initial
weight cof 58 g), one day old quail (an average‘weight of 7.2
g) were used in an attempt to induce niacin deficiency in
Experiment 4. 1In Experiment 5, young growing quail (average
~initial weight of 28 g) were maintained on the niacin free
diet for 3 weeks to determine if there was an adaptation to nia-
ein deficiency. In Experiment 6, five different diets were
fed to young growing quail‘(average initial Weight of 20 g)
for 2 weeks. In this last experiment a group of pair fed

control birds were also 1ncluded in the study in order to
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determine if the metabolic differences observed between the
niacin deficient and the control groups were due to either
niacin deficiency or to the accompanying inanition. Under
these conditions it should be possible to preclude the effects
of inanition alone as contributing the observed differences.
These investigations were undertaken to establish the
response of growth, pyridine nucleotidé contents, and enzyme
activity 1evéls to graded levels of nicotinic acid and to a
high level of trgptophan in diets and to determine to what
extent pyridine nucleotide éontents in tissues would reflect
 the degree of nicotinic acid status in animals. For the -
deterﬁination of enzyme activities, four NAD- or NADP- requir-
ing enzymes (malic enzyme, lactic dehfdrogenase, glutamic
dehydrogenase, and glyceraldehyde—3;phosphate dehydrogenase);
tryptophan pjrrolase, an enzyme involved‘in tryptophan meta-
boliém, and non—NAD'or'non—NADP requiring enzymes (aldolase

and fructose diphosphatase) were measured.

(B) Experimental Procedures

EXPERIMENT 4 :

One day old quail Qeighing approximately 7.2 g were
fed the niacin free diet (NFD) for 8 days. The chicks were
kept in electrically heated stainless steel batteries
with wire floors and had free acceés to water and diet. Body
weight of the 120 chicks were recorded daily and symptoms of

niacin deficiency were checked throughout the experimental
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period.

EXPERIMENT 5 :

All newly hatched quail were offered a mixture of _
niacin free diet and chick starter diet (Feedrite) until they
reached approximately 27 g. This procedure enabled the quail
to adapt to the synthetic diet. During this.adaptation
period, the relative proportion of niacin free diet was grad-
ually increased. After.this period, the quail were separated
into two groups of from 10 to 20 guail each and were fed the
following diets : (i) niacin free diet plus 0.607% nicotinic
acid, and (ii) niacin free diet. Other conditions were the

same as in the previous experiment (Experiment 4).

EXPERIMENT 6 :

Newly hatched quail were maintained as described in
Expériment 5 on a mixed diet consisting of the niacin free
diet and the chick starter diet until they reached approxim-
ately 19 gq. Then they were wing banded, weighed and divided
into five groups of from 15 to 25 quail each and were fed the
following diets : (i) diet 1 (Group i : control), niacin free
diet plus 0.007% nicotinic acid ; (ii) diet 2. (Group II),
niacin free diet ; (iii) diet 3 (Group III), tﬁe same diet as
diet 1 ; (iv)  diet 4 (Group 1IV), niécin free diet plus 0.66%
tryptophan ; and (v) diet 5 (Group V), niacin free diet plus
0.035% nicotinic acid. The level of tryptophan used in diet

4 was three times higher than that for requirement (Scott §E

!
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al., 1959) and the level of nicotinic acid used in diet 5
was five times higher than that in diet 1.

All diets were fed ad libitum except for Group III,
which recelved the diet once or twice a day so that the aver-

age weight of the group was the same as that in Group II .

Birds in the former group were fasted for approximately 18
hours per day. Body weight and mortalities were recorded

daily and signs of niacin deficiency were checked throughout

the experiment. At sacrifice, the brain, heart, liver, and

breast muscle were promptly excised, plunged into liquid
nitrogen and weighed. Levels of pyridine nucleotides and
enzyme activities of various organs were then measured as
outlined in General Experimental Procedures. Analysis of
variance was conducted according to Snedecor (1956) and treat-
ment differences were subjected to the Students—Newman-Keuls

multiple range test as outlined by Kirk (1968).

(C) Results and Discussion

EXPERIMENT 4 :

The growth curve of one day old quail fed the niacin
free diet is illustrated in Figure 11 . All chicks grew up to

day 2 and then started losing body weight between day 2 and

day 8, finally all died-on day 9. The increase in growth
during the inftial two days may be ascribed to nicotinic acid
retained in chicks after hatchlng rather than to the diet

after whlch the chicks became nicotinic acid deficient. This




Figure 11.

Growth Curve of One Day 0l1d Quail Fed

the Niacin Free Diet (Experiment 4).

The experiment was initiated with day old
chicks. Each point represents the average
body weight of 120 chicks. The bars repre-

sent standard error.
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observation is in,"\ line with suggeétions by Briggs and
his coworkers (1942) that newly hatched chicks require ni-
cotinic acid for optimal growth. In contrast, Dann and
Handler (1941) reported tha£ the hatched chicks do not re-
guire a dietary source of nicotinic acid for optimal growth
as a result of synthesis of nicotinic acid during the incu-
bation of egg. The results obtained in the current study
re-emphasize the importance of inclusion of nicotinic acid

in a diet for optimal growth of the immature chick.

EXPERIMENT 5 :

The growth curves for quail fed both the nicotinic
acid supplemented (control) and the nicotinic acid free diets
are presented in Figure 12. Quail fed the control diet grew
at a steady rate whereas those fed the niacin free diet ex-
hibited three stepwise growth patterns. Between déys 0 and 7
very little or no gain in body weight was observed whereas
between déys 8 and 15 there was a slow rate of growth.  In
the final 16 to 21 day period there was a further increase
in the rate 6f growth. These results strongly indicate that
quail on the niacin free diet were not in a completely niacin
deficient state as they tended to grow at a cdntinually in-
creasing rate. The source of niacin could be the diet, syn-
thésis from tryptophan or by gut microflora.

Chemical analysis of the diet and the fact that birds

in the previous experiment died and those in the initial part




Figure 12.

Growth Patterns of Quail Fed Nicotinic Acid
Supplemented and Nicotinic Acid Free Diets

(Experiment 5).

d: Group I (control) quail were fed ad
libitum the NFD supplemented with

0.007% nicotinic acid

O: Group II quail were fed the NFD ad

libitum

Quail were placed on test at 15 days of age.
Each point represents the average body weight
of 10 to 20 guail. The bars represent stand-

erxor.
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of the current experiment did not gain body weight would
indicate that the diet was deficient in niacin. Although
the level of tryptophan in the diet was only sufficient to

meet amino acid requirements of birds, it is conceivable that

under niacin deficiency conditions a portion of the tryptophan
was diverted to the more essential production of niacin. The

body reserves of niacin under these conditions would tend to

be retained as previous results would suggest that the turn-

over of niacin was very low. Under these circumstances the

birds would be able to grow at an ever increasing rate. The
importance of gut microflora relative to tryptophan as a source
of niacin can not be established from the results of the cur-
rent experiment. Overall these results would suggest, never-
theless, that the duration of the feeding period and the
selection of quail of proper age or size are crucial factors

in the induction of niacin deficiency in quail. For‘example,
in £he initial experiment (Experiment 4) day old chicks were
placed on a niacin free diet and they all lost weight and

died within 9 days. In this.last experiment, 15 day 0ld gquail

(average body weight of 27 g) were placed on the same niacin
free diet and they grew. In the subsequent experiment, birds

were plaéed on the niacin freé diet at a slightly younger age

than in Experiment 5. The objective was to develop niacin

deficiency symptoms without causing-.a change in body weight.

5

EXPERIMENT 6 :
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The growth patterns of quail in response to various

~ diets are depicted in Figure 13. The growth curves of groups
IV and V were omitted as they were almost identical to that

for Group I (control). It can be seen that quail receiving

the niacin free diet (Group II), which had a very lbw level

of nicotinic acid and an optimum level of tryptophan did not
grow between days 3 and 15. The pattern of growth of these
quail was very similar to the food restricted quail (Group III).
In contrast, qguail fed the nicotinic acid or the tryptophan
containing diets (GroupI, IV, and V) grew at a steady rate and
after 15 days they were two-fold heavier than the other two
groups. Furthermore, the difference‘in growth rate was apparent
within five days after the initiation of the experiment.

In addition to the typical growth depression, the
symptoms of niacin deficiency seen in quail receiving the
niacin free diet were a reduction in food consumption'and
certain outward manifestations such as slow feather develop-
ment and blindhess. It was also noted that niacin deficient
guail had decreased voluntary activity and tended to huddle
together in a corner of the cage reiative to other groups.

In a severe niacin deficiency state, the areas around eyes
became darkened and very.often both eyes were closed and
covered with a crusty scale and exogenous secretions. To the
best of our knowledge this peculiar phenomenon was never re-
ported in the literature. Moreover, most of skullAbones in
the niacin deficient quail were very brittle in compérisbn to

the other four groups (I, III, IV, and V).. The pectoral




Figure 13.

Growth Patterns of Quail Fed Various Diets

(Experiment 6) .

O : Group I (control) quail were fed ad
libitum the NFD plus 0.007% nicotinic

acid

O : Group II guail were fed the NFD ad

libitum

A : Group III quail were fed the same
diet as group I except that the feed
intake was restricted to that of

Group IT

Quail were placed on a test at 8 days of age.

‘Each point represents the average body weight

of 15 to 25 quail. The bars represent stand-

ard error.
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muscle in the niacin deficient birds also appeared to be
highly atrophied relative to both the control (Group I) and
the two other groups (IV and V). This observation would
suggest that muscle tissue are particularly sensitive to
niacin deficiency.

Some of observations made in the current study are
in accord with the results obtained in an earlier report by
Briggs et al. (1942). They demonstrated that chicks receiving
purified rations low in nicotinic acid grew poorly and devel-
oped a typical chick blacktongue. This latter condition was
not observed in the current study. The results from the
current study also showed that the diet which contained a
higher concentration of nicotinic acid (0.035%) was no more
effective than the 0.007% nicotinic acid containing diet in =
stimulating the growth of quail. Similar weight gains to
those in Group I (control) were also obtained when the level
of:aietary tryptophan was increased three-fold. This would
suggest that nicotinic acid requirements were completely spared
by dietary tryptophan and that the level of tryptophan in the
control diet was not limiting. Fisher et al. (1954) also re-
ported that tryptophan completely spared nicotinic acid in the
chick but that the reverse was not true. In contrast, Childs
et al. (1952) reported that tryptophan did not totally spare
nicotinic acid in young chickens.

The effects of five different dietary treatments on

weight gain, liver, heart, and brain weights, mortality, and
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protein concentrations of liver and breast muscle are sum-

marized in Table 11, No mortality occurred within three of
the groups (I, IV,vand V) whereas during the time course of
the experiment four quail died in both the niacin deficient
and food-restricted groups respectively. Mean body weight
gains of the food—restricted and the nicotinic acid deficient
groups (II and III) were significantly (p< 0.01) less than
those in the other groups (I, IV, and V).‘ Similarly, average
liver and heart weights of food-restricted and nicotinic acid
deficient groups were significantly (p< 0.05) lower than those
of groups I, IV, and V. The patterns of weight change for
liver and heart were similar but less dramatic than that re-
: borted above. The differences in weights of liver, heart or
body weight among the three groups (x, IV, and V), however,
were not significant (p> 0.05). Brain weights in contrast
were not affected by dietary treatments. It would appear
however that the change in brain weight and to a lesser degree
heart weight was not proportional to that of body weights.
This is illustratéd by the observations that the brain mass
accounted for 1.7% of the total body weights in groups II and
IIT but only 0.9% in the other groups. The tissue concentra-
tions of protein in all cases were also similaf as there were
élso no significant differences (p> 0.05) in protein concent-
rations of liver and breast muscie among‘ﬁhe five groups.
Tablel12 , 13, and 14 show the content of pyridine

nucleotides of liver, brain, heart, and breast muscle. There




Table 11. Effects of 5 Different Dietary Treatments on Body Weight, Weight Gain, Liver Weight, Heart Weight,

Brain Weight,Mortality and Protein Content of Liver and Breast Muscle in Japanese Quail

(Experiment 6).1’2
No. ‘
Initial  Final of  Froteinm level
Group/Diet BW BW Wt Gain Liver Wt Heart Wt Brain Wt Mgg%al— Liver Breast muscle
'8 g g g g g g protein/g tissue Wt

I NFD + 0.007% 19.2+0.9% 62.3+1.2% 43.1+1.0% 1.91:0.06% 0.53+0.04% 0.60:0.01* .0 0.29+0.01% 0.2420.01%
nicotinic acid
(ad libitum)

II NFD 19.5:0.7% 31.4+1.75 11.9+1.5° 1.05:0.08° 0.39+0.02° 0.52:0.01% 4  0.28:0.01% 0.23:0.01%
(ad libitum)

ITT NED + 0.007%  19.3+0.9% 30.9+1.5° 11.6+1.3° 0.77:0.05° 0.28+0.02° 0.55:0.01% 4  0.28:0.01% 0.22¢0.01%
nicotinic acid
(restricted)

IV NED + 0.66% 19.2+0.8% 63.5¢1.6> 44.3+1.2% 1.950.07% 0.5220.04% 0.59%0.02% 0 0.29+0.01% 0.25+0.012
tryptophan
(ad 1ibditum)

V NFD + 0.035% 19.2+0.9% 62.2¢1.7% 43.0+¢1.2% 1.75:0.05% 0.47:0.04% 0.5620.01% 0  0.28£0.0° 0.24%0.01%
nicotinic acid
(ad 1ibitum)

lValues are mean * S.E of 15-25 quail.
2Means not sharing a common superscript letter within a column are significantly different (P<0.05 or P<0.01).

Abbreviations: NFD, niacin free diet; BW, body weight; Wt, Weight.

9ST




Table 12. Effects of 5 Different Dietary Treatments on Levels of NAD, NADP, and NADPH in the Liver

of Japanese Quail (Experiment 6), 1,2
Group/Diet NAD NADP
umoles/g umoles/g umoles/100 g umoles/g umoles/g umoles/100 g
liver liver protein B> liver ‘ liver protein BW
o a ' a a a a a
1 NFD + 0.007% 0.63x0.12 2.7+0.45 1.93+0.40 0.21+0.01 0.7420.04 0.66+0.05
nicotinic acid
(ad 1ibitum)
1 a a a : a a a
II NFD (ad 1libi- 0.63+x0.10 2.25£0.40 2.11+0.40 0.22%+0.01 0.78+0.03 0.72+0.08
tum) ’
o a a a a a a
III NFD + 0.007% 0.72+0.11 2.57+0.43 1.79+0.30 0.19%+0.02 0.68%20.07 0.47+0.05
nicotinic acid
(restricted)
o a a a a a a
IV NFD + 0.66% 0.68£0.11 2.34+0.42 2.09+0.30 0.20+0.02 0.69+0.09 0.63+0.07
tryptophan
(ad libitum)
V  NED + 0.035%  0.69%0.09%  2.46%0.40° 1.94%0.20% 0.22+0.02%  0.81£0.022 0.63+0.06%

nicotinic acid
(ad 1libitum)

lValues are mean * S.E for triplicate observations. Each triplicate consisted of liver samples pooled from 4 birds.

2Means not sharing a common superscript letter within a column are significantly different (P<0.01 or P<0.05).

3umoles/lOO g BW is calculated by multiplying ymoles/g liver by multiplying the total liver weight by 100 and by

dividing by body weight.
Abbreviations: NFD, niacin free diet; BW, body weight.

LST




Table 12. Continued.

x
Group NADPH NADP
NADPH
ymoles/g liver umoles/g liver protein umoles/100 g BW

I 0.46+0.06% 1.59+0.26% 1.41+0.19% 0.46+0.032
II 0.39+0.03% 1.390.12% 1.3040.07°> 0.56+0.04>
II1 0.35+0.03% 1.2520.10% 0.87+0.07% 0.5420.03%
v 0.38+0.04% 1.31£0.17% . 1.17:0.19% 0.53+0.03%
v 0.45+0.05% 1.61+0.212 1.2740.15% 0.49+0.042

% Nucleotide levels are expressed as umoles per g liver.

84T
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were no significant differences (pf>0.05) irrespective of how
the data were expressed (umoles per g liver weight, umoles
per g liver protein, or umoles per 100 g body weight) in the
content of liver NAD, NADP, and NADPH among the five groups.
Also no significant change was observed in the ratio of NADP
to NADPH among the five treatment groups. The results obtained
in the current study are in agreement with the reports by
Anderson et al. (1944)'who demonstrated thét no such definite
correlation exists betweenvthe level of nicotinic acid in a
diet and that of NAD in the liver of the rat. Morrison et al.
(1960) also reported that nicotinic acid deficiency did not
iead to a lowering of pyridine nucleotide concentrations of
rat liver. It was also of interest to note that starvation
for 48 hours (Pande éE.El;' 1965) or starvation and re-feeding
(Kayne et al., 1963) had no specific effect on pyridine nucleo-
tide concentrations of rat liver. ‘

In contrast with these observations, Glock and McLean
(1955) reported that fasting for 48 hours in rats caused a
marked reduction in total NAD (NAD + NADH). Similarly, Holzer
et al. (1958) also found a reduction of NAD in livers of rats
fasted for 24 hours. In addition, it was also demonstrated
that rats receiving low amounts of nicotinic acid and trypto-.
phan had subnormal levelé of pyridine nucleotides in liver
(Williams et al., 1950; Burch et gl.; 1955; Greengard et al.,
1968) .

NAD levels in the brain and heart of all five groups

are summarized in Table 13. There were no significant differ-
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nicotinic acid
(ad 1libitum)

Table 13. Effects of 5 Different Dietary Treatments on Levels of NAD
in Brain and Heart Tissues of Japanese Quail (Experiment 6).1’2
Group/Diet NAD
umoles/g umolesélOO g umoles/g Umoles/100 g
brain BW heart BW
o a b a a
I NFD + 0.007% 0.38%0.04 0.37%£0.05 0.49%0.06 0.42+0.04
nicotinic acid
(ad 1ibitum)
IT NFD (ad libitum) 0.30£0.02%  0.50%0.04%  0.44%0.04%  0.55%0.09°
III NFD + 0.007% 0.32£0.04%  0.57%0.08%  0.47%0.05"  0.43%0.03"
nicotinic acid
(restricted)
o ; a b a a
IV NFD + 0.66% 0.32%0.03 0.30%0.04 0.49%£0.08 0.40%0.03
tryptophan '
(ad libitum)
o a b a a
V NFD + 0.035% 0.33%0.04 0.30%0.03 0.55%0.10 0.42%0.05

1 s 4 .
Values are mean + S.E. for triplicate observatiomns.

consisted of heart or brain samples pooled from 4 birds.

2Means not sharing a common superscript letter within a column are signi-

ficantly different (P <0.05).

Each triplicate

3pmoles/lOO g BW is calculated by multiplying umoles/g brain by multiply-
ing the total brain weight by 100 and by dividing by body weight. '

Abbreviations: NFD, niacin free diet; BW, body weight.
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ences among the five groups studied in the levels of heart
NAD irrespective of how the data are expressed (umoles per
g heart or umoles per 100 g body weight). Similarly, no
significant differences were detected in the level of brain
NAD when expressed in umoles per g brain. However, when the
level of brain NAD waé expressed in umoles per 100 g body
weight, the levels of brain NAD of both groups II and III were
significantly (p< 0.05)-highér than those of the remaining
three other groups (I, IV, and V). This increase was attri-
buted to the smaller body weight relative to brain size. It
can also be seen that the inclusion of both nicotinic acid
and ‘tryptophan in exceséive amount in the diet did not affect
the levels of NAD in brain. Similar studies by Williams et
al. (1950) and Brown (1964) reported that deficiencies of
nicotinic acid and tryptophén in the diet had little or no
effects on the levels of NAD in rat brain. In con£rast,
Garcia-Bunuel et al. (1962) presented data indicating that
there was significant fall in NAD (p< 0.001), NADH (p< 0.002),
and NADP (p< 0.01) levels in the brain of nicotinic acid
deficient rats compared with controls. |

In the current study, the levels of NAD and NADPH,
but not NADP in the breast muscle of Japanese quail were
markedly affected by dietary nicotinic acid 1e§els (Table 14).
NAD levels of quail fed the niacin free diet were either 66
or 63% lower (p <0.01) than the other groups when compared
on umoles per g breast muscle or umolés per g breast muscle

protein basis. However, there were no significant differences




Table 14. Effects of 5 Different Dietary Treatments on Levels of NAD, NADP, and NADPH in Breast Muscle of

Japanese Quail (Experiment 6)}’2

Group/Diet NAD NADPH '  NADEP
umoles/g ymoles/g umoles/g umoles/g umoles/g ymoles/g muscle protein
muscle muscle protein muscle muscle protein muscle :

A S
I NED + 0.007% 0.96£0.03 4.05:0.29" 0.12220.009°°  0.5120.02%°  0.025:0.003%  0.1120.01%
nicotinic acid .

(ad 1ibitum)

II NFD (ad libitum)  0.35%0.09° 1.610.50° 0.017+0.009°  0.08+0.05%  0.024%0.002% 0.11+0.012

III NFD + 0.007% 1.060.03* 4.95£0.40% 0.0610.006°  0.2840.02°  0.020%0.005% 0.09£0.03%
nicotinic acid
(restricted)

IV NED + 0.66% 0.9840.05% 3.95+0, 34" 0.09240.0165¢ 0.37+0.07°¢  0.023%0.005% 0.10+0.022
tryptophan

(ad libitum)

Vv NFD + 0.035% - l.O9iO;O3A 4.65i0.25A 0.1451—0.008A 0.62i0.06a 0.020i0.008a : 0.09i0.04a
nicotinic acid .
(ad 1libitum)

lValues are mean * S.E for triplicate observations. Each triplicate consisted of breast muscle samples. pooled
from 4 birds.

2Means not sharing a common superscript letter within a column are significantly different (P<0.05 or P<0.01).

Abbreviations: NFD, niacin free diet.

Z9T.
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(p >0.05) in the NAD level among any of the other groups.
The pattern of response in NADPH levels was similar to that
for NAD except that there were also differences (p <0.01)
‘among several of the treatment groups. The average percent
changes in NADPH leQels per g breast muscle were as follows:
100% for Group I, 14% for Group II, 50% for Group III, 76%
for Group IV, and 119% for Group V, respectively. Expressing
values in umoles per g muscle protein yeild similar results.
These results would indicate that among the pyridine
nucleotides assayed in the bréast muscle NADPH appears to be
the one most severely affected by a dietary deficiency of
nicotinic acid. It was also of interest to note that the
level of NADPH in the breast muscle of the the food-restricted
group (III) was only half of that in the control group (I)
and that NADP levels were not affected by any of the dietary
treatments (p >0.05). These results would suggest that breast
muscle is the first tissue to exhibit a reduction in pyridine
nucleotides in the niacin deficient birds‘and that the cbn—
centrations of either NAD or particularly NADPH are markedly
affected. It is recommended,because of ease of assay, and
the fact that the level of NAD does not decrease in the food-
restricted bird that breast muscle NAD levels be used as an
index of the niacin status of the bird. It may be hypothesized
‘that a change in NADPH levels may be expected in the starved
bird as this pyridine nucleotide is primarily associated with
biosynthetic reactions (Atkinson, 1977) .and that since the

level of synthetic activity is low in the muscle tissue of
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the starved animal there is a reduced need to have its level
maintained. The results obtained in the current study are
partially in agreement with the observations of Axelord et
al. (1939) that nicotinic acid deficiencies in dogs and pigs
resﬁlted in a lower NAD content of both liver and muscle
tissues. In support of these findings, Briggs et al. (1943)
reported that chicks receiving purified diets free of nico-
tinic acid showed marked decreases of nicotinic acid and co-
enzyme I (NAD) contents in breast muscle. They did not,
however, report NAD levels for other tissues including liver.
The activities of malic enzyme, lactic dehydrogenase,
and glyceraldehyde-3-phosphate dehydrogenase iﬁ both liver
and;breast muscle tissues of all five groups were determined
in the absence of their respective cofactors in the assay
mixture. No enzymatic activities were detected in the absence
of optimal concentraticns of cofactors. It would appear that
most of these NAD- and NADP- requiring enzymes may exist in

the form of the apoenzymes, that they contain only small but

undetectable amount of these coenzymes, or that the predominant

species of bound coenzymes would be the opposite (oxidized
form) to that used in the assay procedure. These results,
nevertheless, appear to be different from that obtained with
the pyridoxal phosphate requiring enzymes. Hunter and Harper
(1976) reported that orhithine aminotransferase was predomin-
antly in holoenzyme form in both pyridoxal phosphate deficient
and control rats, whereas tyrosine aminotransferase was pre-

dominantly in apoenzyme form in both groups. However, the
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proportipn of serine dehydratase in apoenzyme form was twice
"as great as in the pyridoxal phosphate deficient as in the
control liver of rats. These results would suggest that
pyridoxal phosphate deficiency affects different enzymes in
different ways, rather than generally causing the same effect
and thét different enzymes obviously have varying proportions
of holo- and apo-enzyme forms which are independent of the
tissue concentration Qf coenzyme,

The activity levels of livef enzymes in response to
five different dietary treatments are summarized in Table 15.
The activity of liver tryptophan pyrrolase of the food-.
restricted group (III) was approximately two-fold higher
(p<0.01) than thatvin the groups I, Ii, 1V, and V whether
expressed as units/hour/g liver or units/hour/g liver protein
or units/hour/100 g body weight. However, there were no sig—-
nificant différences (p>0.05) in enzyme activities among the
four groups (I, II, IV, and V). The results of these studies
would indicate that tryptophan pyrrolase activity was not
affected by nicotinic acid status nor by dietary tryptophan
levels but was affected by the type of feeding. This difference
could be attributed to the fact that the food-restricted
guail were fed once or twice per day and that they consummed
all food within a few hours whereas all other groups consummed -
food  throughout the day. This observation is consistent with
£hat reported by Satyanarayana and Rao (1977) that liver trypto-
phan pyrrolase activity of rats increased as diet restriction was

increased or by Wu and Rosenthal (1966) that the activity of




Table 15. Effects of 5 Different Diets on Tryptophan Pyrrolase, Fructose diphosphatase, Aldolase,. Malic

Enzyme, Glutamic Dehydrogenase and Lactic Dehydrogenase Activities of Liver Tissue in

Japanese Quail (Experiment 6).1’2
Group/Diet Tryptophan Pyrrolase Fructose diphosphatase
units/hr/g units/hr/g units/hr/100 g units/g units/g units/100 g
liver liver protein BW liver liver protein BW3
I NFD + 0.007% 1.49:0.16" 5.1620.58" 4.57+0.42° 9.6+0.3° 33.4+1,7%° 29,420, 43P
nicotinic acid
(ad libitum)
II NFD 1.62+£0.19° 5.91%0.59° 5.41+0. 54 .9.8+0.3° 35.92.9%° 32.1%1.5%
(ad libitum)
II1 NFD + 0.007% 3.1510.08A ll.36i0.47A 7.85i0.50A lO.9i0.2A 39.3il.5a 27.1i0.7b
nicotinic acid
(restricted)
. B B B B b b
IV NFD + 0.66% _l.48i0.l3 5.02+0.35 4.55+0.35 8.8+0.2 30.1%+1.6 27.1%£0.7
tryptophan
(ad 1ibitum)
V  NFD + 0.035% 1.52:0.18" 5.430.33> 4.28+0. 300 9.7+0.2° 35.4+1,5%° 2742140

nicotinic acid
(ad 1libitum)

Continued

1Values are mean * S.E for triplicate observationms.

Each triplicate consisted of liver samples pooled from 4 birds.

2Means not sharing a common superscript letter within a column are significantly different (P<0.05 or P<0.01).

3Units/hr/lOO g BW is calculated by multiplying units/hr/g liver by the total liver weight by 100 and by dividing

4

by body weight.

ND: not determined.
Abbreviation:

NFD, niacin free diet; BW, body weight.

991




Table 15. Continued.

Group/Diet AAldolase Malic enzyme
units/g units/g units/100 g units/g units/g units/100 g
liver liver protein BW liver liver protein BW3
I NFD + 0.007%  10010% 347+28% 308122 35.0¢1.1%  121.745.2° 107.8+4,3%
nicotinic acid
(ad libitum)
’ ab
II NFD (ad libitum) 99 62 361+25% 332282 20.626.4°°  78.520.6° 70.8:24.4
: o a a a c b b
III NFD + 0.007% 115+11 413+33 287%23 15.9+3.8 58.0%5.0 40.0%10.1
nicotinic acid
(restricted)
IV NED + 0.66% Np* ND ND 30.5:3.2%°  104.6413.0° 93.0%6. 72
tryptophan
(ad libitum)
V  NFD + 0.035% ND ND ND 28.7+1.6%°  102.56.1% 79.7¢5.7%°
nicotinic acid
(ad libitum)
Continued

L9T




Table 15. Continued.

Group/Diet . Glutamic dehydrogenase ' Lactic dehydrogenase
units/g units/g ’ units/100 g units/g units/g units/100 g
" liver liver protein BW liver liver protein BW

I NFD + 0.007% 5.740.7% 18.5%1.1% 17.5%1.0% 409+ 372 14141802 12551872

nicotonic acid
(ad 1ibitum)

II NFD (ad libitum) 6.5+0.7% 20.9+1.5% 21.3+2.0% 301+ 262 1098+ 912 1007+123%
III NFD + 0.007% 6.940.7% 21.7+1.62 17.2+1.22 423+ 512 1517+1582 1054+ 852
nicotinic acid ' :
(restricted)
IV NFD + 0.66% ED_‘* ND ND ND ND ND
tryptophan
(ad 1ibitum)
V NFD + 0.035% ND ~ ND ND ND ND ND

nicotinic acid
(ad -1ibitum)

891
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this enzyme increased during starvation. Tryptophan pyrrolase
activity is also known to enhance in response to substrate
induction (Feigelson and Greengard, 1962) and corticosteroid
administration (Knox and Auerbach, 1955b). In addition,
Schimke et al. (1965) reported that hydrocortisone adminis-
tration increases the rate of tryptophan pyrrolase synthesis
whereas tryptophan decreases the rate of degradation of the
enzyme. They therefore suggested that hormone and substrate
may play a different role in their mechanism of regulation

of this enzyme in rat liver. The results in the current study
also demonstrate that tryptophan pyrrolase activity did not
increase in ad libitum fed gquail which received a higher
amoﬁnt of tryptophan than t#he optimum requirement.

The activity of liver fructose diphosphatase, a non-
pyridine nucleotide requiring enzyme, in the food-restricted
group (III) was also significantly (p< 0.01) higher than that
in the other four groups (I, II, IV, and V) when expressed as
units/g liver. However, there were no significant differences
in the levels of activity of liver fructose diphosphatase
among the four groups (I, 1I, iV, and V). It was also of.
interest to note that there was some tendency for the liver
fructose diphosphatase of the tryptophan fed group (IV) to
decrease relative to the other three groups (I, II, and‘V).
This may partially agree with the findings of Meijer et al.
(1975) and Williamson et al. (1971) that tryptophan inhibits
gluconeogenesis both in vivo and in vitro. If the activities

of liver fructose diphosphatase were expressed as units per
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g liver protein, a similar pattern also developed. However,
if the activities of liver fructose diphqsphatase were ex-—
pressed as units per 100 g body weight, liver fructose di-
phohphatase activities were significantly (p <0.05) different
between group II and groups III, IV, and V, but not between
group I and group II. These differences may be ascribed to

a differential rate of tissue growth among the various treat-
ment groups. Regarding the activities of gluconeogenic
enzymes, Seitz et al. (1976) reported that fructose diphos-
phatase activity increased during starvation. This observation
is in an éccordance with observations in the current study
when activities are expressed on a per unit liver weight.
Overall these results Would suggest that nicotinic acid
deficiency did not affect the activity level of enzymes that
are not directly involved in nicotinic acid metabolism but
that feeding patterns had an influence on the activity level
of these enzymes.

The activities of liver aldolase, lactic dehydrogenase
and glutamic dehydrogenase were not affected by‘restricted
feeding or by feeding a niacin free diet. Similarly, Garcia-
Bunuel et al. (1962) also reported that there was no signi-
ficant difference in the liﬁer glutamic dehydrogenase activity
between the niacin deficient and food—reétricted rats, but
that there was a slight increase in glutamic dehydrogenase
activity of both niacin deficient and food-restricted rats as
compared to the controls.

The activity of malic enzyme of the food-restricted
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group (III) expressed as units per g liver was significantly
(p< 0.05) lower than those of groups I; IV, and V although
there were no significant differences between the niacin
deficient (II) and the food-restricted (III) groups. Inter-
estingly, the activity of malic enzyme of niacin deficient
group (II) was also significantly (p< 0.05) lower than that
of the control group (I) even though there were no signific-
ant differences in the activity of this enzyme among groups
II, IV, and V. A similar trend also occurred when activity
values were expressed as units per g liver protein or units
per 100 g body weight. it may be concluded that the activity
of malic enzyme in the two semi-starved groups [the niacin
free group (II) and particularly the food-restricted group
(IT1)] wefe much lower than those of groups I, IV, and V.
Leveille (1969) also reported that starvation in chicks re-
duced the activity of malic enzyme in the liver. Overall, °
the results obtained with liver would suggest.that the acti-
vity levels of both pyridine- and non-pyridine nucleotide
requiring enzymes and an enzyme involved in tryptophan meta-
bolism are not directly affected by the nicotinic acid status
of the animal. However, some of these enzymes were influenced
by the pattern of feeding such as restriction of feed intake;
The activity levels of two NAD requiring enzymes and
one non-NAD requiring enzyme in breast muscle are presented

in Table 16. No significant differences (p> 0.05) in the

breast muscle lactic dehydrogenase or glyceraldehyde-3-phosphate

dehydrogenase activity were observed between the niacin




Table 16. Effects of 5 Different Dietary Treatments on Lactic Dehydrogenase, Glyceraldehyde-3-phosphate

Dehydrogenase and Aldolase in Breast Muscle Tissue of Japanese Quail (Experiment 6).1’2

Group/Diet Lactic dehvdrogenase - Glyceraldehyde-3-phosphate Aldolase
- dehydrogenase
units/g units/g ' units/g units/g units/g units/g muscle protein
muscle muscle protein muscle muscle protein muscle '

I NFD + 0.007% 147674 618443542 2244172 938692 188+11% 785322
nicotinic acid .
(ad libitum)

IT NFD (ad libitum) 989+135° 4328+519P 160+25°  698+81° 14141848 618+51P
. b b . p b B C
III NFD + 0.007% 977+156° 4424555 114424 653+79 10016 45553
nicotinic acid -
(restricted)
IV NFD + 0.66% 1550499%  6202+409% 2432207 9674687 199+2% 801502
tryptophan
(ad 1ibitum)
V NFD + 0.035% 15604942 66013172 236+18%  1000+69? 20152 856472

nicotinic acid
(ad 1libitum)

lValues are mean * S.E for triplicate observations. Each triplicate consisted of breast muscle samples pooled
from 4 birds.

2Means not sharing a common superscript letter within a column are significantly different (P<0.05 or P<0.0l).

Abbreviations: NFD, niacin free diet.

LT
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deficient (II) and food—restficted (III) groups, but there
was a significantly (p< 0.05) higher lactic dehydrogenase

and glyceraldehyde-3-phosphate dehydrogenase activity levels
in groups I, IV, and V as compared to groups IT and IITI .
Similarly, the activity of breast muscle aldolase of group
III was significantly (p <0.01) lower than that of groups I,
IV, and V when expressed in units per g breast muscle. How—
ever, there were no significant differences in activity be-
tween groups II and IIT. Expressing activity values és units
per g breast muscle protein yield similar results except that
there afe significant differencés (§-<0.05) in the activity
levels between groups II and III. The changes in lactic de-
hydrogenase, glyceraldehyde-3-phosphate dehydrogenase and.
aldolase activities in the breast muscle can not be directly
ascribed to the effect of niacin deficiency since similar
changes also occurred in both the food-restricted group

(IIT) and the niacin free group (II). These results would
indicate that the decrease in the activity level of the
dehydrogenases in these two éroups relative to the control
group (I) was directly influenced by calorie intake. The
enzyme activity results are.different from those for pyridine
nucleotides. As indicated above, the niacin deficient group
(II) was the only group that had a significantly lower level
of NAD in breast muscle tissue. These results would indicate
that the level of pyridine nucleotide in tissues may not be

a significant factor influencing the concentration of the

pyridine nucleotide requiring enzymes.
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These observations would appear to be different from
that observed with enzymes requiring other cofactors. For
example, it has been well known that riboflavin deficiency
in rats led to a marked lowering in the activities of FAD-
dependent enzymes such as hepatic succinic dehydrogenase,
a—-glycerophosphate dehydrogenase , and xanthine oxidase
(Zaman and Verwilghan, 1975). In addition, Katunuma et al.
(1971) reported that rats with a pyridoxine deficiency
showed a rapid decrease in the pyridoxal dependent enzymes,
ornithine amihotransferase , serine dehydratase, tyrosine
aminotransferase, and aspartaﬁe aminotransferase. They
proposed that pyridoxine deficiency resulted in an increase
in the activity of a group-specific protease which inacti-
vates pyridoxal phosphate apoenzymes. Litwack and Rosenfield
(1973) demonstrated that the rates of in vivo degradation
of several pyridoxal enzymes correlate well with the in
vitro dissociation of the enzyme into apoenzyme and pyridoxal
phosphate. These findings have led to the concept that
dissociation of coenzyme to yield unstable apoenzyme may be
rate limiting for degradation of pyridoxal enzymes; differ-

. ential rates of dissociation then being responsible for the
observed heterogeneity of degradation rates in vivo.

In contrast, Lee et al. (1977) found that degradation
rates are unaffected by pyridoxine deficiency when the
loosely-bound pyridoxal phdsphate dependent tyrosine amino-
transferase and the tightly-bound pyridoxal phosphate de—-

pendent alanine aminotransferase were compared. From these




175

observations £hey concluded that coenz?me interaction with
enzymes is not a significant determinant in intracellular
degradation of the enzymes. Nevertheless, it would appear
that the stability and the rate of'degradation of pyridoxal
phosphate dependent enzymes are influenced by the relative
affinity for the pyridoxal phosphate and tissue coenzyme
levels. It also seems reasonable to assume that these
pyridoxal enzymes are readily attacked by a group-specific
protease in the absence of the pyridoxal phosphate and as
a result tend to have a relatively high degradation rate.
A similar situation may also occur iﬁ the pyridine nucleo-
tide dependent enzymes although the relative amounts of
bound coenzymes may be considerably different.

Very little informafion is available on factors
éffecting the stability of pyridine nucleotide dependent
enzymés. Katunuma et al. (1971) however reported that there
is a group-specific protease for NAD- or NADP- dependenf

enzymes. It has been well documented that there are dissi-

milarities in the binding of NAD molecules to glyceraldehyde-

3-phosphate dehydrogenase (Chance and Park, 1967) and the
NAD-binding sites are not equivalent (Koshland and Neet,

1968). They also reported that the enzyme contains two

-11

moles of tightly bound NAD-1,2 (Kg; = 10 M, Ky, = 1072

M) and two moles of relatively loosely bound NAD-3,4 (Kd3 =

3 x 10“7 M, K = 2.6 x 10—5 M ) respectively. Takenaka and

d4
Schwert (1956) reported that the dissociation constant of

4

LDH-NAD complex was found to be 3.9 x 10 - M by ultracentri-
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fugal separation measurements. The thermodynamic study of
the binding of NAD to glyceraldehyde-3-phosphate dehydro-
genase (Devijlder et al., 1969) and lactic dehydrogenase
(Subramanian and Ross, 1977; 1978) in rabbit muscle was
reforted. The AG° values for the binding of NAD to gly-
'ceraldehyde~3—phosphate dehydrogenase are -11 kcal for
NAD-1,2, -9 kcal for NAD-3, and —6.6vkcal for NAD-4, respec-
tively, whereas the calculated value for lactic dehydro-
genase is -3.8 kcal mol T . The free energies of NAD binding
to glyceraldehyde-3-phosphate dehydrogenase are more negative
than that of NAD binding to LDH. These thermodynamic and
kinetic studies indicate that the binding of NAD to glycer-
aldehyde-3-phosphate dehydrogenase is much stronger than
that for LDH. 1In addition, Jaenicke (1969) reported that
the rabbit muscle apoglyceraldehyde-3-phosphate dehydrogenase
turned out to be exttemely labile relative to the apolactic
dehydrogenasF. Ovadi et al. (1971) reported that glycer-
aiﬁehyde—B—phosphate dehydrogenase exists as an equilibrium
mixture of dimers and tetramers in solution and both forms
are enzymicallyvactive. From these reports it can be spec-
ulated that the degree of saturation of dehydrogenases with
NAD may vary depending on the availability of NAD in tissues
and their relative affinity for the cbenzymes{

Tt is conceivable that certain dehydrogenases may
not be completely saturated with coenzymes under conditions
of niacin deficiency. This effect would be attributable to

the high affinity of dehydrogenase for coenzyme and to the
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competition among dehydrogenases for the limited supply of
available coenzymes. Those enzymes that have the lowest
'Kd values would selectively tend to bind coenzymes at the
expense of those that have higher Kd values. Under these
conditions it would be anticipated that the rate of degrad-
ation of the former enzymes would not be affected during
niacin deficiency due to the possible stabilizing effects
of the coenzyme whereas the enzymes with a low affinity for
coenzymes would tend to‘be degraded at an accelerated rate.
It can also be predicted that the amount of coenzymes rela-
tive to total binding sites of enzyme would determiné the
proportion of total'dehydrogenases that are affected. ~Ad-
ditional research will have to be carried out to more clearly
establish the relationship between the affinity of dehydro-
genase for pyridine nucleotides and their relative rates of
degradation undef conditions that exist in the cell.

It may be concluded that under conditions of severe
niacin deficiencies there is a marked depression in growth,
a differentialbrate of development, a reduction in food
consumption, brittleness of the skull bone, blindness, and
marked atrophy éf the pectoral muscle. There is also a
dramatic reduction in the level of NAD and NADPH in the
pectoral muscle. Coenzyme levels in other tissues, however,
are not affected by niacin deficiency. These observations
would indicate that NAD(H5 or NADP (H) may be transported
from fhe breast muscle tissue to other essential organs to

maintain the optimum level of pyridine nucleotides of these
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tissues. These results also suggested that NADPH and
particularly NAD levels in the breast muscle would provide
the most reliable index of overall niacin status. NADPH.
levels in breast muscle also appear to be somewhat depressed
in the niacin supplemented starved bird.

In the light of results with other enzymes requiring
different coenzymes it was expected that there would also
be a close association between tissue pyridine coenzyme
levels and corresponding dehydrogenase activify levels .
There was, however, no apparent relationship between the
niacin status of quail and the corresponding activity levels
of metabolically related dehydrogenases. uIn general, the
breast muscle dehydrogenase activity levels of the niacin
deficient quail were similar to that of the food-restricted
quail whereas this relationship did not always occur with
the liver enzymes. The different response in liver tissue,
particularly with regard to malic ehzyme, was attributed to
a starvation effect rather than to an effect on niacin status
of the animal. The activity levels of othér metabolically
related enzymes which are not pyridine nucleotide dependent
were also not'affected by niacin status in the animals .
Tryptophan pyrrolase, an inducible enzyme involved in the
conversion of tryptophan to nicotinic acid, was also not
affected by niacin deficiency but by food restriction .
Further research will be required to establish the relation-
ship between niacin deficiency and the atrophy of breast

muscle in relation to protein turnover.
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PART IV. Studies on the Effect of Antiniacin (6-aminonicotin=

amide) on the Induction of Niacin Deficiency.

(A) Introduction

It has been established that certain structural analogs
of nicotinic acid or nicotinemide interfere with the utilization
of niacin for the synthesis or action of the pyridine coenzymes
(Webb, 1966). In many instances the analogs have been found to
produce a pattern of symbtoms roughly similar to those seen in
the niacin-deficiency (Woelley 1945).' Nevertheless, it should
be clearly understood that the situations are basically differ-
ent. A dietary restriction of niacin leading to a generalized
depletion in the tissues would not necessarily bring about.
functional alterations identical to those caused by an analog,
which could be much more effeetive in interfering with certain
functions of the coenzyme than simple depletion and possibly
ieave other functions untouched.

| The objective of this study was‘to determine if the
mode of action of 6-aminonicotinamide (6-AN) was similar to
that induced when quail were fed a niacin free diet. If both
~ cause similar metsbolic disturbances it should be possible to
utilize 6—-AN on a routine basis to investigate the effects of
niacin deficiency. This would probably simplify the problems
of inducing niacin deficiency in the mature quail (Part II,
Experiment 2) and therefore would fecilitate futurelstudies.

The present study was undertaken to obtain information concerning
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the effect of 6-AN on growth, organ weights, activity levels of
certain enzymes, and the content of pyridine nucleotides and

ATP in liver and breast muscle tissues.

(B) Experimental Procedures

EXPERIMENT 7

(i} Design

Prior to the initiation of this experiment, mature male

Japanese quail were provided with a mixed diet (chick starter

diet plus niacin free diet)'ad libitum for one week. During

this adaptétion period, the relative proportion of niacin free
diet in a mixed diet was gradually increased. After this

period, quail which weighed from 105 to 115 g, were divided

into four grdups of 25 quail eaéh. Each group was fed one of the
following diets: (i) niacin free diet plus 0.007% nicotinic acid,
(ii) niacin free diet plus 0.007% nicotinic acid plus'0f014% 6—-AN,
(iii) niacin free diet.plus>0.07% nicotinic acid plus 0.014%

6-AN, -and (iv) niacin free diet plus 0.007% or 0.36% nicotinic

acid plus 0.014 6-AN. In the case of diet 4, quail were fed
the NFD, 0.007% nicotinic acid and 0.014% 6-AN for 10 days; then
on day 10 all quail were switched to a new diet containing NFD,

.36% nicotinic acid and 0.014% 6-AN. These quail remained on

this ‘latter diet for an additional 4 days.
" All guail had free accecs to water and their respective
diets for a period of two weeks. Body weights and mortalities

were recorded daily or on alternative days throughout the ex-
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perimental periéd. At the end of the experiment, all qﬁail were
sacrificed by decapitation andbliver and breast muscle tissues
were immediately removed, frozen in liquid nitrogen as

described previously and stored at -70°C until analyzed. The

Student's t-test was employed to estimate the significance of

differences between two means (Hill, 1961).

(ii) CQuantitative Procedures.

The methods for the determination of enzyme activity

levels and pyridine nucleotide concentrations were the same as
described in General Experimental Procedures.

ATP was determined using the 3—phosphoglycerate kinase
(ATP: 3—phospho—D—glyéerate—l—phosphotransferase, EC.2.7.2.3)
method (Jaworek et al., 1974). This assay involves the fol-
lowing reactions: |

glycerate—3—phosphaté + ATP ~PGE glycerate-1, 3-P_ +ADP (i)

2

glycerate-1l, 3-P, + NADH + H+ ~GA lyceraldehyde-3- E
2 T g y . .
: phosphate + NAD +Pi (ii) .

Glycerate-1, 3-P2 formed in reaction (i) was determined by the

indicator reaction (ii) with glyceraldehyde-3-phosphate dehydro-

genase. The oxidation of NADH, as measured by the change of
extinction at 340 nm, is proportional to the amdunt of ATP
present. All assays were carried out at 30°C in l-cm cuvettes

in a Gilford 2400 spectrophotometer. Duplicate or triplicate

analyses were routinely performed.
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(iii) Preparation of Tissue Extracts for ATP Determination

An appropriate portion of breast muscie tissue was homogen-
ized in cold 0.9 M perchloric acid for 1.0 minute at the maximum
speed of the Polytron homogenizer. The homogenates were pooled
on an equal weight basis, centrifuged for 1.0 minuté at 3,000 x
g at 4°c and the.supernatants were adjusted to éH'G.O - 6.5

with cold 3.75 M K,CO The potassium perchlorate was removed

273"
by centrifugation and the extract was immediately used for ATP

determination.

(C) Results and Discussion

Figure 14 illustrates the patterns of body weight loss
when mature male quail were fed their respective diets. There
were no changes in body weight for control quail throughout the
experiment. However, the body weight of all 6-AN-treated. quail
declined very sharply from day 3 of the experiment regardless of
the levels of nicotinic acid in diets included.4 After the Quail
were fed 6-AN for 14 days the weight loss of éuail fed diets
2, 3 and 4 equalled 70.9; 80 and 68.8% of their original‘body
‘weight respectively.

Although there were significant differences (p < 0.001) in
body weight loss between the control and 6-AN-treated quail
there were no significant differences (P>0;05) in body weight
loss among three 6-AN-treated groups. In this experiment a

10 fold increase in the concentration of nicotinic acid (diet 3)




Figure 14.

Growth Curves of Mature Male Japanese Quail
as Affected by the Consumption of Nicotinic
Acid Containing Diets Supplemented with or

without 6-aminonicotinamide (Experiment 7).

O : NFD + 0.007% nicotinic acid (diet 1)

V : NFD + 0.007% nicotinic acid + 0.014%2

6~-aminonicotinamide (diet 2)

A : NFD + 0.07% nicotinic acid + 0.014%

6-aminonicotinamide (diet 3)

O : NFD + 0.007% nicotinic acid + 0.014%

6—-aminonicotinamide (diet 4)

In the case of diet 4, quail were fed the
above diet for 10 days after which they were
given the same diet along with 0.36% nicoti-
nic acid. Arrow indicates the addition of

nicotinic acid to the diet.
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did not alleviate the effects of antiniacin (diet 2). 1In a
further effort to overcome the toxic effect by 6-AN, quail on
diet 4 were fed the NFD that contained 0.36% nicotinic acid
and 0.014% 6-AN on the day 10th of the experiment. As indicated
in Figure 14, the relatively high levels of dietary nicotinic
acid also failed to alleviate body weight losses.

In addition to body weight loss and reduced food intake,
most of 6—AN—trea£ed guail appeared to demonstrate some signs
of niacin deficiency such as poor feathering and iack of mobil-
ity throughout the course of the ekperiment. Similar observa-
tioné were also made by Johnson and McColl (1955) who reported
the loss of motor control and paralysis several hours after
the injection of a single dose of 6~AN to rats. 1In an experi—'
ment similar to Johnsoh-and McColl (1955), Lison (1970) pointed
out that 6-AN lowers the body temperature, increases the blood
sugar concentration, and causes a ioSs of body'wéight.. It was
also reported that the decline of body weiéht following the
injection of 6-AN (5 mg per kg body weight) resembles that seen
after starvation. |

In the current study no mortalities were observed with
the controi quail whereas the number of mortalifies in quail
fed diets 2, 3, and 4 were 9, 12, and 14 respectively. It may
be concluded that the admihistration of small_quéntities of |
6-AN resulted in a very pronounced effect on body metabolism
as indicated by the marked loss of body weight, lack of

mobility and higher incidence of mortality.
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Control quail and the quail fed 0.007% nicotinic acid
and 0.014% 6~AN (diet 2) were chosen to further investigate
effects of 6-AN on biochemical parameters. The weights of
breast muscle and heart tissues of control quail were signi-
ficantly (P<0.001) higher than those of the 6-AN~-treated group
whereas liver weights were oppositely affected (P<0;0015, (Table
17). The color of liver in control quéil was readish while that
of 6-AN-treated quail was yellowish. _This. must be due to the.
toxic effects of 6-AN on liver tissue. The effects of 6-AN on
heart and breast muscle mass but not liver was similar to those
obtained in the previous study (Part III, Experiment 6) with
the niacin deficient quail.

As shown in Tables 19 and 20, there were no significant
differences in the concentration of protein in breast muscle
and liver between the control and 6-AN-~-treated quail.

The effect of 6-AN on ATP contents of breast muscle
tissue was also examined (Table 18). There were also no signi-
ficant differences.(P>0.05) between these two groups in the
concentration of ATP. in breast muscle tissue. A similar ob-
servation was also made by Lange et al (1970) who reported
that 6-AN did not change the ATP level in the brain. 1In
contrast, Kauffman and Johnson (1974) reported that levels of
ATP were reduced approximately 12 percent in brains of mice
treated with 6-=AN as compared to normal control levels.
Similarly, Dietrich et al (1958 a) also observed that there

was a pronounced reduction in the levels of ATP and ADP in




Table 17. Effect of 6-Aminonicotinamide on Body Weight L.oss, Total Liver Weight, Breast Muscle Weight,

Heart Weight, and Mortality (Experiment 7). 1,2
Diet Initial Final BW Liver Breast Heart No. of

BW BW loss WT Muscle WT WT Mortality
(g) (8) () (g) () (g)

NFD + 0.007% . :

nicotinic.acid 110+3 10943 1+0.5 1.65x0.07 - 20.7£0.6 0.98%0.0.3 0

NFD '+ 0.007%

nicotinic acid

+ 0.014% 6-amino-

nicotinamide 109+2 762 32+2.5 2.35%0.13 11.2+0.6 0.71+0.02 9

P>0.05 | P<-0.05 P<0.001 . P<0.001 P<0.001 P<0.001

lValues are mean * S. E. of 15 observations.

2 e e
Student's t-test was used to calculate the level of significance between two means.

Abbreviations: BW, body weight; WL, weight; NO, number.

981




Table 18.

and 6-aminonicotinamide (Experiment 7)%

Liver NAD Level, Breast Muscle Pyridine Coenzyme and ATP Levels of Quail Fed Nicotinic Acid

N A .D
Diet Liver Breast Muscle
ymoles/g umoles/g umoles/100 g B2 ymoles/g  umoles/g umoles/100 g BW
liver liver protein muscle muscle protein
NFD + 0.0077%
nicotinic acid 0.65+0.06  2.24%0.23 1.00+0.14 0.87+0.03 2.48%0.10 16.54+0.85
NFD + 0.0077%
nicotinic acid
+ 0.014%
6-amino-
nicotinamide 0.76x0.02  2.44%0.12 2.38%0.21 0.85%0.04 2,42%+0.10 12,95+0.52
P>0.05 P>0.05 P<0.001 P>0.05 P>0.05 P<0.01

lValues are mean * S.E for quadruple observations.

pooled from 3 birds.

Each quadruple consisted of liver or breast muscle samples

2umoles/lOO g BW are calculated by multiplying umoles/ g liver or g breast muscle by multiplying the total
1iver or breast muscle weights by 100 and by dividing by body weight.

Student's t-test was used to calculate the level of significance between two means.

Abbreviation: BW, body weight.

L8T




Table 18. Continued

Diet N A D P A T P
pmoles/g wumoles/g umoles /100 g BW umoles/g umoles/g pmoles/100 g BW
muscle muscle protein muscle muscle protein

NFD + 0.007%

nicotinic acid  0.018%0.004 0.051+0.009 0.974%0.03 5.87+0.88 16.70+0.62 111.4+19.0
NFD + 0.007% : | ;
nicotinic acid i :
+ 0.014%
Z;?§2n°“1°°t1“" 0.016+0.003 0.0450.007 0.672+0.02 6.36+0.21 18.20%0.71 9.37%7.9

P>0.05 P>0.05 P<0.01 $>0.05 P>0.05 P>0.05

88T
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the tumor tissue treated with 6~AN. These resuits would
suggest that the effect of 6-AN on the ATP levels has not
been clearly established.

There were no significant differences (P>0.05) in levels
of breast muscle NAD and NADP between control and 6-AN-treated
quail whether the levels were expressed in uholes/g breast
muscle or pmoles/g breast muscle protein. However, if the
levels of these pyridine coenzymes were expressed in umoleé/lOO g
body weight, the levels of NAD and NAﬁP of confrol quail were
significantly (P<O;Ql) higher than the corresponding levels in
the 6-AN-treated quail (Table 18). |

Similarly, no significant differences were observed 'in
the levels of liver NAD between control and 6-AN-treated quail.
However, the liver NAD céntents per 100 g body weight of 6-AN
treated quail were significantly (P<0.001) higher than the
corresponding control values. This can be attributed to the
larger size of liver weight of 6-AN-treated qﬁail.' These
results would indicate that 6-AN did not exert a specific
effect on tissue concentrations of these nucleotides.

In suppoft of the current research Coper gE.gl (1966)
repdrted that'total NAD and NADP levels did not change in
liver and brain of mice exposed to 6-AN. They postulated that
some mechaﬁisms must exist which maintained pyridine nucieotides.
at certain optimum lévels in mammalian tissue. In éontrast,
Dietrich et al (1958b)reported that NADP in.fhe liver and kidney
of mice was converted to 6-ANADP (6—aminonicotinamide adenine

dinucleotide phosphate) by 6-AN, resulting in a decrease of NADP.
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The data on liver and breast muscle enzyme'activities
are summarized in Tables 19 and 20. There was no significant
difference (P>0.05) in specific activities of liver glycer-
aldehyde-3-phosphate dehydrogeﬁase and lactic dehydrogenase be-
tween control and 6-AN-treated quail if activities expressed
in units/g liver or units/g liver protein. However, the
activities of these enzymes when expressed in terms of units/
100 g body weight were significantly (P<0.001, P<0.005) higher
in the 6-AN-treated quail as compared to those in the control
quail. These observations would suggest that the increased
activities of these enzymes were mainly due to the larger liver
size of the 6-AN-treated group as compared to the‘control group.
Interestingly enough, activities or specific activities of liver
malic enzyme (P<0.001) and fructose diphosphatase (P<0.05,
P<0.001) of the contrcl guail were significantly higher than
those of the 6-AN-treated quéil when activities expressed in
units/g liver or units/g iiver protein. The control quail also
had a higher malic enzyme activity (P<0.05) but a lower
fructose diphosphatase activityi(P<0.001) than ﬁhe.6—AN—treated
quail when activity values were'expressed as units/lOO-g
body weight.

In the case of breast muscle enzymes, no’significant
differences were found in activities or specific aCtiVities
of LDH, glyceraldehyde—3—phosphate dehydrogenase, and
aldolase between control and 6-AN-treated quail when activities
were expressed.in units/g muscle or units/g muscle protein.
However, if activities were expressed in units/100 g body

weight, the activities of breast muscle LDH (P<0.05) and




Table 19. Liver Protein Level and Enzyme Activities of Quail Fed Nicotinic Acid and 6—Aminonicotinamide
(Experiment 7).l .

Glyceraldehyde-3-phosphate
Diet B Malic enzyme y Yy phospha

. dehydrogenaseé
g protein/g units/g units/g units/100 g units/g units/g units/100 g

liver liver liver protein BW2 liver liver protein BW
NED + 0.007% 0.29: 0 29.0+2.3  99.3:9.3 44.3£5.1 109+ 6 372820 166£13
nicotinic acid
NFD + 0.007% 0.31+ 0 9.0£1.7 29.26.3 27.64.6 107+ 5 343119 33010
nicotinic acid
+ 0.014% 6-amino— !

icotinamid
nicotinamide P>0.05 P<0.001 P<0.001 P<0.05 P>0.05 P>0.05 P<0.001
Lactic dehydrogenase Fructose diphosphatase

NFD + 0,.007% A l
nicotinic acid 65757 2240+183 996199 17.320.7 58.810.9 26.1+1.3
NFD + 0.007% 56514 1814+ 24 1771£140 14.410.8 46.3+2,0 44,7+2,0
nicotinic acid
+ 0.0147% 6-amino-
nicotinamide P>0.05 P>0.05 P<0.005 P<0.05 P<0.001 P<0.001

lValues are mean * S.E for quadruple observationms. Each quadruple consisted of liver samples pooled from 3 birds.

2Unit:s/lOO g BW are calculated by multiplying units/g liver by multiplying the total liver welght by 100 and by dividing
by body weight. .
Student's t-test was used to calculate the level of significance between two. means.

Abbreviation: BW, body weight.

TeT




Table 20. Breast Muscle Protein Level and Enzyme Activities of Quail Fed Nicotinic Acid and 6-Aminonicotinamide
(Experiment 7).1

Glyceraldehyde-3-phosphate

Diet Protein dehydrogenase Lactic dehydrogenase Aldolase
g protein/g units/g units/g units/100 g units/g units/g units/100 g units/g units/g units/100 g
liver muscle muscle BW2 muscle muscle BW muscle muscle BW
protein protein protein

NFD + - ©.3510 118% 7 33721 2236+82 1213488 34674266 22921+1081 149411 425+34 2812 157
0.007% .
nicotinic
acid
NFD + 0.007% = - 9.35%0 11710 335+31 18144220 1156+72 3302+232 1785841748 129+4 367+17 1980 146
nicotinic ) .
gcid + 9-014% . P>0.05 ?>0.05 P>0.05 P>0.05 P>0.05 P<0.05 P>0.05 P>0.005  P<0.005
nicotinamide - - .

1Values are mean * S.E for quadruple observations. Each quadruple consisted of breast muscle samples pooled from 3 birds.
2Un:l.ts/lOO g BW are calculated by multiplying units/g liver by multiplying the.total breast muscle weight by 100 and by

dividing by body weight. '
Student's t-test was used to calculate the level of significance between two means.

Abbreviation: BW, body weight.

¢6T
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aldolase (P<0.005) of the control quail were significantly
higher than thoée of 6—AN—treated quail. The highef activities
of the enzymes in tﬁe control guail also were mainly attributed
to the larger size of the breast muscle. No significant dif-

ference (P>0.05) was detected in the activity of breast muscle

glyceraldehyde-3-phosphate dehydrogenase activity (units/100 g
body weight) between control and 6-AN-treated quail.

With respect to the effect of 6-AN on NAD- or NADPf
dependent enzymes, Friedland et al (1958) reported that the

activities of pyruvic and lactic dehydrogenases of tumor cells

were not affected by 6-AN. 1In contraét, Herken et al (1969)
réported that brain 6-phosphogluconate dehydrogenase was
‘markedly inhibited in 6-AN-treated rats.

‘In conclusion, the change in the concenfrafion of NAD
in breast muscle and liver tissues in the 6-AN-treated quail
were quite different from that observed for niacin deficient
quail in.the previous experiment (Part III, Exberiment 6)..

- The concentration of NAD in breast muscle of niacin deficient
guail was only 36%Aof that 6f the corresponding control value

whereas no significant change was observed in 6:AN—treated

quail as cempared to control quail. However, the concentration
of NAD in the liver of the niacin deficient birds (Part III,

Experimént 6) and in the 6-AN treated birds in the current

experiment were similar to control fed birds.
The patterns of change in enzyme activity levels were

also different between'G—AN—treated and niacin deficient quail.

In 6-AN-treated quail liver fructose diphosphatase (units/g
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liver) showed much lower activity relative to control gquail
(P<0.05) whereas there were no significant differences (P>0.05)
in the levels of this enzyme activity between niacin deficient
and control quail. In the case of breéSt muscle enzymeé, the
levels of LDH and glyceraldehyde-3-phosphate dehydrogenase
activities (units/g muscle) in niacin deficient quail were
significantly (P<0.05) lower than those in controi quail whereas
therg were no significant (P>0.05) differences between 6-AN-
treated and control quail.

These observations therefore indicate that the effectv
of 6-AN on animal metabolism appears to be different from those
obtained in the.niécin deficient animal. It can be concluded
that 6-AN should not be used in an attempt to duplicate physio—v
logical conditions similar to those induced by niacin deficiency.
Additioﬁal research will have to be carried out to more clearly

establish the extent of these differences.
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PART V. The Fate of 7—14C—nicotinic acid in Different Tissues

of Japanese Quail fed a Niacin Free Diet and Restricted

Amount of a Niacin Supplemented Diet.

(A) Introduction

It has been well established that 7—14C—nicotinic-acid
is converted by human erythrocytes and rat liver to nicotinic
acid mononucleotide and nicotinic acid-adenine dinucleotide
and that these two nucleotides are intermediates in the bio-
synthesis of NAD from nicotinic acid (Preiss and Handler, 1958).
‘ Aithough the biosynthesis of pyridine ﬁucleotides has
been extensively explored under normal metabolic conditions,
little or no information is available concerning the metebolic
fate Qf 7—14C—nicotinic acid in different tissues under niacin
- deficiency and semi-starvation conditions. Also, little or no
information except for that reported by Gerber and Defoo (1969)
is available on turnover rates of niacin in animal tissues.
These authors investigated the metabolism of NAD in irradiated
mice and rats. They found that labelled NAD is conserved in
some organs for a considerable length of time and that dif-
ferences exist between organs with respect to incorporation of
precursors into NAD. |

The objective of this experiment was to compare the
turnover rates of niacin metabolites in the liver, heart and
_breast muscle tissues of semi-starved and niacin deficient

quail. This information will be obtained from half-life
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values of the radioactive products (nicotinamide, NAD and NADP)
that are formed following the administration of 7—14C—nicotinic

acid.

(B) Experimental Procedures

EXPERIMENT 8

(i) Management of Quail

Newly hatched quail.weré fed a mixture of the niacin
free diet and a comméercial chick starter diet (Feed-Rite Ltd.)
until they reached 20 g.  During this adaptation period, the
relative proportion of niacin free diet in a mixed diet was
gradually increased. After this period, the quail were then
divided into two groups of from 45 to 50 quail eéch and were
fed either the niacin free diet ad libitum or restricted amounts
of the nicotinic.acid supplemented diet. The amount of feedA
provided to this latter group was sufficient to maintain body
weight gains at the same level as those fed the niacin free'
“diet.

All quail were housed in electrically heated stainless
steel batteries with wire floors. Quail weights were deter-
mined déily throughout the course of the experiment. After fouf
days on treatment, the quail fed the NFD showed signs of niacin
deficiency as manifested by a poor growth. They were maintained
on this diet for an additional period of 4 days so as to further

deplete their niacin reserves. On day 8, the quail were fasted
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14C-—nicotinic acid

for 7hours and 1.84 ucCi (30 mumoles) 6f 7=
(specific activity of 61 mCi/mmole) was injected infraperitone—
ally into each bird from the two groups. After injection, the
four quail from each group were sacrificed at various time
intervals: 5 hours, 13 hours, 25 hours, 50 hours, 74 hours,

99 hours, 127 hours, 172 hours, 221 hours and 275 hours. The
liver, heart and breast muscle were rapidly removed, blotted

free of blood, frozen in liquid nitrogen and stored at -70°C until

analyzed.

(ii) Preparation of Tissue -Samples

An appropriate portion of ‘liver,; heart and breast muscle
was weighed and homogenized in cold 0.6 N HClO4 for 1.0 minute
with a Polytron homogenizer. Homogenates from two quail were
pooled on an equal weight basis in a manner similar to that of
Gerber and Deroo (1970). The homogenate was then centrifuged
at 12,000 x g for 10 minutes. After centrifugation, 0.1 or
0.2 ml aliquots of the protein-free supernatant was pipetted

into scintillation vials for counting.

(iii) Separation of Radioactive Products by DEAE Cellulose

Column Chromatography

An adequate portion of liver and breast muscle was
weighed and homogenized in cold 3% HCld4 for 1.0 minute dsing
a Polytron homogenizer. Samples from two quail were pooled

on an equal weight basis and the homogenates were centrifuged
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at 12,000 x g for 10 minutes. The protein-free supernatant
was placed in an ice water bath and the pH was adjusted to

6.5 to 7.0 with 3 N KOH (Ijichi et al, 1966). After potassium
perchlorate was removed by centrifuging, 2-3.0 ml aliquots of
the radioactive supernatant solution containing authentic
compounds was applied to a DEAﬁ cellulose column (1.2 x 20 cm).

The column was previously equilibrated with distilled water.

Authentic compounds were added to the extracts to
improve the resolution of the radioactive peaks and to serve
as markers. They were nicotinamide (2.0 umoles), nicotinamide
mononucleotide (2.0 umoles), nicotinic acid (10 umoles), NAD
(2.0 umoles), nicotinic acid monbnucleotide (2.0 umoles),
deamido-NAD (2.0»umoles) and NADP (2.0 pmoles). After sample
épplication and thorough rinsing with distilled water, elution
was éarfied out with a linear gradient of ffom 0 to 0.4 M
NH,HCO,. The eluting buffer consisted of 450 ml of distilled
water in the mixing chamber and 450 ml of 0.4 M NH,HCO; in the
reservoir (Chaykin et al, 1965). Fractions (5 ml) were collected
at the rate of about 80 ml per hour. .One milliliter aliquots
were drawn for radioactive counting and the remaining portions
were used for the determination of absorption at 260 nm. Peaks
'were identified on the basis of cochromatography of pure com-
pounds (Chaykin et al, 1965). The identity of NAD and NADP
peaks were further confirmed by the use of pyridine.nucleotide
assays (see General Experimental Procedures) . Half}lives were
calculated by least squares regression analysis (Dixon and

Brown, 1977) from the equation tiy = 0.693/k, where k is the
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slope of the first order activity decay curve.

(iv) Radioactive Counting

All samples were suspended in 10 ml of scintillation

solvent and refrigerated at 4°C in the dark for at least 24

hours so as to minimize chemiluminescence prior to counting.
The scintillation solvent contained 16.5 g of 2,5-diphenyl-
oxazole (PPO) and 0.3 g of 1,4-bis[2-(5-phenyloxazolyl)]

benzene (POPOP) dissolved in 2 ¢ of toluene and 1 & of

Triton X-1000. The samples were counted in Nuclear Chicago
Mark II Liquid Scintillation Counter using sample channel ratio

method to correct for quenching.

(C) Results and Discussion

Growth rates were greatly decreased (Figure 15 ) and
feathering patterns were abnormal when the avérage body weights
-of the niacin deficient group reached approximately 30 g on

day 4 after the initiation of test. From day 4 to dayblS there

was little or no change in body weights of the group fed the NFD.
Birds in the 17 to 19 days treatment groups appeared to gain
weight at a slow rate. These latter weights however may not be

a precise indicator of overall weights as they represent a

progressively decreasing number of quail. The pattern of weight
change in the two groups was nearly identical for both groups.

The data from Table 21 show that body, liver, heart and

breast muscle weights of the niacin deficient and restricted




Figure 15.

Growth Curves of Quail Fed the Nicotinic

Acid Free Diet (O o) and Restricted
Amount of the Nicotinic Acid Supplemented

Diet (0———0) (Experiment 8).

Each point represents the mean of a progress-
ively decreasing number of gquail (45 or 50 to
4) and the bars fepresent standard errors.
Four quail were withdrawn for sacrifice at
designated time intervals as indicated by ar-

rows on the. graph.
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Table 21.

Following the Administration of 7—14C—Nicotinic Acid.

Effects of Niacin Deficiency and Food Restriction on Body, Liver, Heart and Breast Muscle Weights

(Experiment 8).l

NFD, ad libitum

NFD + 0.007% nicotinic acid.

Time after restricted
isotope . Body Liver Heart Breast Muscle Body Liver Heart Breast Muscle
administration wt wt wt wt wt wt wt wt
hour 4 g g g - g g g g
5 30.2x0.8 0.92+0.03 0.21+0.01 3.66%0.20 32.0+1.,1 1.11%0.05 0.22%0.00 3.84%0.22
13 30.5+#1.2 0.93+0.08 0.20+0.01 3.50+0.19 32.2+2,0 1.03+0.08 0.24x0.00 3.73+0.17
25 30.7+1.2 0.98+0.06 0.22+0.03 3.56+0.28 31.5+£3.0 1.04i0.lb 0.23+0.01 3.79+0.20
50 30.8%0.8 1.32+0.05 0.23%0.01 3.72%0.25 31.6%2,2 1.53%0.10 0.23%0.02 3.84%0.30
74 31.3%2.8 1.09+0.12 0.24%0.02 4.00+0.35 31.5%1.1 0.93%0.02 0.24%0.01 3.90£0, 31
99 33.2%#2.7 1.21%0.15 0.25%0.01 4.09%0.37 32.2+3.0 0.97+0.07 0.23%£0.03 | 4,04%0.38
127 34,6%2.2 1.09+0.04 0.25+0.01 4.12+0.40 33.0£2.8 1.30%0.08 0.26%0.01 4.05+0,.35
172 36.5+3.1 1.36+0.15 0.27+0.01 4.46+0.42 33.1+2.2 1.09+0.13 0.26+0.02 4,32+0.38
221 37.1+%2.8 1.58+0.17 0.29+0.03 4,78%0.48 38.0+3.0 1.31+0.14 0.27+0.01 4.63+0.44
275 45,0+3.2 1.30%0.05 5.28+0.51 3£3.0 1.69+0.34 0.27%£0.01 5.53£0.54

43,

0.30%0.01

lValues are mean * S. E of 4 birds.
No between treatment differences were observed among the tissues (P>0.05).

- Abbreviations:

NFD, niacin free diet; wt, weight.

T0¢
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groups were not significantly different (P>0.05). Thefefore,
any differences in labelling patterns between the two groups

can not be attributed to difference in growth rates.

The data presented in Table 22 and the "analysis of
variance data (Table 23) demonstrate that tissué radioactivity
levels were dependent upon diet, type of tissue and time after
administration of isotope. Initially the highest radioactivity
levels for - both groups occurred in the liver followed‘by heart
and breast muscle tissﬁes. This latter effect is illustréted
by the observation that 5 hours after the injection the relative

radioactivity in the liver of the food-restricted group was 13.0

and 44.0 fold greater than that of heart and breast muscle res-
pectively. The values for the niacin deficient group followed
the same trend but were EEEEE;' They were 19 and 104, respect-
ively during the same time period. These results not only
demonstrate that there is a difference in the relative concen-
tration of label among tissues but also suggést that a lower
proportion of the total radioactivity was transferred to the
heart and particularly the breast muscle in the niacin'deficient
quail as compared to thatvfor the food-restricted group. This
trend was slightly modifiea during the time course of the study..
This ié exemplified by the fact that 5 hours after the injection
6% and 10.4% of the totél label was associated with the heart
p1u§ breast muscle tissues in the niacin deficient and‘food—
restricted quail respectivély. In contrast, the corresponding
values increased after 275 hours to 55%’in the niacin deficient

quail and to 77% in the food-restricted quail.




Table 22. Incorporation of 7—lAC—Nicotinic Acid into Different Organs of Quail ét Various Time

Intervals (Experiment 8)1.

Activity [(dpm/g of tissue)/(dpm injected/g of body weight)]

Tissue 5 hour 13 hour 25 hour 50 hour 74 hour 99 hour
NFD (ad libitum) .
Liver 10.41+0.40 ~ 5.90+0.68 6.14+0.35 5.50£0.51 4,.71%0.21 4,19+0.17
Heart 0.56+0.03 0.54£0.05 0.68+0.05 0.84%£0.06 0.93%£0.13 1.09%0.03
Breast Muscle 0.10+0.00 0.09+£0.00 0.14%£0.00 0.16+0.00 0.12t0.01 0.14+0.00
NFD + 0.007%
“nicotinic acid
(restricted)
Liver 7.44+0.21 3.81+0.31 4.68+0.85 2.77£0.20 2.00+0.14 1.89%0.06
Heart 0.591£0.00 0.55+0.02 0.69%0.03 0.77%£0.03 0.87%0.02 0.90%0.04
Breast Muscle 0.17+0.02 0.21%0.03 '0.28+0.03 0.56%0.04 0.51+0.00 0.63*%0.02
Continued

lValues are mean * S.E for duplicate observationms.

from 2 birds.

Abbreviation: NFD, niacin free diet.

Each duplicate consisted of tissue samples pooled

€0c




Table 22. Continued

Tissue

Activity [(dpm/g of tissue)/(dpm injected/g of body weight)]

127 hour 172 hour 221 hour 275 hour
NFD (ad libitum)
Liver 4.00.40 1.81+0.22 1.79+0.02 0.922+0.00
Heart 1.00.03 1.01+0.01 1.09+0.00 0.98+0.05
Breast Muscle 0.13+0.00 0.14%0.00 0.15+0.00 Ofl4i0.01
NFD + 0.0077%
nicotinic acid
(restricted)
Liver 0.73%x0.07 0.54%£0.03 0.30+0.01 0.18+0.01
Heart 0.65+0.08 0.52+0.00 0.44+0.18 0.29+£0.00
Breast Muscle 0.47+0.03 0.48%£0.05 0.3810.06 0.31+0.06

yoc




Table 23. Incorporation of 7-14
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C-Nicotinic Acid into Different Organs of Quail

at Various Time Intervals.

Analysis of Variance (Table 22, Continued)

Sum of Mean

Source of Variation daf Square Square F
Diet 1 14.5160 14.5160 191.16
Tissue 2 240.7095 120.3548 1584.95**
Time 9 70.3101 7.8122 102.88**
Diet x Tissue 2 30.9879 15.4939 204,04
Diet x Time 9 1.32p7 0.1477 1.95
Tissue x Time 18 158.5555 8.8086 116.00**
Diet x Tissue x Time 18 5.7858 0.3214 4.23**
Error 60 4.5562 0.0759
Total 119 525.7471

*#%Significant at P<0.01.

Abbreviation: df, degree of freedom.
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There was also aAprogressive increase in the total
portion of the label in heart and breast muscle tissues up to
99 hours for both the niacin deficient and food—restrictéd
groups. After 127 hours the corresponding values remained un-
changed for the niacin deficient group wheréas the values for
the food-restricted group progressively declined during the
remainder of the study. These differential patterns of
change in the relative radioactivity for these twb groups
méy be attributed to differences in the degree of conservation
of the label in the heart and breast muscle relative to the
liver, to-a selective transfer of the label from the liver to
these tissues or to the excretion of the label.

These results would suggest that the replacement of
these radioactive products in liver, heart and breast muscle
of the niacin deficient quail seems to be much slower relative
to that of the food-restricted gquail. It is also clear that
the reélacement of these radioactive products in different
tissues was found to be most rapid in»liver, followed by
heart and slowest in the breast muscle for both the niacin
,deficient and food-restricted groups.

Plots of total radiocactivity recovered in tissues from
the two groups of birds at various times after the administra-
tion of 7—14C-nicotinic-écid.are illustrated in Figures 16-18.
The half lives of the radioactive products formed from the
injection of 7*L4C—nicotinic acid were calculated by the use
of time intervals which represented the 1inear‘poftion of the
different curves.. As shown in Figures 16-18 the pattern of

decline in radioactivity appeared to be multiphasic in nature.




Figure 16.

Plots of Total Radioactivity in Liver versus

14

Time after Injection of 7-""C-Nicotinic Acid

for Quail Fed either the Nicotinic Acid Free

Diet (o O ) or Restricted Amounts of the

Nicotinic Acid Supplemented Diet ( o o)

(Experiment 8).

Each point represents the mean of duplicate

observations. Each duplicate consisted of

liver samples pooled from two quail each.
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Figure 17.

Plots of Total Radioactivity in Heart versus

14

Time after Injection of 7-""C-Nicotinic Acid

- for Quail Fed either the Nicotinic Acid Free

Diet (O O ) or Restricted Amounts of the

Nicotinic Acid Supplemented Diet (o o)

(Experiment 8).

Each point represents the mean of duplicate
observations. Each duplicate consisted of

heart samples pooled from two quail each.
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Figure 18.

Plots of Total Radioactivity in Breast

Muscle versus Time after Injection of

14C—Nicotinic Acid for Quail Fed ei-

77—
ther the Nicotinic Acid Free Diet (O-—
—n) or Restricted Amounts of the Ni-
cotinic Acid Supplemented Diet (0——o0)

(Experiment 8).

Each point represents the mean of duplicate
observations. Each duplicate consisted of
breast muscle samples pooled from two quail

each.
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The decay curves, however, approached exponential-values for
iiver tissues in both groups during the period 5-13, 25-50, and
74-275 hours after the injection of the isotope. Utilizing
this set of time points an estimate of half*iivas for the first
(5-13 hours), the second (25-50 hours), and the third (74-275
" hours) period were 39.9 hours, 221.3 hours and 215.4 hours for
the niacin deficient group and 29 hours, .69 hours and 169.6
hours for the restricted group (Table 24). This data would
indicate that initially thé'disappearance of the label in
livers of both groups was rapid but was subsequently reduced
during the second period and that the much slower decline of
label persisted during the thifd period.

As can be seen in Figures 17 and 18 the patterns of
' decay of radioactivity in the heart and breast muscle tissues
were markedly different from that observed in liver tissues.
In breast muscle tissues maximum radioactivity values were
observed during the time period of from 20 to 50 hours after
" which there was no apparent decrease in radioactivity over the
duration of the experiment in the niacin deficient.group and
only a slight decrease in radioactivity in the food-restricted
group. These results would suggest that the apparent turn-
over of these radioactive products in breast muscie tissué of
the niacin deficient group approaches zero and the turnover
of these products in the food-restricted group was vefy slow’
with a half-life of approximately 613 hours. |

The overall pattern for heart tissue was similar to.

that observed for breast muscle tissue except that the half-
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Table 24. Calculations of Half-lives of the Radioactive Products in
Various Organs After the Injection of 7—140—Nicotinic Acid.

(Experiment 8).1

Half-lives.
Diet Liver Heart . Breast Muscle
hour ' hour " hour
NFD 39.9 (5-13 hr)? - -
(ad 1ibitum) 221.3 (25-50 hr) - -
215.4 (74-275 hr) infinite infinite
NFD + 0.007% 29.0 (5-13 hr) - -
nicotinic acid _
(restricted) 69.0 (25-50 hr) - -
169.6 (74-275 hr) 376.6 613.3
1

Half-lives were calculated from the slope of the least squares regression
analysis.

2 . . . ‘ .
Values in the bracket represent the time intervals chosen for the determina-
tion of half-lives of each segment of curves.

Abbreviation: NFD, niacin free diet. -
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life of these radioactive products in heart tissue was
approximately half of that for the food-restricted group
whereas in the niacin deficient group there does not appeér
to be any significant turnover of these products. The results
would also suggest that niacin metabolites are highly con-
served, particularly under niacin deficiency.

The non-exponential nature of the liver decay curve,
a possibly different specific radiocactivity (radioactivity/
unit of pyridine nucleotides) among tissues, together with
the low but gradual uptake of isotope in both the heart and
breast muscle tissues may be attributed to a differential rate
of exchange of the label among tissues. It would appear that
there_was a gradual tendency for an equilibrium to be established
among the various tissues. The slow uptake in both heart and
breast muscle tissues may be partially attributed to the fact
that nicotinic acid must be first converted to NAD in the livef
followed by catabolism td nicotinamide before it is released into
the general circulation (Dietrich; 1971). Nicotinamide would
then be in a form that could be utilized by tissues such. as |
heart and breast muscle.. The time course for this conversion
should not affect overall half-life valﬁes as it has been shown
that this process is relatively rapid as nearly all nicotinic
‘acid was converted.into nicotinic acid, nicotinic acid mononucleo-
tide, and deamido-~NAD within 1.0 minute of 7—14C—ﬁicotini¢ acid
administration (Ijichi et al., 1966).

A comparative time course study of the uptake of the

two forms of niacin and NAD would establish the relative
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importance of the liver in the metabolism of nicotinié acid,
nicotinamide and NAD, the necessity of nicotinic acid to be
taken up by the liver before it can be utilized by other
tissues and the ability of nicotinamide to be directly
utilized by heart and breast muscle tissues. Relatively

short term studies (several minutes to a few hours duration)
should be carried out to establish the nature of these changes
(changes in total and specific radioactivity, radiocactivity/
unit of pyridine nucleotide) amoﬁg the different compounds.

The long term studies should be repeated using nicotinamide

- or NAD as the source of isotope if the short term experiment

confirms the above hypothesis.

The net effect of the postulated gradual exchange of
isotopes among tissues would be to yield apparent turnover
rates rather than true turnover rates. The true turnover rates
of heart and bréast muscle tissues would therefore be shorter
than the estimated apparént values. These results nevertheless
demonstrate, as indicated above, fhat pyridine nucleotide turn-
over in the breast muscle tissue, the major source of totél
pyridine nucleotide reserves, is low in both groups but almost
approaches zero in the niacin deficient groﬁp.'

A typical DEAE chromatogram for the elution of pyridine -
nucleotides from a liver extract is illustrated in Figure 19. |
Thié procedure provided a basis for establishing the type and
prbportions of pyridine nucleotides that are formed in liver and
breast muscle tissues following the administration of 7—14C—

nicotinic acid.




Figure 19.

Elution Pattern of Pyridine Nucleotide and

Their Derivatives on a DEAE Cellulose Column

Chromatography (Experiment 8).

Authentic samples of nicotinamide (2 umoles),
nicotinamiae mononucleotide (2 umoles), NAD

(2 umoles), nicotinic acid(2 umoles), nicoti-
nic acid mononucleotide(2 umoles), deamido-
NAD (2 umoles) and NADP (2 umoles) were mixed
with 2.3 ml of liver extracts from the food-
restricted'group and the sample was applied
to a DEAE column(l.2 x 20 cm) and eluted as
described in Experimental Procedures. The
broken lines (0O---0Q) indicate radioactivity

and the solid lines(O-—-0) indicate absor-

bance at 260 nm. The following abbreviations

are used in the Figure: NAM, nicotinamide;
NMN, nicotinamide mononucleotide; NAD, nicoﬁ—
inamide adenine dinucleotide; NA, nicotinic
acid; NaMN, nicotinic acid mononucleotide;
NADP, nicotinamide adenine dinucleotide phos-

phate.
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The results of this chromatograph demonstrated that

nearly all of the radioactivity was associated with only
three metabolites, nicotinamide, NAD, and NADP. The other
metabolites involved in niacin metabolism are apparently

present in negligible concentration including deamido~NAD

and nicotinamide mononucleotide.
In this study the radioactive metabolites from two

of the time periods were examined: 13 and 221 hours were

selected to represent short term and long term patterns for liver

(Table 25) or in the case of breast muscle tissue the time

periods of 99 and 221 hours were used (Table 26). The
initial periods in both cases wére selected to represent the
time at which maximum accumﬁlation of radiocactivity occurred.
The results of this study showed that the major poition
~ of the radioactivity in the liver in both the niacin deficient
and food-restricted groups at either time period was associated
with nicotinamide (average value 48.0%) and NAD (average value
42.9%). The remainder of radioactivity was associated with

NADP (average value 9.2%). The relative percentages of the

three radioactive metabolites also were not greatly affected
by time of analysis or dietary status. There was however a
slight but significant reduction (P<0.05) in the percentage of

NAD in the food-restricted group in the longer time period

(221 hours) as compared to the short time period (13 hours).
In addition there was a significant difference (P<0.05) between
the niacin deficient and food-restricted groups in the percen-

tage of NADP at 221 hours after the injection.



Table 25. Distribution of Radioactive Products in Liver Following DEAE Column Chromatography (Experiment 8).l

Time After the Injection of 7—14C—nicotinic acid

Radioactive Products 13 hour 221 hour
dpm/g liver %2 dpm/g liver dpm/g liver %2 dpm/g liver

N F D (ad libitum) dpm injected/g BW dpm injected/g BW
Nicotinamide 353,013£73,781 50.048.0 2.7ii0.50 107,983+21110 47.6i1.7 O.92i0;16
NAD 296,372+11,994 42.313.1 2.28+0.14 100, 321428029 44,022, 4 0.85+0.22
NADP 49,792+16,460 7.1+2.0 0.39+0.13 18,475+ 5121 8.010.33c 0.16+0.04
Others 4,205 = 310 0.6+0.04 -_— 682 +. 160 ‘0.3i0.01 —_

NFD + 0.007%

nicotinic acid

(restricted)
Nicotinamide 204;918il8,251 44.4+0.9 1.73+0.16 17,919 * 1400 48.7+7.2 0.167+0.00
N AD 210,345+ 9,856 46.0£0.97% 1.77%0.09 14,1971+ 3150 38.6:2.50  0.134:0.01
NADP 41,379 #10,845 9.0+1.6 0.35:0.08 4,544 +1310 12.3:1.7%  0.043%0.002
Others 3,210 #270 0.7#0.04  — 140 £ 10 8.4+0.01 —

lValues are mean * S.E for duplicate observations.

2Expressed as % of total radioéctivity recovered after chromatography.

3Values with different superscripts (a and b) within a row are significantly different (P<0.05).
Values with different superscripts (c and d) within a column are significantly different (P<0.05).

Abbreviations:

NFD, niacin free diet; BW, body weight.

Each duplicate consisted of liver samples pooled from 2 birds.

9T¢C
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- Although the relative proportion of labelled meta-

bolites within a group did not seem to change with time,

the relative radioactivity levels'{dpm[g liver changed
dpm injected/g BW
considerably. In the time period between 13 and 221 hours

there was a marked reduction in the relative radioactivity

levels in liver of these three labelled metabolites: 66% for
nicotinamide, 62.7% for NAD, and 59% for NADP in the niacin

deficient group and 90.3% for nicotinamide, 92.4% for NAD,

and 87.7% for NADP in the food-restricted group. The results

indicate that among the three metabolites, NAD was most severely
affected whereas NADP was least affected. These results would
‘also suggest that radioactive metabolites in the food-restricted
group were more rapidly replaced as compafed to the niacin
deficient group.

The distribution of radioactivity in breast muscle among
metabolites following DEAE- column chromatograph is presented
in Table 26. The results show that nearly all of the label
was associated with NAD or nicotinamide and none, in contrast
with liver, was associated with NADP. Also, within groups

there were no significant changes (P>0.05) in the percentages

of nicotinamide and NAD between the two time periods. There
was however a significant reduction (11 versus 25%, P<0.05)

in the percentage of nicotinamide in the food-restricted group

at 99 hours as compared to the niacin deficient group but no
significant changes in the percentage of NAD between two
groups (89 versus 75%, P>0.05). Overall it may be concluded
'thét the proportions of NAD and nicotinamide were not markedly

affected by time but there was a trend to reduced proportion



Table 26. Distribution of Radioactive Products in Breast Muscle Following DEAE Column Chromatography
(Experiment 8).l '

Time After the Injection of 7-14C—nicotinic acid

Radioactive Products 99 . hour _ : , 221 hour
dpm/g muscle %2 dpm/g muscle dpm/g muscle %2 dpm/g muscle
N F D (ad libitum) dpm injected/g BW dpm injected/g BW
Nicotinamide 4,980+ 376 25.li2.63a 0.045%0.00 4,973il,615 15.8%2.6 0.042+0.01
NAD 14,890+1,439 74.9%5.8 0.129+0.00 26,430+2,599 84.214.5 0.23 #0.01
Others 0 0 0 0 0 0

NFD + 0.007%
" nicotinic acid

(restricted)
Nicotinamide 8,418 + 59 lO.9il.0b ~ 0.070%£0.00 5,411 192 - il.3il.0 0.051£0.00
NAD 68,798%9,610 89.1+3.8 0.57 +0.03 42,43918,700 88.7+6.7 0.39 £0.06
Others 0 0 0 : 0 0 0

1Values are mean * S. E for duplicate observations. Each duplicate consisted of breast muscle samples pooled
from 2 birds.

81¢

2Expressed as % of total radioactivity recovered after chromatography.
,3Values with different superscripts (a and b) within a column are significantly different (P<0.05).

Abbreviations: NFD, niacin free diet; BW, body weight.
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of nicotinamide and increased proportion of NAD in the niacin
deficient group as compared to the food-restricted group.

The apparent half-lives for individual niacin metabolites
were determined from the 13 and 221 hours time points for liver
(Table 25) and from the 99 and 221 hours time points for breast
muscle (Table 26). The apﬁarent half-lives of nicotinamide,
NAD, and NADP in liver tissue in the niacin deficient Qroup were
estimated to be 80.3, 100.2, and 626 lhours respectively
whereas the correspondiﬁg values for the food-restricted group
were 92.1, 87.7 and 469.2 hours respectively (Table 27).

. In breast muscle the apparent half-life of nicotinamide
in the restricted group was about 10 times shorter than that of
the niacin deficient group (4300 vs 32147 hours). Furthermore,
the appérent half-life of NAD in the food-restricted group was
490.1 hours whereas the corresponding value was infinite in the
niacin deficient group. Interestingly enough, the apparent
half-life as determined from the cbmbined nicotinamide and NAD
values from each‘group wés nearly the same as the corresponding
values presented in Table 24. 1In this comparison thé half-

. life of NADP.was not considered as NADP accounts for only 9.2%
of the total radiocactivity. These results also indicate that
turnover rates of pyridihe nucleotideé (i.e. NAD and NADP) and
their dérivative (nicotinamide) vary with the nutritional status
and tissues of the animal.

The results (Table 25) in the current study are at
variance with the results obtained with rat liver under normal

physiological conditions by Gerber and Deroo (1970). These

~




220

Table 27. Calculations of Apparent Half-lives of Individual Metabolites

in Liver and Breast Muscle Tissues Following the Injection of

7—14C—Nicotinic Acid. (Experiment 8).l

Apparent Half-lives

Diet . Liver Breast Muscle
hour hour
NFD
(ad libitum)
Nicotinamide 80.3 32147.3
NAD _ 100.2 infinite
NADP 626.0 w2
NFD + 0.007%
nicotinic acid
(restricted)
Nicotinamide - 92.1 4301.7
NAD 87.7 490.1
NADP 469.2 D2

lHalf—lives were calculated from the slope of the least squwares regression
analysis.

2Abbreviation: ND, not determined; NFD, niacin free diet.
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researchers reported that 70-80% of the radioactivity in
various tissues (i.e., liver, muscle and heart) waé recovered
in NAD and the remaining radioactivity was present in nico-
tinamide at all times later than 3 hours after the injection
of 7—14C—nicotinic acid. These differences may in part have
resulted from a difference in dietary status or from a dif-
ference in species of aniﬁals. In addition, they also re-
ported that no significant radioactivity was recovered in
nicotinamide mononucleotide, NADP and deamido-NAD. The
percentage of radioactivity associated with muscle tissue NAD
was similar in the two experiments.

In the current research with liver, the characteristic
metabolic products of nicotinic acid such as nicotinic acid it-
self or nicotinic acid mononucleotide and deamido-NAD (Preisé
and Handler, 1958) were not detectable as reported by Gerber
and Deroo (1970). These results would suggest that the levels
of'these intermediates in the biosynthesis of NAD are very
low or that they had been rapidly converted into final products.
Previous work with rat livers by Ijichi et al (1966) support
these observations. They reported thét'7—l4c—nicotinic acid
appéars to be rapidly converted to radioactive NAD by way of
nicotinic acid mononucleotide and deamido-NAD. The radio-
activity of nicotinic acid, nicotinic acid mononucleotide and
deamido-NAD reached the méximum 1.0 minuﬁe after the injection.
These radioactive intermediates disappeared almost completely
within 10 minutes. Radiocactivity in NAD, in céntrast, in-
creased with time reachiné a maximum at about 10 minutes and

then declined gradually. 1Initially the amounts of label

7
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associated with nicotiﬁamide and NADP were also relatively low.
The concentration of these compounds gradually increased with
time. At 4 hours after the injection, nicotinamide, NAD and
NADP were present in the.ratio of 3:24:1. Overall the results
indicate that ﬁicotinic acid, nicotinic acid mononucleotide
and deamido~NAD are'utilizéd very rapidly for the biosynthesis
of NAD in vivo and ﬁherefbre are present in the tissue-only
shortly after being ingested.

Ijichi et al (1966) also reported the half-life of
14C—NAD in the liver of rats under normal physiological condition
to be about 10 hours.. The discrepancies in values between their
experiment and the current results may be attributed to a species
or. nutritional status difference and the time at which the turn-
over was estiﬁated. .These studies would be a reflection of both
the'tate of degradation of niacin within the liver and the rate
ét which it was exported to other tissues. The values in the
current studies would more accurately reflect liver degradation
rate but as indicated above are also affected by the interorgan
transfer of radioactivity.

It may be concluded‘that the incorporation of 7—14C—
nicotinic acid in quail tissues is influenced.by diet, type of
tissue and time after édministration of isotope and possibly
type of isotope. Overall the turnover rate of radioactive
products in various tissues of the niacin deficient group
appeared to be much slower relative to that of the foodjrestricted

group. Also the apparent turnover rate of radioactive products

in heart and breast muscle in the niacin deficient group was
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,virtually zero whereas the turnover rate in the food—restrictéd
group was low. The turnover rates of isotope in the liver
tissue although low Were considerably greater relative to
those obtained in the other tissues. This was particularly
true for the food-restricted group. The true or actual turnover
rates within the different tissues may be somewhat different
than apparent values due to a differential degree of uptake
and export of label among the various tis¢ues. |

Chromatographic sepératidn of the radioactive producfs
demonstrated that most of fhe radioactivity was associated with
nicotinamide, NAD, and NADP in liver and NAD and nicotinamide
ih breast muscle. The relative turnover rate of these meta-
bolites were also affected by type of tissue and the dietary
status of the animal. However, time of sampling after injection
of‘isotope did not have a marked influence on the proportion of
isdtope. Further research will have to be carried out in order
to clarify and establish some of the interacting effects

discussed.
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PART VI. Effects of Dietary Nicotinic acid Levels on the

Metabolism of 7—14C—nicotinic acid in Different

Tissues and the Influence of Pyridine Nucleotides

on the in vitro Thermal Stability of NAD- and NADP-

Dependent Enzymes.

(A) Introduction

Part VI a:

The results of the previous study demonstrated that
there was a differential rate of niacin metabolism in various
organs of the food-restricted and niacin deficient birds.
Additional research, however, should be carried out to confirm
and extend these observations. The objective of this study
was to esﬁablish the influence of varying concentrations of
dietary nicotinic acid or the nicotinic acid precursor,
tryptophan, on the turnover rates of pyridine nucleotides in
liver, heart, breast muscle and brain tissues of Japanese

quail.

Part VI b:

It is well known that enzyme ligands, particularly
coenzymes and substrates, are effective in preventing inactiva-
tion of their specific enzymes in vitro. This concept has led
to the proposal that enzyme-ligand interactions may also be
determinants of rates of enzyme degradation in vivo (Grisolia,

1964) .
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Inoue and Pitot (1970) reported that pyridoxal
phosphate stabilized crude or partially purified pyridoxal
phosphate dependent enzymes against heat denaturation or
proteolytic inactivation in vitro. 1In other studies NAD,
the cdenzyme of glyceraldehyde-3-phosphate dehydrogenaée has
been shown to exert profound effects on the structure and
function of the enzyme (Maranéos and Constantinides, 1974b).
This coenzyme has also béen shown to be essential for the
- renaturation of the 8 M urea dissociated glyceraldehyde-3-phos-
phéte dehydrogenase from rabbit muscle (Deal and Conétantiﬁides,
1967) and yeast (Deal, 1969). Furthermore, Fenselau (1970)
demonstrated that NAD is capable of protecting rabbit muscle
apoglyceraldehyde-3-phosphate dehydrogenase from limited
proteolysis by trypsin and chymbtrypsin. The intimate relation-
ship between the coenzyme and enzyme is tllustrated by Glock
and McLean (1958) on changes in glucose-6-phosphate dehydro-
genase and 6-phosphogluconic dehydrogenase in mammary tissues
during lactation. They repdrted that changes in these enzymes
are paralleled by changes in total NADP concentration and in‘
particulay, the reduced form. Yonetani and Theorell (1962) also
reported tﬁat alcohol dehydrogenase was stabilized by‘the
addition of NAD to preincubation mixture.

Another possible role of coenzymes and substrates may be
as "diréctional",agents in promoting the formation of enzymatic-
ally active structures. Childson et al. (1966) reported that
H-type LDH dissociated with a denaturing agent can be converted

into tétrameric form by the addition of NADH which greatly
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accelerates the amount of active enzyme. They suggested that‘
the action of the coenzyme is to promote aggregation or to
direct the subunits into conformations, which are enzymatically
active. Conformational changes induced by a coenzyme were also
suggested by the report of Levy et al (1966) on glucose-6-
phosphate dehydrégenase. These authors reported that glucose-6-
phosphate dehydrogenase of low catalytic activity.can be con-
Qerted to a more active form in the presence of low levels of
NADP. They believed that this activation resulted from a con-
formational change and the role of the coenzymes wasrto
stabilize the functional struétures of the enzymes. Overall

it may be concluded that the physical propefties of different
dehydrogenases are éffected to a considerable degree by pyridine
nucleotides. Little or no information, however, is évailable
with regard to the effects of these compounds on avian enzymes
or with regard to comparative stability of several dehydrogenases
f;om different tissues of the niacin deficient animal.

The objective of the second part of this study was to
determine if the in XiEEé stability of liver or bréast muscle
enzyme from the niacin deficient and food—restricted‘(but niacin
supplemented) quail was affected by the concentration of added
pyridine nucleotides in incubation mixture. Information ob-
tained in thié study should provide a basis for estimating the
influence of niacin status on turnover rates of various meta-

bolically related enzymes.
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(B) Experimental Procedures

EXPERIMENT 9

(1) “Management of Quail

Newly hatched quail were provided a mixed diet con-
sisting of the niacin free diet and commercial chick étarter
diet until they reachedbapproximately 24 g. The diet adapted
quail were randomized, .weighed and separated into five groups
from 20 to 25 each. Each group of quail was placed on one of

 the following powdered diets: (i) group I received the niacin
free diet plus 0.007% nicotinic acid; (ii) group II received
the niacin free diet; (iii) group III received the group I
diet in amounts sufficient to maintain their body weights at :
the same levels as those of the niacin deficient quail (group II);
(iv) groﬁp IV received the niacin free diet plus 0.66% tryptor-
phan and (v) group V received the niacin free diet plus 0.07%
nicotinic acid. All birds were fed these diets ad libitum
except forbgroup IIT which received the diet once or twice a day.

After 7 days on their reépective diets the quail on the
niacin free diet developed niacin deficiency symptoms character-
ized by poor growth and feather development. Prior to the
injection of the isotope on day 7, all quail were fasted for
7 hours. Groups II and III received 2.0 uCi (per 31 g body
weight) of 7—14C—nicotinic acid (specific activity of 61 mCi/
’mmol) whereas groups I, IV and V received 2.5 uCi (per 45.5 g
Eody weight) of 7—14C—nicotinic acid through intraperitoneal

administration. After injection, four quail from each group
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were sacrificed at various time intervals: 71 hburs, 147 hours,
217 hours and 286 hours. These time intervals, on the basis of
- the previous experiment, were considered to be optimai.
Throughdut the experiment all quail were housed in
electrically heated stainless steel batteries with wire floors.
The weights of quail were measured daily. At the time of
sacrifice the brain, heart, liver and breast muscle were promptly
removed, immediately plunged into liquid nitrogen, weighed and
stored at -70°C until required for analysis. The levels of
pyridine nucleotides were determined aé described in the General
Experimental Procedures. Orthogonél polynomial contrasts were
‘used to examine the trends of curves of radioactive products
following 7—14C-nicotinic acid injection (Snedecor and Cochran,
1967); Half-lives were calculated using least squares regression
analysis (Dixon and Brown, 1977) from the equation t4 = 0.693/k,

where k is the slope of the first order activity decay curve.

(ii) Preparation of Radioactive Samples

An adequate amount of frozen brain, heart, liver and
breast mﬁscle from quail was weighed and homogenized in cold
0.6 N HClO4 for 1.0 minute with a Polytron homogenizer (Gerber
and Deroo, 1970). Homogenates were pooled in proportion to
tissue weights énd then cenﬁrifuged at 12,000 x g for 10 min-
utes in a Sorvall RC 2B centrifuge. After centrifugation,

0.1 or 0.2 ml aliquots of the protein-free supernatant were
transferred to scintillation vials for counting. The deter-
mination of radiocactivity was the same as described in the

previous experiment.
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(iii) Preparation of Enzyme Extracts Employed in the Thermal

Inactivation Studies were as follows:

a) Incubation of enzyme extracts in the absence of pyridine

nucleotides

Liver and breast muscle tissues of quail were homogenized
in an éppropriate volume (5 ml) of 10 mM potaséium phosphate
buffer (pH 7.5) containing 5 mM 2-mercaptoethanol and 2 mM EDTA
for 1.0 minute with a Polytron homogenizer and were centrifuged
at 50,000 x g for 15 minutes in a Sorvall RC 2B centrifuge.
Aliquots of each preparation were incubated in an insulated
water bath for 15 minutes at several temperatures between 27°¢
and 65°C. Heating was performed in small glass tubes (inside
diameter 4 mm) which were closed by rubber membranes so as to
minimize evaporative changes thch would cause an increase. in
enzyme concentration and a reduction in temperature. After
heating, the‘enzyme solutions were immediately placed in an
ice water bath With initial mixing. After 5 minutes the samples
were centrifuged at 50,000 x g for 15 minutes in order to
remove the denatufed proteins and then assayed. Enzyme activity

measurements were as outlined in General Experimental Procedures.

b) Incubation of enzyme extracts in the presence of pyridine

nucleotides

The procedures for the'preparation and incubation of the
‘enzyme extracts were identical to those described in section {a)
except that the reaction mixtures for incubation contained NAD

or NADP. In this experiment an appropriate volume of 10 mM NAD
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or 5 mM NADP was added to the reaction mixtures prior to incu-

bation at different temperatures. The final concentrations of
NAD or NADP in the incubation mixtures were 1 mM or 0.5 mM
respectively. Enzyme activities are expressed as a percent of

the initial activity in a buffered extract just prior to

incubation.

(C) Results and Discussion

1. Effect of Nicotinic acid Deficiency on the Growth and Céntent
of Pyridine Nucleotides in Various Organs.

The results of this study demonstrate that there were no
significant differences in'body, brain, heart, liver and breast
muscle weights among groups I, IV and V at all indicated time
intervals but that these three groups were significantly (P<0.01)
different from groups II and III in all parameters except for the
71 and 147 hour brain weights (Table 28). There were algo no
significant differences (P>0.05) in body, brain, heart, liver and
breast muscle weights between groups II and III. The significant

threeway interaction (P<0.01, Table 29) among diets, tissues and

time by a factorial analysis suggests that there is a complex
interrelationship among these factors.

As reported previously the niacin deficient quail not

only failed to gain body weiéht but also showed typical niacin
deficiency symptoms. These symptoms were not observed in the
food-restricted quail even though the average body weight of

this group was approximately the same as the niacin deficient

quail. It was also of interest to note that growth was not
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Table 28. Effects of 5 Different Diets on Body, Brain, Heart, v
Liver and Breast Muscle Weight of Quail (Experiment 9)1’2.

71 hours after 7—14C—nicotinic acid injection

Body Brain Heart Liver Breast muscle
Group/Diet Wt Wt Wt S WE Wt
& g 8 8 g

I NFD + 0.007% 57.9+2.5* 0.60£0.08° 0.53:0.02% 1.96:0.14% 8.98+0.53"
nicotinic acid :
(ad 1ibitum)

II NFD 35.5¢1.7% 0.52+0.01% 0.39+0.02° 1.3620.12° 4.1420.48"
(ad libitum)

III NFD + 0.007%  36.8+1.0° 0.5520.01°F 0.2820.01° 1.22+0.05° 4.94+0.245
nicotinic acid
(restricted)

IV NED + 0.66%  64.3%5.5> 0.5920.01% 0.52£0.05% 2.07+0.11% 10.34+1.37"
tryptophan
(ad 1libitum)

V. ONED + 0.07%  56.4%2.6> 0.5620.01%% 0.47£0.04% 2.32:0.45% 8.49+0.90"
. nicotinic acid .

(ad 1libitum)

147 hours after 7—14C—nicotinic acid injection

Body Brain Heart Liver Breast muscle

Group . Wt Wt Wt Wt Wt

g g g g g
I 67.542.2" 0.61+0.01% 0.47¢0.02% 2.06%0.15* 11.42+0.60"
II 38.0+1.1° 0.54+0.01% 0.310.02° 1.09+0.07° 5.32:0.30°
I1I | 35.5¢1.9% 0.550.02% 0.29%0.01° 1.30+0.13% 4.52:0.548
v 62.3%6.5 0.58+0.03% 0.470.04> 1.9420.06" 10.35+0.48"
v 60.6+1.8™ 0.59+0.01% 0.5020.01% 2.08+0.17%" 9.58:0.34%

Continued

lValues are mean * S.E of 4 birds.

2Means not sharing a common superscript letter within a column are
significantly different (P<0.01 or P<0.05).

Abbreviations: NFD, niacin free diet; wt, weight.
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Continued.
217 hours after 7—14C—nicotinic acid injection
- Body Brain Hearﬁ Liver Breast nuscle
Group Wt Wt Wt Wt Wt
g g g g g
I 76.1£2.9%  0.65¢ 0®  0.61:0.3% 2.05:0.10* 12.92:0.87
I 34.7¢4.1°  0.52:0.02° 0.28+0.045 1.04:0.17°  3.91:0.80"
111 35.1¢4.25  0.55+0.01° 0.24:0.02° 1.00:0.13%  4.4520.80°
v 77.8¢2.0%  0.63: 0®  0.62:0.03" 2.25:0.00" 13.2620.48"
v 75.952.9%  0.6420.02% 0.56£0.02% 2.4120.31% 12.79:0.47%
286 hours after 7—14C—nicotinic gcid.injection
Body Brain Heart Liver Breast musclej
Group Wt Wt Wt Wt Wt
g g g g g
I 85.4:5.6 0.66£0.01%  0.79:0.05% 2.51:0.35" 16.69:2.35%
It 32.2:2.6% 0.52:0.01°  0.2620.02° 0.92+0.15%  3.27:0.89°
111 33.2¢3.3%  0.56:0.01%  0.2420.02° 0.92+0.15%  3.65:0.83°
v 88.1+3.8% 0.66:0.01%  0.6820.05" 2.56:0.17% 16.6120.70"
v 86.7+5.6 0.6320.01%  0.65:0.07% 2.4210.13% 17.26+1.36"
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able 29. Analysis of Variance of Data in Table 28 (Experiment 9).

Sum of Mean
Source of Variation df Square Square F

Diet 4 463.2275 115.8069 115.22"%
Tissue 3 4329.6406  1443.2134  1435.85
Time 3 56.5012 18.8337  18.74
Diet x Tissue 12 891.62221 74.3018 73.92**
Diet x Time 12 77.6749 6.4729 6.44""
Tissﬁe x Time 9 144.0964 16.0107 15.93**
Diet x Tissue x Time 36 171.9640 4.7768 475"
Error 256 257.3132 1.0051

Total 335 6356.4414

*

& .
Significant at P<0.01l.

Abbreviation:

df, degree of freedom.
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stimulated when the dietary concentration of nicotinic acid
was increased by 10 fold (0.07%) or when the level of
tryptophan was increased by 3 fold (0.66%).

The results from Table 30 show that there were no signi-
ficant differences (P>0.05) in levels of NAD in the bréin,
heart, and liver of quail among the five different groups
whereas the level of NAD in the breast muscle of the niacin
deficient group was significantly (P<0.0l1) lower than that of
the other four groups. It also demonstrates that the addition
of nicotinic aéid and tryptopﬁan in excessivé amounts to the
niacin free diet did not alter the levels of NAD in any of the
tissues relative to the control group (I). These results are
in agreement with those reported previously (PartFIII, Experi-

‘ment 6).

2. Effects of Dietary Nicotinic acid Levels on the
Metabolism of 7—14C—nicotinic acid in Various Tissues.
A comparison of the relative radioactivity levels and
the type of decay curves of radioactive products in various
tissues is presented‘in Tables 31-34. The decay curves for
liver, heart, breast muscle and brain tissues for all groups
except the niacin deficient group generally demonstrated linear
functions (P<0.01). The éxception in the former group was °
breast muscle tissue from the food-restricted group. The
decay curve of this tissue which was not significant (P>0.05)
consisted of 68% linearity and 29% cubicity. This may in part

be due to errors in experimental analysis. In contrast to all
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Table 30. Effects of 5 Different Diets on the Levels of NAD in Brainm,

Heart, Liver and Breast Muscle of Quail (Experiment 9). 1,2
Group/Diet Brain Heart Liver Breast
Muscle
umoles/g umoles/g umoles/g umoles/g
brain heart liver muscle
o a a a B
I NFD + 0.007% 0.37+0.02 0.48+0.03 0.63+0.02 0.99%0.02
nicotinic acid
(ad libitum)
II NFD (ad libitum) 0.36:0.03% 0.4510.03% 0.5920.02% 0.57+0.02"
o a a a B
III NFD + 0.007% 0.37+0.03 0.4610.02 0.58+0.02 1.0340.03
nicotinic acid :
(restricted)
o a a a B
IV NFD + 0.66% 0.40+0.04 0.47+0.04 0.64%x0.06 1.06%0.03
tryptophan
(ad 1libitum)
o a a a B
V NFD + 0.07% 0.40+0.04 0.50+0.05 0.66+0.06 1.14+0.04
nicotinic. acid i .

(ad libitum)

lValués are mean * S.E for duplicate observations. Each duplicate consisted of
tissue samples pooled from two quail.

2 . X . ‘s s
Means not sharing a common superscript letter within a column are significantly
different (P<0.01).

Abbreviation: NFD, niacin free diet.
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Table 31. Incorporation of 7—14C-Nicotinic Acid into Brain Tissue of

Quail of Various Time Intervals (Experiment 9).1

Activity [(dpm/g of brain)/(dpm injected/g of body weight)]

Type of’
Group/Diet 71 hour 147 hour 217 hour 286 hour decay
' : curve
I NFD + 0.007% 0.40%0.00 0.41+0.01 0.38i0.00 0.27+0.00 1linear
nicotinic acid
(ad libitum)
II NFD (ad 0.40+0.04 0.32+0.02 0.38+0.03 0.37x0.00 see
1ibitum) footnote
3
III NFD + 0.007% 0.44%0.00 0.3910.04 0.28+0.04 0.19+0.02 1linear
nicotinic acid
(restricted)
k%
IV NFD + 0.66% 0.44+0.02 0.42+0.04 0.48+0.30 0.32+0.02 linear
tryptophan
(ad 1ibditum)
Fok
V NFD + 0.07% 0.24+0.02 0.16£0.00 0.09+0.00 - 0.05+0.01 1linear

nicotinic acid
(ad libitum)

%

1 . .
Values are mean * S.E for duplicate observations.

brain samples pooled from 2 birds.

Each duplicate consisted of

2Type of decay curve for NFD (Group II) was determined by orthogonal polynomial
contrast. The NFD decay curve consisted of 57% quadratic and 43% cubic

" function (P>0.05).

*%: gignificant (P <0.0l).

Abbreviation: NFD, niacin free diet.
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4C—Nicotinic Acid into Heart Tissue of Quail

nicotinic acid
(ad libitum)

Table 32. Incorporation of 7—1
at Various Time Intervals (Experiment 9).1
Activity [(dpm/g of heart )/(dpm injected/g of body weight)] ;
Type ofz”””
Group/Diet 71 hour 147 hour 217 hour 286 hour decay
curve
K
I NFD + 0.007% 0.72+x0.09 0.64+0.03 0.37+0.05 0.29£0.00 linear
nicotinic acid
(ad 1libitum)
IT NFD (ad libitum) 0.59+0.05 0.83+0.05 0.87%0.06 0.85+0.01 see R
footnote
*
I1T NFD + 0.007% 0.80x0.03 0.59+0.01 0.4720.00 0.29+0.00 linear
nicotinic acid
(restricted)
*%
IV NFD + 0.66% 0.83+0.03 0.50+0.00 0.52+0.06 0.32+0.05 linear
tryptophan
(ad libitum)
k%
V NFD + 0.07% 0.35+0.05 0.26+0.00 0.16%0.01 0.08+0.01 linear

lValues are mean * S.E for duplicate observations.

heart samples pooled from 2 birds.

2Type of decay curve for NFD (Group II) was determined by orthogonal polynomial
The NFD decay curve consisted of 467% linear and 437% quadratic function

contrast.
(P>0.05). **: gignificant at P<0.01.
Abbreviation: NFD, niacih free diet.

Each duplicate consisted of
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Table 33. Inéorporation of 7-140—Nicotinic Acid into Liver Tissue of

Quail at Various Time Intervals (Experiment 9)l

Activity [(dpm/g of liver)/(dpm injected/g of body weight)]

nicotinic acid
(ad 1ibitum)

Type of
Group/Diet 71 hour 147 hour 217 hour 286 hour decay
curve
' %k
I NFD + 0.007% 1.45+0.04 0.58+0.01 0.40+0.03 0.25%0.02 linear
nicotinic acid
(ad libitum)
. ' ’ *%
II NFD (ad 1libitum) 3.85%0.14 3.95+0.27 1.77+0.03 1.77+£0.33 linear
' Tkk
III NFD + 0.0077% 1.58+0.17 0.64+0.01 0.37+0.03 0.28+0.00 linear
nicotinic acid
(restricted)
’ ' *%
IV NFD + 0.66% 0.75+0.03 0.27+0.02 0.26+0.02 0.14%+0.01 linear
tryptophan
" (ad 1libitum)
&%
V  NFD + 0.07% 0.35+£0.06 0.17+0.00 0.07+0.01 0.05+0.00 linear

1 : . .
Values are mean + S.E for duplicate observations.

liver samples pooled from 2 birds.

2** H

" Abbreviation:

significant at P<0.01l.

NFD, niacin free diet.

Each duplicate consisted of -
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; 1
Table 34. Incorporation of 7- 4C—Nicotinic Acid into Breast Muscle Tissue

of Quail at Various Time Intervals. (Experiment 9).

body
Activity [(dpm/g of breast muscle)/(dpm injected/g of weight)]
Type‘of2
Group/Diet 71 hour 147 hour 217 hour 286 hour decay
- curve
‘ &%
I NFD + 0.007% 0.51+0.01 0.64%0.07 0.66+0.01 0.56+0.06 linear

nicotinic acid
(ad libitum)

"II NFD (ad 1ibitum) 0.17+0.04 0.20+0.04 0.27x0.05 0.25+0.05 see
footnote
III NFD + 0.007% 0.50%0.14 - 0.41+0.03 . 0.52+0.05 0.43+0.08 see
nicotinic acid footnote -
(restricted)
\ . *
IV NFD + 0.66% 0.53%0.07 0.63%0.05 0.73+0.02 0.57+0.05 linear
tryptophan

(ad 1ibitum)

v NFD + 0.07% 0.38+0.02 0.39%+0.05 0.31%+0.00 0.25+0.05 linear
nicotinic acid
(ad 1libitum)

lValues are mean * S.E for duplicate observations. Each duplicate consisted of
breast muscle samples pooled from 2 birds.

2Type of decay curve for NFD and food-restricted groups was determined by
orthogonal polynomial contrast. The decay curve for quail fed diet II (NFD)
consisted of 49% linear and 51% quadratic function (P>0.05). TFor the restricted
group (III) it was 68% linear and 29% cubic function (P>0.05). *: significant at
P<0.05; #*: significant at P<0.01. Abbreviation: NFD, niacin free diet. ‘
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other treatment groups thé decay pattern of the niacin
deficient group was quadratic (P>0.05) with the exception of
liver tissue (i.e.llinear). The quadratic function in heart
and breast muscle tissues may be attributed to a progressive
increase in label for 217 hours after injection followed 5y a
slight decrease at 286 hours. |

The significant threeway interaction (P<0.0l1, Table 35)
among diets, tissues, and time after injection in the amount
of.radioactivity incorporated into tissues suggests that there
is a complex inﬁerrelationships among these factors. The
data from the Tables 31-34 reveal that there is a considerable

variation in the relative radioactivity levels of radioactive

products in different tissues. The initial relative radioactivity

after the injection was highest in liver, followed by heart,
breast muscle and brain iﬁ that order fqr all groups irrespective
of the nature of diets. The average respective 71 hour values
for the different tissues were 1.6 for li&er, 0.66 for heart,
0.42 for breast muscle and 0.38 for brain. This indicates a
considerable variation in the initial uptake of isotope among
tissues. Similar observations were also made among treatment
grbups. In the case of iiver, the initial relative radioactivity
levels of the niacin deficient group (II) was the highest while
that ih the high niacin-fed group (V) was the lowest. This may
be attributed to the competifion during absorption between the
labelled and unlabelléd nicotinic acid. The nicotinic acid and
tryptophan supplemented groups (I, IIT and IV) tendéd to have

intermediate values as compared to groups II and V. Breast
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Table 35. Analysis of Variance of Data in Tables 31-34 (Experiment 9).

Sum of Mean
Source of Variation df Square Square F
*%
Diet 4 11.9073 2.9768 449,87
*%
Tissue 3 8.9040 2.9680 448.53
*%
Time 3 3.4487 1.1496 173.72
*%
Diet x Tissue 12 27.9059 2.3255 351.44
' ' %%k
Diet x Time 12 1.0055 0.0838 12.66
*k
Tissue x Time 9 5.0528 0.5614 84.84
Sk
Diet x Tissue x Time 36 5.1973 0.1444 21.82
Error 80 0.5294 0.0066
Total 159 63.9510

**Significant at P<0.01.

Abbreviation: df, degree of freedom.
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muscle tissue in contrast showed a different pattern. The
uptake of radioactivity in this tissue was lowest in quail
fed the niacin free diet as compared to those fed'the.other
diets whereas the opposite pattern occurred in liver tissue.
The uptake of radioactivity in heart tissue followed more or
less the same trends as in the breast muscle except that the
uptake of radioactivity in the niacin deficient group was not

the lowest. With regard to brain tissue, all treatments were

similar except for the high nicotinic acid fed quail (group V)

which had a much lower level of radioactivity incorporated
than the other groups. The pattern also changed with tiﬁe due
to a differential rate of turnover of nicotinic-acid in various
tissues and among quail fed the different diets.

The results from Table 31-34 which are éummarized
in Table 36 would suggest that the turnover rates ( the
reciprocal'of hélf—life) of radiocactive nicotinic acid metabolites
in all tissues of the niacin deficient quail (group II) were
extremely low whereas the turnover rates were much higher in
quail (group V) fea the diet that contained an excessively high
level of nicotinic acid. The turnover rates of the quail fed
the high tryptophan but zero nicotinic acid containing diet
were intermediate to the niacin deficient quail (group II)
and those'fed the optimum nicotinic acid containing diets-
(groups I and III). The turnover rates of nicotinic acid
metabolites for all tissues except the brain tissue were also
similar for quail that were fed the same diet under restricted

(group III) or ad libitum conditions (group I).
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Table 36. Calculations of Half-lives of the Radioactive Products in
Various Organs after the Injection of 7—14C—Nicotinic Acid
(Experiment 9).l

Half-lives (hour)
Group/Diet Brain Heart Liver Breast Muscle
I NFD + 0.007% 491.5 385.0 189.3 infinite
nicotinic acid
(ad libitum)
II NFD (ad libitum) infinite infinite 276.1 infinite
IIT NFD + 0.007% 366.7 355.4 179.5 infinite
nicotinic acid
(restricted)
IV NFD + 0.667 infinite 430.4 210.6 infinite
tryptophan
(ad libitum)
V  NED + 0.07% 203.8 218.6 148.7 infinite

nicotinic acid
(ad libitum)

lHalf—lives'werevcalculated from data presented in Tables 31, 32, 33 and 34
using the least squares repression analysis.

Abbreviation:

NFD, niacin free diet.
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With regard to specific tissues the pattern was also
very different. Nicotinic acid metabolites in breast muscle
tissue appeared to have an extremely low rate of turnover while
the rate in liver tissue, although low, was.mﬁch higher than
that in breast muscle. Heart and brain tissues had values that
were intermediates to those of liver and breast muscle tissues.

dverall the resulﬁs of this sﬁudy are in agreement with
the results from the previous studies and would suégest és
discussed previously, that there is a considerable influence of
diet and tissue on nicotinic acia turnover rate. The results
of this study would also suggest that the half-life values of
nicotinic acid metabolites are affected by a differential rate
of niaciﬁ exchange among tissues. This was discussed in the
'previous section. The results of this study also confirms the
previous observations that the level of pyridine nucleotides
(NAD in the current study) are markedly depressed in breast
muscle tissue but not in-other tissues in the niacin deficient
quail. It can be speculated that the level of niacin in

essential organs under conditions of extremely severe niacin

deficiency may also become depleted. The animal would presumably

die as indicated in a previous experiment (Experiment 4) when
this situation developed. ;These results also support the prev-
ious observation that the best overall index of the niacin
status in quail is the level of byridine nucleotides in the

muscle tissue.
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3. Thermal Stability Studies

.Thermal stability studies were carried out on selected
liver and breast muscie enzymeé from three experimental groups
(Table 37 and 38). The corresponding activity levels of malic
enzyme from liver tissue for groups I, II, and III when in-
cubated at 50°C for 15 minutes were '18%, 21% and 16% of initial
activities respectively (P>0.05). Liver glyceraldehyde-3-
phosphate dehydrogenase from the control group (I) retained 53
or 7% of its‘ihitial activity when incubated at 50°C or SSOC
for 15 minutes, respectively. The enzymes from the niacin
deficient and food-restricted groups in contrast retained 19 or
2% and 31 or 3% of their respective initial activity under the
same conditions. However, there were no significant differences
(P>0.05) in the relative degree of inactivities among the three
groups. Liver lactic dehydrogenaSe from the control group (I),
" the niacin deficient group (II) and the food-restricted group
(IIT) retained 87, 93 and 81% respectively of their initial |
activities when incubated at 55°C for 15 minuteqﬂigzg:oél. A
similar pattern was also Qbserved at 60°C. The pefcent-
activity loss of aldolase from all three groups appeared to
follow a siﬁilar pattern to that of lactic dehydrogenase. These
results would suggest that in vitro there was not a lafgé dif;
ference among the three treatment gfoups in the thermal
stabiiity of liver enzymes. Liver pyridine nucleotide patterns,
as indicated previously, were also not affected by the niacin

status of the diet.




1,2
Table 37. Studies on Thermal Inactivation of Liver Enzymes (Experiment 9). ~°

Incubation Malic enzyme Glyceraldehyde-3-phosphate dehydrogenase
Temperature ' ’
Cey - (1) Control (2) NF D (3) Restricted (1) Control () NFD < (3) Restricted
units/g units/g units/g units/g 'units/g units/g
liver z3 liver % liver 4 liver % liver % liver %
27°C - 46,7£1.6 100 25.7417.2 100 41.4%14,.4 100 180.9+ 3.9 100 _ 156.1+£22.0 ’ 100 151.0£19.3 100
50°¢ '8.4%3.6 17.7£7.0% 4.5 2.4 20.8+4.8% 7.3% 3.9 16.3%3.7% 96.113.3 53.0%6.2% 28.6% 0.2  18.8%2.4% 49,8+27.2 31.0t%,&
55°¢ 0 0 0 0 0 0 11.8% 3.5 6.6%2.02 3.5+ 0.7 2.320.1% 4,3% 3.0 2.,6L A
60°C 0 0 0 0 0 0 0 0 0 o 0 0
Lactic dehydrogenase . Aldolase
(1) Control (2) NFD (3) Restricted (1) Control (2) NFD (3) Restricted
units/g units/g units/g units/g . units/g units/g
1iv§r % liver % liver % liver % liver % idiver %
270(; 566.1%2.1 100 334.8%22.3 100 439.5i33.7 100 171.1£17.0 100 102.748.1 100 130.5+22.2 100
509¢ N ! - T .a o T a . T a " T .a T o
55%%. 489.6+49.3 86,548.4 310.719.0 92.8%0.3%349.8%17.8 80.6%11.1 138.9+13.0 81.2*0.4° 85.2%6.5 83.040,2° 102.6£12.2 79.3i4.1a
60°C 296.5413.4 52.4%2.1 179.8%2.7 54.0%.42212.2+13.8  49.0+ 7.4° 89.410.2 52.2:0.8% 49.7:7.8  48.1:3.8%  61.6:6.7  47.7t3.0@

lvalues are mean * S.E for quadruple observations. Each quadruple répresents Eooled liver samgles from 2 quail.
2Means in the same row not sharing a common superscript letter are significantly different (P<0.Q5).
ercent activities are expressed as the percentage of their respective initial activities at 27°C.

Abbreviations: NFD, niacin free diet group; restricted, food-restricted group.

9%c
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In breast muscle the percent (23%) of the initial

activity of glyceraldehyde-3-phosphate dehydrogenase that
.was recovered from the niacin deficient group (II) was
significantly (P<0.01) less than that from both the control

group (52%) and the food-restricted group (45%) when enzyme

extract.was incubatéd at SOOC for 15 minutes (Table 38).
There were, however, no significant differences between the
control and food-restricted groups (P>0.01l). At SOOC, breast
muscle LDH from the control group (I) retained 87%, the niacin

deficient group 81% and the food-restricted group 86% of their

initial activities respectively (P>0.05). Under the same
conditions breast muscle aldolase from the control group re-
tained 90%, the niacin deficient group 92% and the food-
restricted group 91% of their iﬁitial activities respectively
(P>0.05). These results would suggest that dietary nicotinic
acid levels affected the thermal stability of glyderaldehyde—
3-phosphate dehydrogenase but not LDH or aldolase.

Other researchers have also studied the influence of
vitamin deficiency and tissue cofactor levels on the stability

of certain enzymes. Litwack and Rosenfield (1973) showed

that the rates of in vivo degradation of several pyridoxal
enzymes correlate well with the in vitro dissociation of the

enzyme into a apoenzyme and pyridoxal phosphate. Recently Lee

et al (1977) indicated that the cofactor dissociation may
influence the enzyme stability, and to some extent the dif-
ferences in degree of cofactor saturation were correlated with

differences of enzyme stability, whether animals were vitami:nB6
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Table 38. Studies on Thermal Inactivation of Breast Muscle Enzyme (Experiment 9).7?
Glyceraldehyde-3-phosphate dehydrogenase - . Lactic dehydrogenase
Incubation
Temperature (1) Control (2) NFD (3) Restricted (1) Control (2) NFD (3) Restricted
Co . A ‘
units/g units/g units/g units/g units/g units/g
muscle %3 muscle A muscle % musclé - % muscle % muscle %
27OC 342,3410.4 100 259.7+29.4 100 276.4%5.6 100 1576.7+273.2 100 1063.9+194.5 100 1222,4+97.1 100
50% 175.8% 5.1 51.7+2.9% 57,5 3.7 22.5¢1.6% 124.020.8  45.382.6A 1348.8+190.1 86.846.0% 850.3+139.1 81.1+5.% 1052.4120.3 86.0:5.7
Aldolase
(1) Control (2) NFD (3) Restricted
units/g units/g units/g
muscle % muscle % muscle %
27% 329,8+30.9 100 250,1+61.2 100 232,3£17.0 100
50°c 296.9+36.2 89.5:3.2%  220.3:39.0 91.7:7.9% 211.045.0 91.0%0.9%

1Values areé mean + S, E for quadruple observations. Each quadruple'represents pooled breast muscle samples from 2 birds.
2Means in the same row not sharing a common superscript letter are significantly different (P<0}01).

3% Activities are expressed as the percentage of their respective initial activities at 27°C.

Abbreviations: NFD, niacin free diet group; restricted, food-restricted group.

8¥c
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or not. They postulated that coenzyme binding and

rate of degradation, although not causally related, are both

reflections of structural properties of the enzymes which

determine
Bunuel et
acid in a
levels in
genase or

rats were

coenzyme binding and degradation rate. Garcia-

al (1962) reported that the depletion of nicotinic
diet caused a marked lowering of pyridine nucleotide
rat liver and activities of liver isocitréte dehydro-

glycerophosphate dehydrogenase in niacin deficient

25 or 50% less relative to those of the conérol rats.

Katunuma et él (1971) reported that niacin deficiency resulted

in the app
apolactic
éffect of
proteases.
The
the degree
enzymes as
incubation
diet which
nucleotide

the nature

earance of an intestinal enzyme which would inactivate
and apoglutamic dehydrogenases. This would have the

increasing the synthesis of NAD- or NADP-specific

results from the current study demonstrate that

of inactivation of pyridine nucleotide dépendent
well .as aldolase in liver tissue at all indicated
temperatures was not affected by the nature of the
is consistent with the observation that pyridine
levels in liver tissue were also not affected by

of the diet.

1

With regard to muscle tissue a different pattern was

obtained.

dehydrogen

The greater sensitivity of glyceraldehyde-3-phosphate

ase to heat denaturation in the niacin deficient group

as compared to the other groups would suggest a causative

relationsh

tissue. I

ip between enzyme stability and NAD status of the

t may be hypothesized that the low level of NAD in
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the breast muscle tiseue may have been directly responsible

for the decreased enzyme stability or its deficiency may have

indirectly caused the accumulation of certain tissue metabolites

or proteases which in turn had a destabilizing effect on the
enzyme. As discussed in Part III, the affinity of NAD for
glyceraldehyde-3-phosphate dehydrogenase is much stronger than

that for LDH. If the dissociation of NAD from enzyme plays a

crucial role in enzyme degradation, LDH should be more readily
destabilized relative to glyceraldehyde-3-phosphate dehydro-
genase due to its high dissociation constant. However, the
observation from the current study showed an opposite result.
Jaenicke (1969) reported that rabbit muscle apoglyceraldehyde-
3~phosphate dehydrogenase was more labile than apolactic de-

- hydrogenase. Therefore, the failure of niacin deficiency to
effect the stability of LDH may be attributed to the intrinsic

properties of its structure.

4. Effect of Pyridine Coenzymes on Heat Inactivation

The results from Figures 20 and 21 demonstrated that
all of the liver and breast muscle enzymes were protected by
NAD or NADP against thermal inactivation. The relative
activities of liver enzymes in the presence and absence of
‘added HAD or NADP were: malic enzyme 68 and 16% at SOOC,
glyceraldehyde-3-phosphate dehydrogenase 88 and 17% at 55°C,
LDH 90 and 51% at 60°C and aldolase 88 and 50% at 60°C. The

corresponding activities of breast muscle enzymes were:

-glyceraldehyde-3-phosphate dehydrogenase 100 and 0% at 550C,.




Figure 20.

Thermal Inactivation of Quail Liver Enzymes

(Experiment 9).

The enzyme solutions were incubated for 15
minutes at the indicated temperatures. The
final concentrations of NAD or NADP in the
incubation mixtures were 1mM or 0.5 mM ’
respectively. Enzyme activitiés were ex-
pressed as a percent of the initial activity
in a buffefed extract just prior to incuba-

tion.
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Figure 21.

Thermal Inactivation of Quail Breast Muscle

Enzymes (Experiment 9).

The enzyme solutions were incubated fqr 15
minutes at the .indicated temperatures. The
final concentration of NAD in the incubation
mixtures was 1 mM. Enzyme activities were
expressed as a percent of the initial acti-
vity in & buffered extract just prior to

incubation.
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.LDH 57 and 4% at 55°C and aldolase 91 and 75% at 55°C.

Malic enzyme was not assayed for in the breast muscle tissue

as it has been shown to be absent in this tissuev(Utter, 1959).
These results would indicate that in the absence of coenzymes,
liver malic enzyme and glyceraldehyde-3-phosphate dehydrogenase
were siightly more sensitive to heat treatment than LDH and
aldolase. In the breast muscle glyceraldehyde-3-phosphate
dehydrogenase appeared to be the most sensitive of all enzymes
to thermal inactivation in the absence of NAD whereas in the
presence of NAD the pattern was completely reversed. In
contrast, LDH-and particularly aldolase were protected against
thermal inactivation by NAD to a much lesser degree. Overall
these results would suggest that in the absencé of coenzymes
the pyridine nucleotide dependent enzymes in the breast muscle
tissue appeared to ne more unstable to heat treatment than the
corresponding enzymes in liver tissue.

The difference in response between liver and breast
muscle tissueslmay be attributed to the type and concentration
of enzymes and/or relative concentration of coenzymes to.
enzymes and other metabolites that‘may affect the stability
of the enzymes. A correlation of structural differences be-
tween multiple forms of the same enzyme and their individuality
of turnover might also be anticipated. It has been well
established that the predominant form of aldolase isozyme in
the liver tissue is aldolase B suited for fructose-1,6-diphos-—-
phate éynthesis (gluconeogensis) whereas in the muscle only

aldolase A is present which is responsible for cleavage of
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fructose-1,6-diphosphate to dihydroxyacetone phosphate and
glyceraldehyde-3-phosphate and thus favors glycolysis (Rutter
et al, 1968). These enzymes have different physicochemical

and enzymatic properties. It is also known that LDH isozymes
differ markedly from each other with respect to theif physico-
chemical properties and tremendous differences in turnover
exist for individual isozymes between different tissues. With
réspect to the possibility that thermal denaturations play a
role in LDH degradation, Zondag (1963) and Vesell and Yielding
(1966) repbrted that LDH-1 (By) in certain animals is more heat
stable than LDH45(A4). The former is degraded 22 times fasﬁer
than the latter in rat skeletal muscle, although LDH-5 cardiac
muscle is degraded almost 8 times faster than cardiac muscle
LDH-1 (Fritz et al, 1970). Huscle glyceraldehyde-3-phosphate
dehydrogenase exhibits a negative cooperativity in coenzyme
binding whereas liver enzyme has a positive co-operativity in
coenzyme binding (Conway and Koshland, 1968; Kirschner et al,
1971). This discrepancy, in the case of liver enzyme, may
reflect its function in gluconéogenesis. Other differences be-
tween glyceraldehyde—-3-phosphate dehydrogenase frqm muscle and
liver tissues were also seen in the number of sulfhydryl groups,
NAD binding, allosteric properties and regulatory effects
exertéd by inorganic phosphéte (Heinz and Xulbe, 1971). Varia-
tion among tissues in enzyme stability may therefore be a
reflection of the properties of the different isozymes. A
second factor that may account for part of the difference is

that the level of metabolites surrounding enzymes and the
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localization of enzymes in cells. These factors presumably
would not only influence in vitro but also in vivo enzyme
stabilities.

The mode by which NAD protects dehydrogenases against
thermal inactivation and the relationship between thermal
stability and degradation rate was not established in the
current study although_a considerable amount of related
information is available from the literature with regard to
the effect of pyridine nucleotide on properties and structures -
of dehydrogenases. Some time ago, Grisolia (1964) pointed out
that ligands can protect enzymes against proteolytic attack
and suggested that the conformation of an enzyme may determine
its susceptibility to extracellular proteases. Citri (1973)
has compiled data to demonstrate that many ligands that in-
fluence susceptibility to proteolysis cause conformational
changes in enzymes. Bond (1975) reported that the addition of
NAD to extracts fully protected glyceraldehyde~3—phosphate
dehydrogenase from inactivation by all of the proteases tested
and partially protected glycerophosphate and lactic dehydro-
genases. In addition, it was shown. that the long41ived
enzymeé are generally resistant to proteases and heat while
the short—iived enzymes are generally inactivated partially
or completely by proteases and heat, with the exception of
- tyrosine aminotransferase.

There is evidence in the literature however which
indicates that thermal instability is not an important factor

in initiating the degradation of intracellular‘proteins. For




256

instance, Kuehl and Sumison (1970) have found that the
rates of degradation of three‘glycolytic enzymes in vivo
~are similar, while their thermal stabilities in vitro are

quite different.

In the case of flounder muscle glyceraldehyde-B
phosphate dehydrogenase, the enzyme has been shown to exist
as a mixture of forms with each containing a distinct amount
of bound NAD (Marangos and-Constantinides, 1974b) . There-
fore, it was inferred that the bound NAD on each form stab-
ilizes it by causing the molecule to assume a mofe compact
configuration that is less susceptible to attack by various
inactivation agents such as proteases. The fact that NAD
has a further stabilizing effect on the holoenzymes suggests’
‘that the added NAD which presumably binds loosely to the en-
zymes is able to further alter the conformation (Fenselau ,
1970) . Constantinides and Deal (1969) indicated that NAD
stabilizes the quarternary structure of glycefaldehyde—3—
_phosphate dehydrogenase. They also proposed the possibility
that NAD controls the structural and functional heterogeneity
of the enzyme'aé weil as maintaining and protecting it again-
- st inactivation.

The results of our study support the proposal that add-
ed NAD produces an additional stabilizing effect on glycer-
aldehyde-3-phosphate dehydrogenase and that this may occur
because of the refolding of the loosely bound subunits of
this enzyme. The refolding mechanism of glyceraldehyde-

3—phosphate dehydrogenase also is different from the one
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observed for non-cooperative tetramers like LDH (Jaenicke,
1974; Rudolph et al, 1977) or aldolase (Engelhard et al,
1976) . |

The results of the current study demohstrate that the
activities of several dehydrogenases and aldolase are variably
protected in vitro against thermal inactivation by either NAD
or NADP. It was also shown that there are distinct differences
in the pattern of thermal stability of dehydrogenases depending
on the source of tissues or levels of coenzymes. It may be
hypothesized that the rate of degradation of certain muscle
dehydrogenases such as glyceraldehyde-3-phosphate dehydrogenase
may be increased in the niacin deficient animals as certain of
these enzymes appear to be highly unstable in the presence of
very low concentfation of pyridine nucleotides. It is con-
ceivable that a decrease in coenzyme brought about by niacin
deficiency may result in a diminution in the level of apoenzyme
which may be readily denatured in vivo. Liver enzymes, in
contrast, are probably not affected by niacin status since
pyridine nucleotide levels are not decreased under conditions
of niacin deficiendy. Pyridine nucleotides also do not seem
to provide selective protection of only dehydrogenases as
aldolase (a non pyridine nucleotide requiring enzyme) was
also partially protected by these.coengymes. Neverthelesé,
additional research should be carried out to establish the
in vitro pattern of response to thermal inactivation of other
dehydrogenases and related enzymes in the breast muscle tissue

of niacin deficient quail. Also an assay of metabolic inter-~
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mediates in the tissues of normal and deficient quail would
assist in identifying crossover points at which reactions become
rate limiting. Information such as this would provide a basis
for predicting effects of tissue coenzymes on enzyme stabilities
and for identifying rate limiting steps. Follow up studies
would bé to establish the effects of niacin deficiency on

protein turnover.
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PART VII : Effect of Niacin Deficiency on General Protein

Turnover in Various Tissues of Japanese Quail

(3) ‘Introduction

The protein content of mammalian tissues is usually
determined by the balance between rates of protein synthesis
and degradation (Goidberg and Dice, 1974). In general, the
larger subunits of proteins in eukaryote tissues have a ten-
dency to be degraded more rapidly than smaller ones (Schimke
et al., 1973). Dice and Goldberg (1975a) found a correlation
between the logarithm of the subunit molecular weight and
the half-life of 33 rat liver proteins. They also reported
that a highly significant correlation was observed between
rates of degradation and isoelectric points for 22 proteins
from rat liver (1975b). |

Ideally protein turnover studies should be carried
out in mature animals that are in a steady state condition
(Arias et al., 1969). It is not possible, however, to
utilize an ideal condition when studying the influence of
niacin deficiency on protein turnover as niacin deficiency
could not be induced in the mature quail and even if it was,
conditions would probably deviate from steady state condi-
tions because of the niacin deficient state.

In the current study, immature quail were employed
and the non-steady state conditions were partially corrected

for by maintaining both the niacin deficient and food-
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restricted quail in a non-growth state prior to and during
the experiment. Currently no literature is available on
the influence of niacin status on protein turnover.

The results of the previous study, however, would
suggest that the rates of synthesis and degradation of pro-
teins are altered in the niacin deficient animal. This is
supporfed by the obéervation that the breast muscle tissue
underwent a severe atrophy in the niacin deficient animal,
and that the stability of certain enzymes was decreased in
the breast muscle tissue of the niacin deficient animal.

The objective of the study was to determine if niacin
deficiehcy altered the rate of prétein turnover in various
tissues of immature quail. The double isotope technique of
Arias et al. (1969) will be employed to establish the effects
of niacin deficiency on total protein turnover rates and on
rates of turnover of proteins oﬁ different molecular size

and isoelectric charge.

(B) Experimental Procedures

EXPERIMENT 10 :

(i) Management of Animal

Newly-hatched quail were maintained on a mixture of
the niacin free diet and the commercial chick starter diet
until they reached approximately 21 g. This procedure
enabled the quail to adapt to the synthetic diet. Then they
were wingbanded, weighed and divided into three groups of

- similar mean body weights of from 12" to 16 qguail each and
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were fed the following diets: - (i) group I (control), niacin
free diet plus 0.007% nicotinic acid; (ii) group II, niacin
free diet; (iii) group III, the same diet as group I.

All diets were fed ad libitum except for group III,
which received amounts of diets just sufficient to maintain
their body weights the same as those of group II. Pair-fed
group III was offered the control diet once or twice a day.
Quail were housed in electrically héated stainless steel
batteries with wire floors and were offered their respective
diets in powder form. Weights of quail were measured daily
and symptoms of niacin deficiency were carefully checked
throughout the course of the experiment. Quail growth in thé
niacin free group (II) was markedly reduced within a 7 day
pefiod which on the basis of the previous experiments indi-
cated that the quail were in a state of severe niacin defi-
‘ciency. The niacin deficient Quail along with the guail from
the other two groups were administered radioactive iéotopes

after being on the test diet for 7 days.

(ii) Double-Isotope Administration

The double-isotope technique described by Arias et al.
(1969) was used to determine the relative turnover rates of
proteins. All quail from the 3 groups were fasted for 5
hours prior to the injection of the isotobe. Initially 8
quail from each group were given an intraperitoneal injec-
tion of 9.5 uCi of U-!“C-leucine (specific activity of 348

'mCi/mmol) in a volume of 0.5 ml and food was restored 3 hours
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later. Six days after the initial injection the fasting
regimen was repeated, but the quail were injected with 68
uCi of L-[4,5-°H] leucine (specific activity of 119 Ci/
mmol) in a volume of 0.5 ml and were killed 4 hours later.
In a éeparate control éxperiment;4 quail from each group
received 4.9 uCi L-U-!“C-leucine and 35 uCi L-[4,5-%H]-
leucine simultaneously and were sacrificed 4 hours later;
At sacrifice the brain, heart, liver, and breast muscle
were promptly excised and placed into liquid nitrogen and
organs were weighed to the nearest 0.03 g. All data were
compared using analysis of variance and significant differ-

ences between means were identified by the Newman-Keuls

test (Kirk, 1968).

(iii) Preparation of Total TCA-precipitable Proteins from

Tissues

Precipitation and washing of proteins were performed
according to the procedure of Siekevitz (1952). 1In each
treatment group tissue'samples (0.1 -0.3 qg) from 8 quail
were individually prepared by slicing the frozen tissues
with a scalpel. Each sample was homogenized in 5.0 ml of
buffer (20 mM potassium phosphate, 5 mM EDTA, 2 mM 2-mer-
captoethanol; pH.7.5) with a Polytron homogénizer (Kine—
matica, GMbH) at maximum speed for 1.0 minute at 0°. Equal
volume of cold 10% TCA was added to the homogenate to pre-
cipitate.protein. After centrifugation at 50,000 x g for

10 minutes the pellet was washed thoroughly with cold 5%
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TCA and recentrifuged as before. This washing was repeated
once. The precipitate was suspénded in 15 ml of a 1 : 1
mixture of petroleum ether and ethanol, allowed to extract
for 30 minutes at room temperature and centrifuged at 50,000
x g for 10 minutes to remove the lipid components. The pre-
éipitate was resuspended in 15 ml of ether and centrifugea
at 50,000 x g for 10 minutes to remove TCA. After ether
extraction the protein pellets were dried in an oven at 45°C.
The dry protein samples were wettéd in 0.2 ml of dis-
tilled water prior to the addition‘of 1.0 ml NCS tissue
solubilizer. After protein samples were solubilized at 45°¢
for 15 hours the samples.were neutralized with 0.04 ml of
glacial acetic acid and suspended in 10 ml of scintillation
fluid (16.6 g of 2,4-diphenyloxazole, 0.3 g of 1,4-bis (2~
(5-phenyloxazolyl)) benzene and'l 2 of Triton X-100 in 2 £
of toluene). Samples were allowed to stand at 4°C in the
dark for at least 24 hours to reduce chemiluminescence and

were then counted using external standardization.

(iv) Fractionation of Breast Muscle Supernatant Proteins

on Sephadex G-200

The procedure of Dehlinger and Schimke (1970) was
followed. Adequate portions of breast muscle of each
treatment group were homogenized in 4 volumes of an equi-
molar mixture of 50 mM Tris—glycine (pH 8.9) containing 20 mM
2-mercaptoethanol with a Poiytron homogenizer.for 30

seconds. Four homogenate samples from each group were
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pooled on an equal weight basis. The homogenate was brought
to 1% SDS so as to dissociate the proteins into subunits by
the addition of 1/10 volume of 10% SDS. After 1 hour at
room temperature the homogenate was centrifuged at 40,000
X g in a Sorvell RC-2B for 10 minutes. The supernatant was
extensiﬁely dialyzed against large volumes of an equimolar
mixture of 50 mM Tris—glycihe (pH 8.9) containing 20 mM 2-
mercaptoethanol and 0.1% SDS at room temperature. After
centrifugation at 40,000 x g for 5 minutes, 4.0 ml samples,
containing approximately 100 - 200 mg of protein, were app-
lied to a Sephadex G-200 column (2.5 x 70 m) equilibrated
in the above buffer at room temperature. The column flow
rate was 10 ml/hour, and 3.5 -4.0 ml fractions were col-
lected. Protein samples were precipitated with 1.0 ml of
50% TCA and'washed once with 2 ml of 5% TCA. After centri-
fugation at 40,000 x g for 10 minutes, the protein precipi-
tate waé extracted three times with excessive amounts of
ether to remove TCA. The protein samples were solubilized
in 0.2 ml of distilled watér and 1.0 ml of NCS tissue solu-
bilizer at 45°C for 15 hours. Then the protein samples
were neutralized with 0.04 ml of glacial acetic acid prior
to the addition of.lO ml of scintillation fluid and counted
using a Nuclear Chicago Mark.II scintillationvspedtrometer;
Results were corrected for quenching by external standards
and expressed as dpm. ’

The control experiment was carried out in duplicate

using four animals per group. The column was calibrated in
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a separate run with marker proteins prepared in the same
fashion as the breast muscle supernatant proteins in the
test experiment. Ovalbumin, conalbumin, and cytochrome C

were detected by monitoring optical density at 280 nm.

(v) Isoelectric Focusing of Breast Muscle Proteins in

Polyacrylamide Gels
- a) Preparation of protein samples for isoelectric focusing
The procedure of Klose (1975) was followed with cer-
tain modifications. Appropriate portions of breast muscle
of each treatment group were homogenized in 10 volumes of
distilled water with a Polytron homogenizer at the maximum
speed for 30 seconds. Four homogenate samples from each
group were pooled on an equal Weightlbasis in each separate
experiment, Adequate volume of the disrupting solution,
containing 10% Triton X-100, 10 mM borate, 5’mM EDTA and
1 mM PMSF (phenylmethylsulfonyl fluoride, an inhibitor of
proteolytic enzymes), was added to the pooled samples to
give a final buffer concentration that was one-fifth of the
disrupting solution. The semple solutions were allowed to
solubilize at room temperature for 30 minutes and centri-
fuged at 40,000 x g for 10 minutes. The collected superna-
tants were extensively dialyzed against 4 % of 1% Triton
X-100, 2.mM borate, and 1 mM EDTA for 3 hours with two chan-

ges of solution.
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b) Isoelectric focusing in polyacrylamide gels

Isoelectric focusing in polyacrylamide gels with pH
3.0-10 Ampholines (LKB Instruments, Inc.) was performed
acéording to the procedures of Klose (1975) with modifica-
tions as outlined below. Isoelectric focusing was carried
out using a disc electrophoresis unit at room temperature.

The routine procedure used gels that were 0.6 cm in
diameter and 16 cm in length; the total volume of such a
gel was 4.32 ml. The gel mixture consisted of 2.0 ml of 5%
acrylamide, 0.17% bisacrylamide, 4.6% of sucro?e (Aristar),
and 1% of Ampholine (0.6% of pH 5 -8 and 0.4% of pH 3.0 -10,
_ Ampholine). The pH 5 -8 Ampholine was added to the mixture
as most of the breast muscle proteins tended to focus with-
in this range. To this was added 2.3 ml of a mixture of
'protein sample (approximately 100 mg) containing'0.04 ml of
disrﬁpting solution. ' After all reagents were thoroughly
mixed, 0.02 ml of ammonium persulfate (100 mg/ml) was
added, the solution was mixed, degassed quickly by vacuum,
and transferred to glass'tubes (0.6 x 16 cm) for polymeriza-
tion at room temperature for at least 2 hours. |

Each isoelectric focusing run contained one gel for
the determination of pH gradient and one marker gel that
contained cyﬁochrome C. The upper (anode) compartment of
the apparatus was filled with 5% (V/y) phosphoric acid, the
lower (cathode) compartment with 5% (V/y) ethylenediamine.
Tﬁe apparatus, equipped with 12 tubes, was connected to a

Gelman Instrument Power Supply unit and the power was regu-
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lated as follows: 1/2 hour, 50 V; lvhour, 100 V; 16 hours,
150 V. At the end of the run the power was raised to 300 V
for 30 minutes.

The gel that was used for the determination of the
pH gradient was cut in 2 mm of cross sections with a Gilson
aliquogel fractionator (Gilson Medical Electronics). Each
slice was extracted with 0.5 ml of distilled water, vortexed
and allowed to stand at least for 1 hour at room temperature
before the pH‘was measured. The radiocactive sample gels
were fixed in 5% TCA for at least 1 hour to precipitate
the protein and to bleach out the Ampholines. Then the
gels were rinsed with the distilled water several times in
order to remove TCA prior to staining. Protein bands were
visualized by staining gels in a solution of 0.2% bromphenol
blue (acetic acid : H,0 : ethanol, 1 : 9 : 10 V/y) for 2%
hours at room temperature. Destaining was performed by wash-
ing the gels in a solution (acetic acid : H,0 : ethanol,

1 :13 : 6 V/y). After the termination of destaining, the
gels were photographed and scanned at 585 nm in a Gilford

model gel sdanner linked to .a Gilford model 2400 spectro—

photometer.

For the deterﬁination of radioactivity, the gels
which were previously destained were sliced manually and
-vdissolved in 6.5 ml of 30% H,0, at 45°C overnight. One ml
of NCS and 0.04 ml of glacial acetic acid were added to
the dissolved gels. Finally, 10 ml of toluene-based scin-

tillation fluid were added to each vial. Sample vials
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prepared in this way were kept at 4°C in the dark for at
least 1 day prior to counting with Nuclear Chicago Mark II
scintillation spectrometer. Each sample was counted twice -
for sufficient time to insure accurate counting. Results
were corrected for quenching by external standards and

expressed as dpm.

(C) Results and Discussion

A summary of the effect of niacin deficiency and
food restriction on body, brain, heart, liver and breast
muscle weights is given in Table 39. Control quail gained
39.3 g at the end of the experiment whereas the niacin defi-
cient and food-restricted quail gained 10 and 9.8 g, respec-
tively (p <0.01, between former and latter two groups).
Similarly, average brain (p <0.05), heart (p<0.01), liver
(p<0.01), and breast muscle (p <0.01) weights of the con-
trol group Wére significantly higher than those of the |
niacin deficient and food-restricted groups. The results
presented in Table 39 are in agreement with the data
obtained from the previous experiment (Experiment 9).

Niacin deficiency symptomé were also siﬁilar to those
observed in the previous experiments.

Table 40 summarizes a control experiment in which
quail were given U-!*C-leucine and [4,5-°H]-leucine simul-
taneously. A similar %H/!*C ratio among all diets suggests
fhat both isotopes were being metabolized in a similar man-

ner in each tissue and, therefore, can be used as companion




Table 39. Effects of Niacin Deficiency and Food Restriction on Body, Brain, Heart, Liver and

Breast Muscle Weights of Quail (Experiment 10). 1,2
» ‘ Breast :
Diet Initial BW Final BW Wt. Gain Brain Wt. Heart Wt. Liver Wt. Muscle Wt
g g g g - g g
1) NED + 0.0077.  20.9%0.9%  60.2:2.4%  39.3:1.0®  0.60£0.01®>  0.47£0.03%  1.75:0.07% 9.42:0.5% -
nicotinic acid ' :
(ad libitum) :
e a B B b B B B
2) NFD (ad libitum) 23.2:1.0%  33.2:0.4 10.0%0.6 0.56+0.01 0.28+0.01 0.92+0,06~ - 3.650.30 :
3) NFD + 0.007%  22.8:1.1%  32.6+1.35  9.820.9°  0.54:0.01®  0.27:0.01% - 0.8420.05° 3.01x0.27°
nicotinic acid ;
(restricted)

1Values are mean * S. E of 8 observations.

2Means not sharing a common superscript letter within a column are significantly different (P<0.05 or P<0.01).

Abbreviations: NFD, niacin free diet; BW, body weight; wt, weight.

692
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Table 40. H/14C Ratios of Total Proteins from Quail Tissues with Simultaneous Injection

of Isétopes (Experiment 10).1’2
Braiﬁ . Heart
Diet 3 14q 3/l 3y 4. 34/14¢
dpm x 10_5/tota1 brain dpm x lO_S/total heart
o a a a A A a
1) NFD + 0.007% 1.32+0.13 0.61+0.05 2.17£0.02 1.57+0.11 0.70+£0.05 2.24+0.01
nicotinic acid
(ad libitum)
2) NFD . 1.8240.37% 0.83:0.16% 2.18+0.012 1.93+0.32% 0.88+0.15% 2.21:0.022
(ad libitum)
o a a a B B a
3) NFD + 0.007% 1.10+0.21 0.55+0.09 1.99+0.08 0.70+0.15 0.34+0.06 2.06x0.03
nicotinic acid :
(restricted)

lValues are mean * S.E of 8 observations. Egur quails from each treatment,received a simultaneous
intraperitoneal injection of 4.9 uCi of U-""C-leucine and 35 uCi of [4,5-"H]-leucine. Four hours
later the animals were killed, and the total proteins were prepared and counted.

2Means not sharing a common superscript letter within-a column were significantly different
(P<0.05 or P<0.01). :

Abbreviation: NFD, niacin free diet.

0LC




Table 40. Continued.

Liver

Breast muscle

Diet g e u/lbc

3 l4C

H 3H/l4c

1)

2)

3)

dpm x 10_5/total liver

NFD + 0.007%  4.07+0.22"> 1.60+0.08™ 2.54%0.20%
nicotinic acid

(ad 1ibitum)

NFD 4.07+0.21% 1.6420.18" 2.48+0.15%

(ad 1ibitum)

NFD + 0.007%  2.65+0.27° 0.92:0.09° 2.88+0.022
nicotinic acid
(restricted)

dpm x lO—S/total breast muscle

16.08+1.14" 9.60£0.06% 1.68+0.112

8.24+1.25  4.91+0.99% 1.68:0.07%

3.33+0.23% 1.85+0.06% 1.79+0.062

TLC
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isotopes in dual isotope measureﬁents.

The %H/!'"C ratios in Table 41 reveal that liver had
the fastest turnover rates of proteins (the highest 3H/!%C
ratio) and heart and brain had intermediate rates whereas
the breast muscle had the slowest turnover rates of proteins
(the lowest °H/!*C ratio). These observations are in accord
with Don and Masters' (1976) reports that considerable
variations in %H/'*C ratios are noticeable in the total pro-
teins of various tissues, ﬁith the relative turnover rate
being fastest in reproductive tissues, liver, spleen, kid-
ney, lung, erythrocytes, heait and skeletal muscle in that
order. The results of their studies were obtained from the
mature female rats under the normal physiological condition.
It is also of interest to note that no significant differen-
ces were detected in %H/'*C ratios of all foﬁr tissues be-
tween the control and niacin deficient groups. However,
the %H/!'*C ratios of both control and niacin deficient
groups were significantly (p <0.05 or p<0.01l) higher than
fhose of the food-restricted group. These observations
suggest that there is a significant difference in protein
turnover rates of the food-restricted group as compared to
the other two groups but there is no difference between
the other two groups. These gross observations, however,
should be interpreted on the basis of individual isotope
patterns.

In regard to ’H incorporation in each tissue the

dpm for *H in the food-restricted group was slightly lower




3.1 . :
Table 41. H/ % Ratios of Total Proteins from Quail Tissues with 6 day Intervals Between
Injections (Experiment 10)1’2

Brain Heart
Diet 3y L4 3/Lhg 3y Lac /14,
dpm x lO_S/total brain dpm x lO_S/total heart

NFD + 0.007% 3.23:0.20% 0.80+0.03" 4.04:0.1178 3.62:0.34% 0.810.05% 4.47+0.23%
nicotinic acid
(ad 1ibditum)
N F D 3.54+0.46% 0.78£0.08" 4.54x0.40" 2.26+0.35° 0.4740.06° 4.810.60"
(ad libitum) .

. a B B B A B
NFD + 0.0077% 3.29+£0.427 1.14+0.06 2.89+0.30 1.79%0. 30 0.75%0.05 2.39%0.33
nicotinic acid '
(restricted)
A Continued
lValues are mean * S.E of 8 observations. ch of eight quail from each treatment received an

intraperitoneal, injection of 9.5 uCi of U-" C-leucine. Six days later each quail received
68 uCi of [4,5—3H]—leucine. Four hours after the last injection, the animals were killed and
the total proteins were isolated and counted as described in the Experimental Procedures.

2Means not sharing a common superscript letter within a column were significantly different
(P<0.05 or P<0.01).

‘Abbreviation: NFD,>niacin free diet.

€LC




Table 41. Continued.

Liver Breast muscle
Diet 3 144 3y/t4¢ 3y Laq 3q/14¢
-5 . -
dpm x 10 ~/total liver dpm x 10 5/total breast muscle

NFD + 0.007% 41.85+3.00" 4.70%0.61% 8.90%0.902 36.8+2.74%  16.8+1.03" 2.19:0.122
nicotinic acid ’
(ad libitum)

eq . B a a B B Aa
NF D (ad libitum)  21.19+2.98° 2.43:0.28% 8.72¢1.30 10.49+2.07°  3.50£0.53° 3.00%0.60
NED + 0.007% 15.07+2.88% 3.54%0.29% 4.25+0.90P 9.85+1.68%  8.530.83C 1.15:0,18%°

nicotinic acid
(restricted)

vLT
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than the niacin deficient group whereas !“C dpm of tissues
in the food-restricted group was considerably (p < 0.01)
higher than that of the niacin deficient group except for
liver tissue. The lower 3H dpm in the food-restricted
group indicates a slightly lower rate of protein synthesis
aé compared to that in the niacin deficient group. However,
the higher 1vl‘C dpm obtained with the food-restricted group
could be explained on the basis that protein degradation
- rates are reduced in the food—restricted group (particu-
larly in breast muscle tissue) as compared to the niacin
deficient group or that the reutilization of amino acids in
the food-restricted group is much greater than in the niacin
deficient group.

With respect to the effect of amino acid recycling
on the protein turnover, the biochemical mechanisms respon-
sible for this phenomenon are still poorly understood. Solo-
ﬁon and Tarver (l952)ireported that recycling is a likely
~source of error due to an increase in amind acid reutiliza-
tion under conditions of malnutrition, and is apt to result
in overestimation of turnover rates. Labeled amino’ acids
released by protein breakdown are likely to be reincorporated
into new protein molecules without leaving the tissue
(Waterlow and Stephen, 1968). Nettleton and Hegsted (1974)
presented the experimental evidence that amino acid recycl-
ing is accentuated during protein deficiéncy and this can be
ﬁinimized by feeding cold amino acids. Lane (1967) reported

that the greater retention of labels in protein deficiency
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was due to decrease in the catabolic rates of tissue pro-
teins, as well as to increased recycling of amino acids.
Gan and Jeffay (l967f-also reported that 50% of the liver
and 30% of the muscle amino acid pools in rats were derived

from protein degradétion during the short-term starvation

and thus were available for recycling. This is a very
effective adaptive mechanism during short-term starvation
in the rat.

With respect to the current study it may be concluded

that the niacin deficient and food-restricted qugil were
ﬁaintained in a semi-starved condition. It may be hypothe-
sized that the degree of recYcled amino acids in the food-
restricted and niacin deficient éroups would be similar to
each other ‘as they both consumed similar amounts of the same
diet (except for nicotinic acid) and they had similar over-
all growth patterns. ,

However, the degree of amino acid recycling in these
gquail as indicated in the above literature discussion would

be much greater than that of the control quail. This higher

degree of recycling of amino acids would tend to increase
'*C values in the food-restricted group and as a result
would yield a low apparent °H/'“C ratio. Under these condi-

tions it is not possible to compare turnover rates of the

control ad libitum fed group with the other two groups as
the ratio would be influenced in a variable manner by the

two factors.
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It should be possible, however, to compare the other
two groups (groups II and III) if it is assumed that the
degree of recycled amino acids in both groups are similar.
Under this condition any differences that occur between
them is attribﬁtable to a differential rate of tissue degra-
dation and synthesis as indicated by both the '*C and ®H
vaiueé. If the data is interpreted on the basis of the
aﬁove assumption it may be concluded that in all tissues
(particularly breast muscle) the degradativelrates of pro?
teins in the niacin deficient quail are greater than those
of the food-restricted quail.

With respect to protein synthesis rates it may be con-
cluded on the basis of the ®H data that the rate of synthesis
in the ﬁiacin deficient quail is slightly higher than that
of the food—restricted.quail. Also, that the control ad
libitum fed gquail had a much higher rate of protein synthesis
in all tissues except the brain relative to guail in the
other two groups. These data indirectly[support the ideé'
“that protein synthesis is reduced in fasting (Millward et
al., 1973). The higher *H and '*C values in the control
group relative'tovthe niacin deficient and food-restricted
groups may result from a combination of concomitantly
increased synthesis and decreased degradation of proteins.
Ogata et al. (1978) suggested that nutritionally dépendent
growth depends both on stimulation.of synthesis and depres-

sion of degradation of proteins.
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The next series of experiments were designed to esta-
blish the relationship between subunit molecular'weights or
isoelectric points and protein turnover rates for the three
groups of quail. A typical elution pattern of radioacti-
vity from Sephadex G-200 of quail breast muscle proteins
treated with SDS is illustrated in Figure 22. Studies with
simultaneouély injected isotopes demonstrated that the two
isotopes were incorporated into breast muscle proteins of
the control ad libitum group at the same rate (Figure 223).
The ratios from the other two groups also followed the same
pattern.

A comparison of the relative turnover rates of breast
muscle proteins for the three groups of quail (Figure 22B)
»indicates that there is a differential pattern among the
various fractions and that the readily solubilizablé pro-
teins in NCS tissue solubilizer appear to be eluated at
molécular.weight values smaller than approximately 35,000.

As observed in the previous section, the average
°H/'*C ratios of the niacin deficient and the control groups
are higher than those of the food-restricted group. The
overall average *H/'*C ratios for breast muscle proteins in
this experiment (with SDS) and in the previous experiment
(with TCA) were 2.67 and 2.19, 3.12 and 3.0, and 1.12 and
1.15, for the control, niacin deficient and food-restricted
groups, respectively. The slight discrepancy may be attri-
buted to the fact that the data from the éurrent experiment

represents average values of the ratio and not weight




Figure 22.

Fractionation of Quail Breast Muscle
Proteins on Sephadex G-200 in the

Presence of SDS (Experiment 10).

Double-labelled proteins were prepared from
quail breast muscle as described in Experi-
mental procedures. Four milliliter saﬁples
containing approximately 100—200 mg of pro-
tein were applied to a Sephadex G-200 column
(2.5 x 70 cm). The radioactivity counting
of protein samples was outiined in Experi-
mental procedures. In the control group (A)
breast muscle proteins from simultaneously
injected quail were used. In the test groups
(B) breast muscle proteins of quail (with 6
day intervals between injections) from three

dietary treatments were used.

QO : NFD + 0.007% nicotinic acid (ad libitum)
V : NFD (ad libitum)
0 : NFD + 0.007% nicotinic acid (restricted)
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average values. The results, neVertheless, are in remark-
ably close agreement. Part of these differences, particu-
larly between the control and food-restricted groups, may
be attributed, as discussed previously, to recycling of
amino acids. The results from this study also indicate
thaf there is both a negative and positive correlation be-
tween the size of subunits and the relative rates of protein
turnover in all three treatment groups. In general, the
*H/'*C ratios tend to increase as the subunit size decreases
up to a molecular weight of slightly smaller than that of
ovalbumin (M.W. 45,000) after which the ratios tend to
decrease. The results of this experiment are somewhat dif-
ferent from those reported by Dehlinger and Schimke (1970).
They found that there was a positive correlation between
the size of a protein molecule, or more specifically the
subunits of soiuble proteins, of rat liver and their rela-
tive rates of degradation. This difference may be aftri—
buted to a difference in species, tissues, or age of animal.
It should be em@hasized, however, that molecular size is not
the sole determinant of degradation, since three soluble
proteins of rat liver, arginase (M.W. 118,000, 4 subunits)
(Hirsch and Greenberg, 1969), tyrosine aminotransferase
(M.W. 120,000, 3 subunits) (Valeriote et al., 1969), and
LDH isozyme 5 (M.W. 136,000, 4 subunits) (Castellino and
Barker, 1968), have half-lives of 4 days (Schimke, 1964),
1.5 hours (Kenney, 1967), and 16 days, respectively (Fritz

et al., 1969). 1In addition, Dice et al. (1978) more
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recently have reported that the relationship between'protein
size and degradative rate was absent améng liver and muscle
proteins from diabetic rats and that there was a reduced
correlation between protein size and degradative rate in
liver of the starved rats. These results would also sug-
gest that dietary treatments had a general overall effect on
most proteins rather than a specific effect on proteins of
a certain molecular size.

A third experiment compared the relative turnover
rates of proteins from the three groups that were separated
on the basis of their isoelectric points. Typical electro-
phoretograms are given +in Figure‘23. The bulk of breast
muscle proteins seemed td have pI between pH 5 and 8. All
samples appeared to contain similar amounts of most proteins
as evidenced by an examination of individual gels and the
correséonding OD scan of the gel (Figure 24). The amount
of background interference was the greatest in the food-
restricted group (Figure 24C), followed by the niacin deficient
group (Figure 24B) and the control ad libitum group . (Figure 24A).
This probably was attributed to a higher rate of denaturation
of the protein from the first two groups during the process of
electrophoresis. These pattetns.could be readily reproduced
and the denaturation that occurred during electrophoresis '
also took place when the extracts of the samples were allowed
to stand at either 0° or 20°C for several hours. These results
would suggest that overall the proteins from the control ad

libitum fed quail were more stable than those from the




Figure 23. Electrophoretograms of Breast Muscle
Proteins from Three Dietary Treatments
after Isoelectric Focusing in Polyacr-

ylamide Gel (Experiment 10).

Approximately 10 mg of proteins were loaded
onto each gel. See Experimental Procedures
for further detail. Gel A, B, and C were
from control, niacin deficient and food =

restricted groups, respectively.
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Figure 24.

Optical Scan of Destained Gels of Breast
Muscle Proteins Separated by Isoelectric
Focusing in Polyacrylamide Gel (Experi-

ment 10).

Approximately 10 mg of proteins were loaded
onto each gel. See Experimental Procedures

for further detail.

A : Control ad libitum group
B : Niacin deficient group

C : Food-restricted group
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other two groups.

There also appeared to be a slightly different pro-
tein profile for the three groups with the niacin deficient
group being different from the control and food-restricted
groups. Several additional protein bands were observed be-
tween major protein bands 4 and 5, 5 and 6, and 8 and 9 in
the niacin deficient group but were not present in the other
two groups. These results would suggest that either there
was a differential synthesis of certain proteins in the
niacin deficient group or that protein bands 4, 5, and 8 of
the other two groups may have dissociated into multiple
bands‘in the niacin group due to denaturatién. In addition,
in the acidic fraction of the gel the proteinbands 10, 12,
13 and 14 of the niacin deficient group consisted of a num-
ber of minor peaks. This may indicate a more pronounced
lability of acidic proteins in the niacin deficient group.
There did not appear to be any difference in the amount and
location of individual proteins between the othef,two
groups.

The changes in the *H/!'"C ratios for breast muscle
proteins separated by isoelectric focusing in polyacrylamide
gels are illustrated in Figure 25. The correlation coeffi-
cient for the relationships between pI and °H/!"C ratios in
the control simultaneously injected quail (Figure 25A) was
r=-0.29 (p>0.05). These results would suggest that under
identical conditions the two isotopes would be incorporated

into proteins in a similar manner.




Figure 25.

Relative Degradative Rates of Breast Muscle
Proteins Separated by Isoelectric Focusing

in Polyacrylamide Gel (Experiment 10).

Approximately 10 mg of proteins were loaded
onto each gel. See Experimental Procedures
for further detail. In the control group(A)
breast muscle proteins from simultaneously
injected quail were used. In the test groups
(B) breast muscle proteins of quail (with 6
day intervals between injections) from three

dietary treatments were used.
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Figﬁre 25B shows the comparative labeling patterns
of the soluble proteins.from breast muscle of the three
groups following isoelectric focusing in polyacrylamide
gels. The results would indicate that in all three treat-
ment samples the acidic proteins tend to have higher ‘uythc
ratios and, therefore, a higher rate of protein turnover
than the neutral or basic proteins. The correlation coef-
ficients and levels of statistical significance for the
relationship between pI and °H/'"C ratios are as follows:
control group, r=-0.633, p <0.01; niacin deficient group,
r=-0.64, p<0.01; food-restricted group, r=-0.77, p<0.01.
Although the ratios of °H/'*C differ between the control and
food-restricted quail the overall patterns afe similar and
almost superimposable. Part of the difference in °*H/'*C
ratios between these two groups may be attributed to the
recycling effect of amino acids. These effects were dis-
cussed previously but would suggest that the most valid com-
parison would be between the niacin deficient and the food-
restricted groups. The niacin deficient group in contrast
to the food-restricted group has a different pattern parti-
cularly with regard to the ’H/'*C ratio of proteins having
a pI value of 2 and also those proteins having pI values
lbétween 5 and 7. The results would suggest that the degra-
dative rates of these proteins may be greater in the niacin
deficient quail as compared to quail in the other two groups.

Dice and Goldberg (1975b) reported that in normal rat

liver, skeletal muscle, kidney, and brain, more rapid rates
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of catabolism were found for acidic proteins than for neu-

tral or basic ones and that there was a significant correla-

tion between relative turnover rates and pI (p <0.0l1l). 1In
relation to theée findings, Duncan and Bond (1977) reported
that acidic proteins from liver cytosol have larger sub-
units than do basic ones and would then have higher turnover
rates. The biochemical mechanisms of the rapid degradation
of acidic proteins is not fully understood yet. It is not
even clear whether the protein net charge itself is the
crucial physical parameter in influencing degradative fates,
or whether a related property such as charge density may be
the important factor (Momamy et al., 1976). | |

However, several possible explanations were put for-
ward.

1) Acidic proteins may be especially susceptible to proteo-
lytic attack Qﬁly under specific conditions.

2) The cellular proteases actually responsible for intra-
cellular protein degradation may preferentially hydro-
'lyze the acidic proteins.

3) Acidic proteins might preferentially accumulate in re-
gions of the cell where degradative enzymes are local-
ized.

Thus acidic proteins may be taken up by lysosomes more

rapidly or may bina to lysosomal membranes more readily

(Dean, 1975) than neutral or basic proteins. Recent observa-

tions by Dice et al. (1978) indicate that the tendency of

acidic proteins to turn over more rapidly is decreased or
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abolished in liver and mﬁscle of starved or diabetic animals.
Thus the features of the degradative process that are respon-
sible for the correlation between net charge and half-life
must be masked or altered during the enhanced protein degra-
dation seen in diabetes and starvation.

In the current study the general overall pattern for the
control quail is in agreement with the observations of Dice
et al. (1978) and Dice and Goldberg (1975b). Comparative
analyses for the niacin deficient quail are not available in
the literature but results from the current study would sug-
gest that the general pattern may be modified in the niacin
deficient quail.

In conclusion, the results of the current study would
suggest that turnover rates of proteins in various tissueé
among the various dietary treatments are probably different
vand may be chiefly attributable to an altered rate of degra-
dation rather than synthesis. In general, protein turnover
rates in breast muscle tissue of the niacin deficient quail
are particularly affected while the effect on other tissues
is probably minimal. As shown in other studies the accurate
measurement of protein turnover rates in non-steady condi-
tions may be hampered by amino acid recycling. The effect
of niacin deficiency on profein turnover appears to not only
enhance degradatiﬁe rates of proteins in general but also
even greater degradative ratés.of certain specific enzymes
or proteins which have an acidic pI. Isoelectric focusing

for pl determination seems to provide a more effective and
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meaningful method of resolving proteins than the molecular

sieving technique.
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CONCLUSIONS

Studies on the in vitro stability of pyridine nucleo-
tides would demonstrate that under the conditions tested
there is a very slow but progressive decline in pyridine
nucleotide concentration. Factors that affect this would
include the time after freezing, duration of the homogeniza-
tion period and the amount of reducing reagents in the ex-
tracting media.

The results also demonstrate that if is difficult, if
not impossible, to induce niacin deficiency in mature quail
even when the synthesis of niacin by microorganisms is
depressed by the administration of sulfaguanidine or when
the metabolism of niacin is disturbed by the addition of 6-
aminonicotinamide or a high amount of leucine to the diet.
The results obtained with immature quail indicated that it
is possible to induce niacin deficiency symptoms in these
animals. The severity of the symptoms also appears to be
age related.being most severe in the very young bird.

Under conditions of severe niacin deficiency, there
was a markéd reduction in the level of NAD and NADPH in the
breast muscle of immature quail. Pyridine nucleotide levels
in other tissues such as liver, brain, and heart, however,
were not influenced by niacin defieciency. These findings
would suggest that NAD(H) or NADP (H) may be transported
from the breast muscle tissue to other more essential organs

under conditions of niacin deficiency. There was, however,
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no apparently close association between the niacin status
of guail and the corresponding activity levels of metaboli-
cally related dehydrogenases. 1In general, the breast muscle
dehydrogenase activity levels of the niacin deficient birds
were similar to those of the food-restricted birds whereas
this relationship was not always observed with the liver
enzymes.

Studies 6n the effects of dietary nicotinic acid or
tryptophan le&els and feeding pattern on the fate of 7-!"C-
nicotinic acid in different tissues demonstrate that there
was a significant threeway interaction among diets, tissues,
and time in the metabolism of radiocactive products follow-
ing the injection of isotope. It was shown that the turn-
over rates of radioactive niacin metébolites in all tissues
(particularly breast muscle) of the niacin deficient quail
were extremely low as compared to other dietary treatments
and that the rate of turnover varied among tissues. Chroma-
tographic separation of the radioactive products demonstra-
ted that most of the rédioactivity was associated with nico-
tinamide, NAD, and NADP in liver and NAD and nicotinamide in
breast muscle regardless of the level of niacin in the diet.

Thermal stability studies of enzymes in vitro showed
that glyceraldehyde—3—ph05phate dehydrogenase from breast
muscle tissue of niacin deficient birds had the greatest
sensitivity to heat inactivation relative to other dehydro-
genases or non-dehydrogenases. It may be hypothesized that

the low level of NAD in the breast muscle tissue of the
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niacin deficient bird may have been directly responsible
for the decreased enzyme stability or its deficiency may
have indirectly caused the accumulation of certain tissue
metabolites or proteases which in turn had a destabilizing
effect on the enzyme. Taylor et al. (1948) reported that
muscle glyceraldehyde-3-phosphate dehydrogenase cannot be
crystallized without NAD and becomes very labile when the
bound NAD is released. Deal (1969) indicated that NAD is
essential in the "folding control" of translation of glycer-
aldehyde-3-phosphate dehydrogenase. It appears that NAD is
necessary not only for the appearance of enzyme activation
but also for stabilization of the conformation of glycer-
aldehyde-3-phosphate dehydrogenase molecule.

Studies of niacin deficiency on general protein turn-
over suggest that turnover rates of proteins in various tis-
sues may be attributable to an altered rate of degradation
rather than synthesis. In general, protein turnover rates
in breast muscle and presumably other skeletal muscle tis-
sues of the niacin deficient bird are markedly enhanced
while the effect on other tissues is probably minimal. Iso-
electric focusing in polyacrylamide gel showed that the
breast muscle proteins from the niacin deficient group, in
general, appeared to be more labile than those from the cbn—
trol and food-restricted groups. In all treatment samples
the acidic proteins tended to have higher *H/'“C ratios and,
therefore, a higher rate of protein turnover than the neutral

or basic proteins. The niacin deficient quail in contrast
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to the food-restricted group had a different pattern parti-
cularly with regard to the *H/!“C ratio of proteins having a
pI value of 2 and also those proteins having pI values be-
tween 5 and 7. The results would suggest that the degrada-
tive rates of these acidic proteins may be greater in the
niacin deficient quail as compared to quail in the other two
groups. |

The intricate nature of the effect of niacin deficiency
would suggest that the primary consequences of these effects
on overall metabolism should be further examined in various
aspects. By what mechanism does the niacin deficient animal
undergo muscle atrophy and how does it induce symptoms such
as blindness? The search for answers to such questions has
to be explored in future research. The most important ques-
tion regarding the effect of niacin deficiency in animal lies
in establishing the specific manner that niacin deficiency
affects the overall metabolism. Therefore, the following
areas of research are suggested for future investigation.

To this end, most of this study should be carried out with
muscle tissue as it appears to belthe tissue that is mainly

affected by niacin deficiency.

(1) Determination of the Level of RNA, DNA, and Poly (ADP-

ribose) and NADase Activity

It has been suggested that the physiological role of
NADase is to regulate the rate of certain metabolic proces—

ses through control of the levels of required oxidized nico-
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tinamide coenzymes (Kaplan, 1966). The observation that
diphtheria toxin catalyzes the NAD-dependent ADP ribosylation
of elongation factor II (Honjo et al., 1971), thus inhibiting
protein synthesis, and that A protomer of choleragen (Moss

et al., 1976) has marked NADase activity provides support for
additional regulatory roles for these enzymes. The effect of
poly (ADP-ribose) formed from NAﬁ by poly (ADP-ribose) synthe-
tase on DNA synthesis is not well established yet. However,
Roberts et al. (1973) reported that the effect of poly (ADP)
ribosylationvon DNA synthesis is apparently dependent on fhe
type of cells involved. Indirect evidence nevertheless sug-
gested that poiy (ADP-ribose) in some manner regulates DNA
synthesis, DNA repair, RNA metabolism, cell division or dif-
ferentiation (Hilz and Stone, 1976). Poly (ADP-ribose) syn-
thetase may be important in vivo in the control of the tissue
concentration of the nicotinamide nucleotide (Nishizuka et al,,
1971). It was once thought that poly (ADP-ribose) might be

a reservoir of NAD, but the reverse reaction, which should
yield NAD from poly (ADP—ribose) and nicotinamide, has not
been observed (Nishizuka et al., 1967). It is still possible
that nicotinic acid can push the reverse reaction to produce
deamido-NAD from poly (ADP-ribose). Deamido-NAD could not be
a substrate for polymerization so that it éould be reutilized
to form NAD if the reverse reaction with nicotinic acid was
possible (Haines et al., 1969). It has been proposed that
poly (ADP-ribose) is in dynamic equilibrium with NAD pathways

(Rechsteiner et al., 1976), but a precursor-product type
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study, connecting NAD turnover to poly (ADP-ribose) has not
been carried out in intact animals. Therefore, it is of
interest to establish the relationship between the level of
poly (ADP-ribose) and NAD turnover as well as the effect of
"poly (ADP-ribose) on RNA and DNA metabolism in relation to

protein turnover rates in the niacin deficient animals.

(2) Determination of Leucine

The metabolism of leucine in muscle is of sbecial
interest since this branched chain amino acid, and no other
one, may play a pivotal role in regulation of protein turn-
over in skeletal muscle (Buse and Reid, 1975). They repor-
ted that leucine inhibits protein degradation and promotes
protein synthesis in rat skeletal muscle. Therefore, they
proposed that the protein turnover in muscle may be regu-
lated by the concentration of leucine in this tissue which
may be varied under various nutritional and hormonal condi-
tions. 1In accord with this view, Atwell et al. (1977),
have shown that leucine increases polysome formation and
reduces the number of free ribosomes in muscle. It is pre-
sently unknown whether the critical factor regulating pro-
tein turnover is leucine itself, some product of leucine
degradation, or some other metabolite such as leucyl-tRNA.
Since the lével of charged t-RNA is known to regulate pro-
tein breakdown in bacteria, Goldberg and Chang (1978) postu-~
lated that the concentration of leucyl-tRNA may affect

protein degradation in muscle tissue which rapidly cata-
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bolizes this branched chain amino acid.

(3) Determination of Polysomal Profiles

In livers of fasted rats, Henshaw et al. (1971) found
not only a decreased ribosome content but also a lower poly-
some activity and a lower proportion of ribosomes in poly-
somes. Also Stirewalt et al. (1968) showed that there was
a marked disaggregation of polysomes in skeletal muscle of
the fasting rat. It should be examined whether the changes
ip polysomal profiles in skeletal muscle in response to
severe niacin deficiency is similar to that which occurs
during fasting or may be due to alterations in the synthesis
_ of.mRNA, which might influence the state of the polysomal

aggregates,

(4) Determination of Tryptophan

Tryptophan is a precursor of NAD (Chaykin, 1967),
inhibits gluconeogenesis‘(Veneziale et al., 1967), increases
fatty acid synthesis (Sakurai et gl:, 1973), and polysomal
aggregation (Wunner et al., 1966). Murty et al. (1976) sug-
gested that tryptophan may act to stimulate the transfer of
poly A-containing mRNA from nucleus to cytoplasm and thus
may probably play an important role at the post-transcrip-
tional step in regulating the level of cytoplasmic mRNA in

the liver.
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(5) In Vitro Polypeptide Synthesis

The method of Loeb (1970) which was originally deve-
loped by Nirenberg (1961) can be used to study the effect of
excess poly U on the rate of '*C-phenylalanine incorporation

into TCA-insoluble precipitates by liver microsomes from

niacin fed and niacin deficient quail.

(6) Determination of the Level of NAD-specific Group

Proteases
The activity of these enzymes has been known to be
increased in niacin deficiency which may inactivate the apo-
form of dehydrogenases (Katunuma et al., 1971). Further
research should be carried out to establish if specific prb;
teases are involved in the degradation of dehydrogenases
and the role of pyridine nucleotides as inhibitors of these

proteins.

(7) The Synthesis and Degradation of Glyceraldehyde-3-

Phosphate Dehydrogenase In Vivo

The relative turnover rates for general and specific
proteins can be measured by a double-isotope technique
(Arias et al., 1969) and the degradation rate in vivo of
enzyme can be determined by means of single pulse labeling
with NaH!'®CO; (Millward, 1970) or other label and by follow-
ing the disappearance of '*C from the enzyme protein. The
labeled glyceraldehyde-3-phosphate dehydrogenase can be iso-

lated using general 1ligand affinity chromatography (Bachman
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and Lee, 1976) or immunoprecipitation in a manner similar

to that employed by Schimke et al. (1965) with other enzymes.

(8) Establish Comparative Stabilities of Dehydrogenases and

Related Enzymes in the Presence of Varying Concentra-

tions of Pyridine Nucleotides

Studies such as these should provide additional
valuable information on the influence of niacin deficiency
on enzyme stability which may, in turn, be related to pro-

tein turnover rates.

(9) Establish Rate Limiting Reaction in the Muscle Tissue

Assay of metabolite levels in the control and niacin
deficient quail would assist in identifying crossover points

or points at which metabolic blockages occur.

(10) Characterization of Certain Protein Bands Isolated

from pI Study, Particularly Those That Appear to be

Affected by Niacin Deficiency

(11) Development of Methods for Reducing or Minimizing

Amino Acid Recycling Without Increasing the Levels of

Amino Acids or Proteins in the Diet

Amino acid recycling is particularly serious when nor-
mal physiological conditions are perturbed by a drastic stress
such as starvation or vitamin deficiency. A variety of

experimental approaches have been used to minimize the re-
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cycling of radioactive residues. In this context, the
proper choice of radioactive precursors which reduce the
extent of recycling is highly desirable since the physiolo-
gical function or metabolic rate of different amino acids
may be different in different tissues. The use of !“C-
carbonate as a precursor was considered to minimize the re-
cycling of label (Millward, 1970). In addition to arginine,
theII”C from carbonate also appear in the carboxyl groups of
glutamate and aspartate. The radioactivity of these two
amino acids declines rapidly because of decarboxylation that
occurs during glutamate and aspartate interconversion in the
TCA cycle. The H'*CO; produced in this way is diluted by a
large and freely diffusible pool of intracellular bicarbon-
ate; consequently, the chances of reutilizaﬁion of '*co,
released by amino acid degradation should be greatly reduced.
Procedures in which the probability of recycling of thé
radioactive product of protein degradation is lowest are
those in which the tracer is incorporated into the protein
molecule after its translation. If the product of post-
translational modification is a single aminb acid (i.e., if
the tracer is not metabolized),Athere is no tracer reutili-
zation. The best examples of such cases are hydroxylation
of proline in protocollagen (Lindstedt and Prockop, 1961)
and methylation of histidine in myosin and actin (Funabiki
et al., 1976). Since 3-methylhistidine is quantitatively
excreted (Young»gg al., 1972), one can follow the turnover

of muscle proteins by measuring the radioactivity excreted
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(Nishizawa et al., 1977). An advantage of this method is
that it can be applied to the study of muscle turnover in
humans as well as in experimental animals. A disadvantage
of this method is that the relative concentration of this
amino acid in muscle proteins is very low (Huszar and
Elzinger, 1971).

A study of the above suggested proposals could per-
haps explain the mode by which niacin deficiencyvaffects

animal performance.
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