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PART I. DTURNAL VAR,TATION IN TTÍE LEVELS OF GLUCOSE
AND N,ELATED SUBSTANCES TN HEALTHY AND
DIABETIC SUBJECTS DURTNG STARVATION

TNTR,ODUCTTCIN

Whereas ín healthy subjects the blood glucose LeveL re-

mains practically constant durhg short perlods of fasting, jn

untreated dtabetic subjects 1t usually decJ.ines. In order to de*

termíne whether more prolonged fastíng i/oul-d cause their blood

glucose level to stabiltze, two diabetÍc patients ï/ere folLowed

durlng a forty-efght hour fast. Then it was observed that on the

second morning the blood glucose Levels had risen above those of

the prevf ous afternoon, and that they agaín felI throughout the

1

second day, Since a dfurnal cycle of the blood glucose leve1 1n

diabetíc subJects does not seem to be cornmonþ recognízed, thls

matter seemed worthy of further study.

An overntght rise ín blood glucose levels during fasting

1
There is still a controversy regarding the use of the terms

"diurnal" and ttcircadlan" ín descrlbing 24-hour perlodicíty (1).

DlurnaL wfLl be employed rather than circadian ln thls regard.

It w111 not be used in the more restricted sense of describíng

t tday-tlm e" oc currence s.
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ln diabetic subjects was flrst observed by Hatlehol 1n L924 (2\.

Later Möllerström suggested the use of thís perlodlcÍty in the

management of dlabetes by timlng lnsuLln therapy to precede the

peak ln urfne glucose excretlon (3*6). In 1949 \zzo commented

on the general lack of awareness of the dlurnal rhythm in the

blood glucose level in dlabetes. (?). He studled maturity-onset

diabetíc subjects durlng regularly spaced glucose feedíngs and

found that the pre-feedlng blood glucose Levels showed a defÍnite

dlurnal pattern witl. maximum Levels 1n the mornlng. In spite

of these various studles, and the recent interest 1n the general

field of diurnal biorhytfrms (B*13), the endogenous perlodlcíty of

carbohydrate metabolism 1s still not dlscussed in standard man-

uals of dlabetic management.

The alm of the present study was to obtain more com*

plete data on the extent and timing of the dlurnal varlatlon 1n

the blood gLucose leveL in healthy and diabetlc subjects during

fastlng, and to reLate thls variation to that of other metabolltes

and hormones.
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'súþ¡¡cts' eÑp MEt'IroDs

Flve healthy and five untreated maturlty*onset diabetlc

subjects were studted. The pþslcal characterfstics of these

subjects are outlJned 1n Table 1. The heaLthy subjects were

three men and two women ranglng in age from 51 to 63 years.

ûre of these subjects 'was overweight. The dlabetlc subjects

were trro men and three women rangÍng ln age from 47 to 7t

years. Three of these subjects were overweight. In all sub-

jects a hemogram, urinalysis, bLood urea nitrogen level, and

Liver profiLe were wit]rin normal l1mits. All the healthy sub-

jects had a normal oraL glucose tolerânce test (14)"

The dlabetic subjects had been taklng tolbutamide or

chLorpropamide b'efore the study. Two subjects, S. J" and C" K. '
had been on lnsulin therapy withln the preceding year. Tolbu-

tamlde was dlscontinued for at Least two dayS, and chLorpropa*

mide for at least two weeks prior to admlssion to the metabolic

ward" At the time of admlssion, the fastlng blood glucose leveJ.s

in ttre various subjects ranged from 168 to 260 mgl100 mL"

During the study the subjects were confined to the meta*

boLic ward" For three days prlor to the starvatlon period they

were glven a standard diet containing maintenance calorles, of
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whích 15 percent were derived from protein and 45 percent from

carbohydrate. Then, after a 14-hour overnight fast, the three-

day starvation study commenced. Only water, black tea or coffee

.were given during this time. Thirty mL of venous blood were

taken at B a,m. onthe first day, and eyery fourhours thereafter.

Four-hour voided urlne specimens were also collected to coln-

cide with the blood samples. The blood sampLes for glucose

analysls were stored overnight at, 4oc. The serum, plasma and

urfne samples were stored at -4oC for later analysls.

Levels of blood and urine glucose, serum and urine fn-

organlc phosphate, and uríne urea nitrogen were measured by

means of a Technlcon Autoanalyzer. Plasma cortisoL levels

were measured by the method of Murphy and Pattee (15).

Serum lnsulln Levels were measured by the radiolmmunoassay

of Morgan and Lazarow (16), and the resuLts expressed as þork

lnsulin equivalents" Serum free fatty acld Levels were measured

by the method of Dol-e (1?), serum and urÍne ketone levels

were rneasured by the method of Nadeau, which detects aceto-

acetate plus acetone (tg). Serum trlglyceride levels were

measured by the method of van HandeL and' ZíIversmlt (19).

Urine urea nltrogen excretlon was used as an index of
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proteln catabolism. when compared on the urine sampLes

from one subject, lts ratlo to the total nitrogen excretÍon as

measured by the micro-Kjetr-dahl method (20), decllned from

0. 86 t S. D" 0. 05 on the first day to 0- 71 + S. D. 0.04 on the

third day (21).

Serum lnsul1n LeveLs in subjects S. J. and C. K. , who

had been on recent ínsultn therapy, were greatly elevated

apparently due to ínterference with the immunoassay by lnsu*

lin antlbodies Ín the subjectsr sera (221' and are not presented.



6

RESULTS

AlL the measurements on the four-hour b100d and urlne

sampLes from the indívidual heaJ.thy and dlabetic subjects dur-

1ng the three-day starvatlon perf od are presented ín Tabl"es 2

and 3, The Levels of each moiety were examlned for day to day

changes and for withln day changes by analysÍs of varlance (23).

ProbabfLíty values for those changes whtch are statístlcaLly

signffícant at the 5 percent leveL are presented ln Table 4.

Day to day variation was assessed by compartng Day L

levels with the mean of Day 2 and Day 3 levels, and Day 2

levels wfth Day 3 levels. The resul-ts of thís analysis appear

on the left side of Table 4" Wlthin day variation was assessed

by analyzíng the combined data from the three days for signifi-

cant quadratic and Linear components. The resuLts of thls

analysis are on the rlght sfde of Table 4. A quadratlc compon-

ent is one with a singLe centre of curvature, and therefore its

presence w1thln Z|-hour períods indicates a diurnal cycle" A

llnear component usually resuLted from a steady ríse or faLl

throughout the 72-hour period, but 1n this case ít was accompan-

led by slgnlficant dayto day varlation, and does not indicate a

díurnal cycLe. In the absence of day to day variation, a
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signifi.cant llnear component does indicate a diurnal cycle. Thls

occurred only in the case of urea nltrogen excretion in the dla-

betic subjects.

Ìrdlvtdual and mean b].ood glucose leveLs from the healthy

subjects and diabetic subjects are presented in Figu 
"u 

12 . In the

healtlry subjects ttre mean bLood glucose level decllned durlng the

flrst day from 87 to 64mg|100 ml and then remalned stable. No

significant diurnal cycle was present. In the dlabetlc subjects

the mean bl,ood glucose level feLl tþroughout tl-e three-day per-

lod from L91 to 115 mg/100 mL. In three of tkrese subjects the

blood glucose leveLs were wlthln or near the normal "fasting"

range by tJre afternoon of the second day. Also in th-e diabetlc

group, a slgnlficant dlurnaL cycle was superlmposed on this

genera| declfne in the blood glucose Leve1, wtth peak levels

occurrfng near B a. m" This cycLe was best observed in the sub-

ject wltl- the h-ighest initiaL bLood glucose level. In aLl subjects

the ampLitude of the cycle dlmfnlshed durfng successive days as

the blood gLucose level fell. ThÍs correlatlon betu/een amplltude

2 Thu probabllity values for the day to day changes and the withln

day changeñ ín all the figures are presented in Tab1e 4, and are

therefore omitted from the text.
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and ].evel (r = 0. 85, p .< 0' 01) has prevlously been descrlbed for

other dturnal biorhythm s (24, Zs\.

Thls ampLltude-1eve1 relatlonship Led Sollberger (20) to

describe methods for the conversion of diurnaL biorhyth-m data

lnto relative values, ín order to make cycles occumlng at

different LeveLs more comparabLe. The relative value 1s the

ratio of tkre absolute level to the base*Line leveI. The blood

glucose data 1n the present study were converted to reLative

values, the base*[ne being derlved by the method of movfng

means (20). The average relative values for the healthy and the

diabetic subjects are sho'wn in Flgul"e 2. They demonstrate more

cLearLy the dlrrrnal cycLe in the dtabetlc subjects, and the random

varlation ln the healthy subjects, than do the absolute values

p1-otted ln Figure 1.

glucose was present 1n the urine of the healthy sub-

jects" OnIy two of the diabetic subjects had glycosuria, whfch

was mlnlmal and lntermittent. The values were not suitabLe

for statlstical analysls"

Mean plasma cortisol l-eveLs from the healthy and the dia*

betic subjects are presented ln F1þure 3. In the healthy subjects,

the mean lnltlaL cortlsoL level was 1O yll100 mL. In the dtabetic
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subjects, the mean initial Level was 20 PglL00 ml, whlch is

significantly higher than that of the heaLthy subjects (t = 2.64,

p{ 0.05). The mean plasma cortlsol levels rose durlng star-

vation in both groups, but remalned signlficantly hfgher in the

diabetíc group throughout the three*day period. (lsign test for

differences between means, p( 0. 001). The degree of rise

was not dlfferent in the two groups (t = 0.L4, p >0. B). By

the morníng of the fourth day the mean leveLs were 19 Fg/100

ml in the heaLthy subjects and 30 pg/100 ml 1n the dlabetlc sub-

jects. Superimposed on the general rlse ln mean plasma

cortisol Levels there was in both groups a marked diurnal cycle,

with peak l-evels at B a.m.

Serum lnsulin Levels fn the healthy subjects, and 1n the

dlabetfc subjects who had not recelved lnsulln wfthin the pre-

víous year, are shown in Ftgu re 4. These 1eveLs, especially |n

the healthy group, fLuctuated widely in an apparentljr random

manner. There were no slgnificant day to day changes or with*

ln day changes 1n either group. The serum insulín levels ï/ere

within much the same range in aLl the subjects, with the excep*

tion of those ln the non-diabetic subject K, Y. , whlch were

d.istinctly higher. This 'was presumably related to her obesity(21.
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Mean serum and urfne lnorganic phosphate levels, and

urine urea nitrogen levels, are presented ín Flgure 5. In both

the healthy and the diabetíc subjects the serum and uríne phos*

phate Levels were hlgher durlng the second and third days than

during the first day. fn the healthy subjects slgnlficant dlurnal

cycles 'were not present. In the dlabetic subjects diurnaL cycles

'were present 1n both the serum and urfne leveLs. The peak

serum phosphate levels occurred near 4 a.rn The urlne Phos-

phate levels varfed reciprocaLly with the serum levels. The

urea nftrogen excretlon showed no slgniflcant day to day varla*

tion ín elther the heaLthy or the diabetlc subjects" A sfgnifícant

dlurnal cycLe was not present in the healthy subjects, but was

present 1n the diabetic subjects, wlth hlgher values during the

day*time period"

IndírrtduaL and mean serum free fatty acid Levels are

presented in Figure 6. In the heal.thy subjects the mean 1evel

rose durlng the study from 0. ? to 1.8 mEqf L, and in the díabetic

subjects from 1. 0 to 1. ? mEq/l" The fnitial level ln the dÍa-

betic subjects was hígher (t = 2.30, P = 0.05), whereas the

mean rfse was lower (t = Z" 55, p{0" 05), than in the healthy

subjects. A dlurnal cycLe was not present ln elther group. It
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may be noted that there was lfttIe, if any, rlse 1n the serum

free fatty acid leve1s in the overwelght dlabetic subjects S" J.

and C. K. durlng starvation, and that the rlse in the overweight

non-dlabetlc subject K. Y" was also somev¡hat less than that of

the other members of her group.

IndivíduaL and mean serum ketone LeveLs are presented

ín Flgure 7. In the healthy subjects the mean leveL rose from

0.9 to 7.4mg|100 mL, and 1n the dÍabetíc subjects from 0.9 to

13.2 rngl100 ml" The lnftial leveLs were the same in the two

groups, and the íncrements were not significantly different

(t = 1. 54, pÞ 0. 1). However, withfn the diabetic group the

response to starvatlon in the two slender men was distlnctly

greater than in the three overweight women. A slgníflcant diur-

naL cycle fn the serum ketone levels was not present in either

group. This may be because of tJ e very 1ow leveLs near the

begínning of the study. Inspection of the data from the third

day in the dlabetic subjects suggests that a cycle was beglnning

to emerge.

Mean urine ketone excretlon ls presented in F lgure B.

The mean excretion rose duríng the starvatlon perlod in both

the healthy and the diabetic subjects" A signiflcant díurnal
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cycle was not present Ín the heaLthy subjects. A well marked

dlurnaL cycle was present in the dtabetlc subjects, wíth peak

values between 4 and B a.m.

Mean serum trlglycerfde levels are presented ín FÍgure

9. In the healthy subjects the mean level- feI1 slgnificantly

from t27 to94mgl100 mL by the evening of the second day, but

rose to near lts inltial value on the third day. A diurnal cycle

was not present. In the diabetic subjects the mean Level fell

duríng the three-day period from an inítial value of L51 mg/100

mI, whlch is not significantly dlfferent from that of the healthy

subjects (t = 1. 12, pÞ 0.2), to a fÍnaL value of.7t4 mg/100 ml"

A signifícant dlurnal cycLe was present, with maxlmal levels

between 4 and B a. m.

A summary of the findings during the three-day starva*

tion period ín the healthy and the diabetic subjects is presented

in Table 5.
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DTSCUSSTON

A diurnal cycle was superímposed upon the overall

decline Ín the blood glucose Level ín untreated maturlty-onset

dlabetfc subjects duríng three days of starvatlon The peak

bLood glucose levels occurred near B a. m. The arnplÍtude of

the cycLe was proportional to the bLood glucose level. These

fíndlngs confirm and extend previous observations by Hatlehol

(2) and Hopmann (Zg) in fastlng subjects, and by MöllerstrÓm

(3-6) andlzzo (?) Ín fed subjects. The dlurnal cycLe does not

appear to be reLated to food or activity, for Ít persists not onþ

during total starvatfon, but also durfng alteratíons 1n the feed*

lng pattern (7), and complete bed rest (2).

The presence of a dlurnal cycle of the blood glucose

level 1n heaLth has been controversia] (11). It was not demon*

strated ín the present study" The fallure to do so may reflect

the observed correLation between amplitude and level. The

amplitude of the cycle at normoglycemlc leveLs is probably so

smaLl that lt is not statistícaLly detectable in small groups by

the present methods.

The diurnal cycLe of the blood glucose 1evel ln the dlabetÍc

subjects 1n the present study is 1n phase wfth an hepatlc gLyco*
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gen cycle which has been observed in several specles (25, 29).

Thts glycogen cycle perslsts duríng starvation, and 1s altered

by líght-dark reversal (25). An attempt to demonstrate an

hepatlc glycogen cycle 1n man by means of liver bÍopsles (30)

was lnconclusive. Studies of human Iíver temperature silggest

that such a cycle 1s present (31). The minlmal temperature in

the earLy morníng may reflect the endothermíc reactions of he-

patlc glycogen storage"

Urlne nltrogen excretíon ín rabblts paralle1s thelr

hepatic glycogen content (29). Slmllarly, the urea nitrogen

excretion 1n the present dlabetic subjects paralleLed thelr blood

glucose leveL. It seems unLlkely that thfs urea nítrogen cycle

was related to dlurnal changes 1n renaL functlon, for not only

iüas it out of phase wtth glomerular flltration (t), Out also it

did not occur ín the healthy subjects. Therefore the relation*

ships between the blood glucose, hepatlc glycogen, and urine

nltrogen cycles 1n the varlous specles suggest that the peak in

the blood glucose cycle in the present diabetlc subjects was

related to enhanced hepatfc gluconeogenesis ln the early molîn*

lng.

Alterattons in perlpheral glucose utillzat'lon may also
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have been a factor 1n produclng the bl-ood glucose cycle ín the

diabetic subjects. This ts suggested by the coíncldence of the

peaks ln thelr serum phosphate and blood glucose levels, al-

though lt should be noted that phosphate excretion was mlnlmaL

at these tlmes. whíle a cycle 1n the serum free fatty acld

levels would have been expected to accornpany changing perl-

pheraL glucose utlllzatlon, its absence could have been due to

such factors as the large dlfferences in Levels among indi*

vlduaLs, the labllity of the serum free fatty acíd level (32),

and the bufferlng effect of the tissue free fatty acid reservolr

(38). That there was in fact a diurnal cycle fn free fatty acid

release in the dtabetic subjects, 1n phase with that of the blood

glucose cycle, is suggested by the rhythmiclty of the urfne

ketone excretlon and the serum trlglycerlde leveLs in thfs

group. The peak ketone and trlglycerlde l-eveLs occurred be-

tween 4 and B a.m., suggestfng their enhanced hepatíc pro-

ductlon from free fatty acíds at this time. The presence of a

ketone cycle ln diabetes has previously been observed (6).

Thus, there ls evldence to suggest that tJle dlurnal-

cycLe in the blood glucose level 1n dlabetic subjects may be

due to rhythmic aLteratlons ín both hepatic glucose production
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and in perlpheral glucose ut1lízatlon. Although the cause of

these changes 1s unknown, Lt ls reasonable to speculate that

they may be reLated to the cycLe in the pLasma cortisoL LeveL

(S+¡. The dual- role of cortisoL ln stlmulatlng hepatic gluco-

neogenesis (35, 36), and fn ímpairtng peripheral glucose

uptake (SZ-99) is well established. The plasma cortisoL

rhythm persisted during starvation, confírrning previous

studles in mice (40). The blood glucose and plasma cortisol

cycles coinclded in time, wlth peak levels near B a.m. The

alteratlon of the llver glycogen cycLe 1n chlckens by f.ight-dark

reversal is consístent wtth the regulation of hepatic gþcogen

by pLasma cortisol under the cycLlc lnfluence of adrenocortico*

tropic hormone (34, 4I, 42'). Evidence from studies of the

Llver glycogen cycle in adrenalectomlzed animaLs has been

conflicting (8, 25). In order to further examíne the relation*

shfp between the blood glucose and the plasma cortisol

cycles in man, studíes could be carrled out ln diabetic sub*

jects to see whether the blood gLucose cycle is altered by

light*dark reversal. (43), and whether lt persists followlng

total bllndness (44L and adrenocortlcal lnsufflciency or

hyperfunctlon (34).



1.7

It is noteworthy that whlle the plasma cortisol cycle

tn the diabetic subjects was simllar to that of the healthy sub-

jects, the plasma cortisol level- ín the dÍabetic group $/as

hlgher throughout. Thfs confirms other recent reports of

elevated cortlcosterofd levels 1n both the blood and urfne in

diabetes (45-47\, These findings suggest that cortisoL pro-

duction is increased 1n dlabetes' The role played by

diminished detoxfficatlon of corttsoL ( B) is uncLear, for in

liver dlsease, where detoxiflcatíon is lmpaired, serum cor*

tlcosteroid Levels are not eLevated and urlne levels are low

(49). Elevatlon of the pLasma cortÍsol leveLs was not related

to obeslty in this study, and it has been shown prevlously

that despite increased cortlcosteroid excretion 1n obesity,

plasma l-evels are nonmaL or low (50, 51).

It seems f.ikely that the absence of a signlflcant dlurnaL

cycle ín glucose and related metaboLltes 1n the healthy sub-

jects was due to damptng of the glucose cycle by the secretlon

of lnsulin. In the dlabetic subjects, on the other hand, lt ís

probable that an íneffectual ínsuLin response aLlowed the cycLes

to become manifest" The fallure to demonstrate cycLíc fnsulln

levels ln the peripheral venous blood may have been due to
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trapping of endogenous portal venous lnsuHn by the Líver (52,

53).

In addftlon to diurnal rhythmÍcity, some other meta-

bollc aspects of starvatíon appear ln the present study. The

decline in the fasting blood glucose Level was presumably

rel-ated to decreased hepatíc glycogen reserves. Its extent

1n the diabetlc subjects seems noteworthy, and recaLls the

therapeutic use of períodíc fasts 1n the pre-lnsulin era (S+¡.

The absence of a change 1n the serum lnsulln level upon

carbohydrate wfthdrawaL, despite loweríng of the pancreatic

insulin content (55), confirms all but one (f 0) of prevlous

studles (57-59).

The serum and uríne phosphate Levels increased dur-

tng the three days of starvation, while the urine urea nitrogun

leveL did not change. The response of these levels in other

studies of short starvation perlods has been varlabLe (21, 57,

60), and probably reflects tJ.e preceding fntakè. 
"

The rlse in the serum cortisol level durÍng starva-

tlon confirms previous observatlons in man (60, 61-) and 1n

mice (40)" It may be due to impalred cortlsol detoxiffcatf on,

slnce urine corticosteroíd leveLs concomitantly dlminlsh (60).
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The lncreased serum cortisol Level may play an adaptíve role

1n starvation by enhancing gluconeogenesls. The finding that

the serum cortisol level is also eLevated ln díabetes brlngs to

mlnd the metaboLlc sfmiLaritles between diabetes and starvatlon.

The presence of an elevated serum free fatty acid leveL

fn dlabetfc subjects after an overntght fast ís weLl known (621.

Slfght eLevation of the fasting seruln total ketone leveL has aLso

been observed (63). The absence in the present study of el-e*

vated serum acetoacetate and acetone Levels 1s consistent with

the ob.servation that beta*hydroxybutyrate may be the most

Labtle of the serum ketone bodles (0¿): The response of the

serum free fatty acld and serum ketone LeveLs to starvatlon

was less 1n the overwelght subjects, particularly 1n those who

were diabetíc, than ín the slender subjects. Ït did not appear

to be related to sex (65). The fnfluence of obesity upon this

response has prevlously been reported in non*dlabetfc subjects

(66-68), but comparatlve studles in diabetic subjects appear to

be 1-acking. It seems Llkely to us that the lesser response 1n

obeslty ls not due to dtminlshed free fatty acld moblLizatíon'

as has prevíously been suggested (66-68I but rather to in*

creased utlllzalion to meet the greater calorlc demands of the
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obese state,

The serum trlglyceride Levels in the healthy subjects

showed a biphastc response, falLlng flrst, and then rlsfng to

near their lnitial level. This may refl.ect delay in converslon

to amino acids and glyceroL instead of glucose as a Source for

hepatic alpha-glycerol phosphate during starvation. In the dia-

betic subjects the inltiaLly elevated serum trlglycerfde leveL

steadlly fe1l during the starvatlon period, perhaps reflectlng

the subsldence of carbohydrate-lnduced hyperlipemia ln thls

group (69, ?0). Prevlous observatlons (?1-?3) on tJre response

of the serum triglyceride leveLs to starvatlon are inconcluslve.
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SUMIVIARY

A diurnal cycLe in the blood glucose Level was observed

ln flve maturíty-onset diabetlc subjects durlng three days of star-

vation. The peak blood glucose LeveLs occurred YLea;r B a"m.

The amplttude of the cycle $/as proportional to tJ:e blood glucose

level. A dfurnal cycle was not dem onstrated in five healthy

subjects.

The dlurnal cycle of the blood glucose Level ín the diabetlc

subjects correlated with similar cycles 1n urine urea nltrogen

excretion, the serum phosphate 1eve1-, urine ketone excretion,

the serum triglycertde l-evel, and the plasma cortisol level.

Only the plasma cortisoi cycle was observed ín the healthy sub*

jects. These cycLes 'were in phase wlth an hepatic glycogen

cycle whlch has previously been observed 1n several anlmal

specles. These relationships suggest that the blood glucose cycle

ln the dfabetlc subjects 1s due to rhythmic alteratlons ín both

hepatic glucose productlon and peripheral gl.ucose :utLlIzation,

probably resultlng from cyc1.1c changes 1n the pLasma cortlsoL

LeveL. The absence of these effects of cortisoL in heaLth couLd

be due to dampfng by the secretlon of endogenous ínsulln.

The initlal fasting pLasma cortisol Level was hlgher 1n
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the dtabetic than ín the healthy subjects. In both groups the

leveL rose duríng the starvatlon períod, but remained distlnctLy

higher fn the diabetic group throughout. The lncreased cortisol

level during starvatlon probabLy plays an adaptfve roLe by en*

hanclng gluconeogenesis, The ftndlng of an elevated serum

cortfsol leveL in the dfabetlc subjects ls consistent wfth the meta*

bollc simfLarítles between diabetes and starvatlon"
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TABLE 1

PHYSTCAL CHARACTERTSTICS OI' SUBJECTS

iroup Subject Sex Age Hetght
(Inches)

Wefght
(Pounds)

Weight
(Ío of. fdeal)

IEALTHY 1. F..J. M

2. S.S.G. M

3. E.P" M

4. E,L,

5. K. Y"

)IABETTC 1. S" W" lVI

M

F

F

F'

2. W. D.

S. J.

R. A.

63

59

57

51

60

53

71.

70

47

59

70 155

63

96

103

101

100

158

100

106

118

t49

774

64F

F'

L40

72 t73

131

64 208

62 131

67 161

60 137

65 202

60 206

3

4

5. C" K.



TABLE 2a * Bl-ood levels during tJ-e three-day starvation period in healthy subjects.

Day 1

48
Day 2

4B
Day 3

Sub* B L2
n

L2
mn"

oo

am"
t2
n.

L2

1l'Ì 11n

72
rt

72

mn.
4 4B 4B 48

arn.' árn.Moie ect airi.
BLood
Glu-
cose
(r.rel
100 mL)

" B0

Plasma F. J" 18
Corti* S" S"G. 13

so1 E. P" I
t"cl E. L" 6

1-oo ml) K Y" 10
Mean 10

80
B5
73
79
78

ot
65
75
75
B1

73

73
7L
69
76
77

70
76
75
B3

72

arlf 
"

65
74
69
83
70

o

15
2

13
15
11

13
46
22
4

130
43

57
69
61
77
64

60
7t
62
79
67

62
65
63
81
67

L7
20
3

6
o(J

11

22
52
6

2
136
44

61
71
Ã.o

B2
67

63
70
67
?9
67

63
65
66
75
66

57
70
68
73
65

11
oo

16
L7
23
15

6

64
L7
3

115
4L

51
75
67
67
64

5

52
73
69
72
68

5?
67
63
76
65

51

67
65
7L
63

5

53

68
73
79
66

55
72
70
65
64

am" am,

Serum
insu'lin

F r/*tl

Serum
phos*
phate
(me/
100 ml)

s. s. G.89
Eo P" 99
E. L". 84
K. Y. 85
Mean 87

Fn J" 15
S" S"G. 68
E" P" 32
E"L. 5

IÇ Y" 101
Mean 44

!r.J" 3. 0 3

s" s.G.3,o 3

E,P.2.7 3

E.L. 3"1 3

riY. 3" 4 3

Mean 3.0 3

13
13
5

7

I
o

27
?0
3B
4

ÕÕ

45

27
49
22
+

116
44

28
75
24

5

B2

43

24
95
1s
6

t22
52

l4
29
I

15
1-3

16

12
bl_

13
4

t46
45

9

20
5

11
L2
11

1B

55
13
3

L2L
42

1â
74
I
3

tt2
43

4
19
5

11
12
10

24
75
47

5

L\2

3.
3"
3,
3.
3"

18
1.4

3

L7
11
13

I2
93
L2
4

L46
53

14
13
3

72
L4
11

l_Ð

93
27
3

119
b1

11
I
4

15
16
11

15
50
24
3

743
47

6

10
1

10
2L
10

B

47
3

3

t47
42

11
ôo

6

12
16
11

24
53
13

o
(_)

168
53

11
16

Õ

2A
ctÐ
d.)

16

24
46
22
23

L32
49

20
I
7

25
32
19

27
54
16
4

118
44

2 3.7
4 3.6
2 3.3
2 3.2
3 3.3
3 3"3

0

2
4
oo

5

4

3

3

3

3

3

3

3

5

0

11
9

6

5

15
0

4
7

6

3

11
2

5
o

6

6
n
I

n
I

11
5

7

4.

3

0

5

6

+
4

3

3

3

3

3

3

1

0

3

2
3

0

3

3

2

3

3

3

2

3

3

3

3

7

7

5
oo

B

5

2

3

3

3

3

3

2.9
3"4
3.5
.J. I

3.4
3.4

3.2
3" I
3.4
3"7
3.2
3.5

o

"3
.3
"5
.5
_3

0

3

4
n
I

5

4 3"

2.
D

3-

3_

3.

3

3

3

3

3

3

oo

2

5

1

7

5

1

2

2
oo
oo

4

3

2

3

3

3

3

0

7

2
3
oo

2

3

3

3

3

3

3

3

3

3

3

3

3

1

4
5

5

7

4

3"1
3.3
3.0
3"6
3.9
3"4

3"1
3"4
3"4
3"4
3"5
3"4

4
5

4
4
,l

5

3.0
3.5
3.3
3"6
3.7
3.4



Sub* I L2
n,

72 72
n.

Day 1

4B ,1a

am.

oo

am.

Day 2

4B L2
n'ìn,

Day 3

4B 72
mn.

4
arn.

ôo

am.

oo4 12
n.Moíe ect am.

erum F"
pmmn am- am-

free S. S. G.
fatty E" P"
acids E. L

(mEqi { I<. Y"
Mean 0" 71 0. 99

7

5

B

0
ôo

6

5"6
o?
6.7
o.á
5.5
6.'.í

7

5

3

0
oo
n
I

6"2
3.5
3.5
4.8
5.2
4.6

5.3
6.0
2.9
3.7
6.5
4.9

1

1

2

t
1

1

0

0

0

0

1

5

"76 1

"38 0

.65 0

.L2 1

.00
"L7
,58
-86
",Já

t" t4
t" 28
0. ?6
1- bt
1.35
L"2L

1.40
1-.36
0. B5
1-" 96
r"32
t.3B

1" 35
1" 92
0.74
1.80
1. 10
1.38

1. 6

1.38
1. 11
1.86
L.44
L.45

2. 03
1. 19
1 00

7.71
r.62

2.33
1.29
L.7 t
I" 52
1.60

1-. B7

L" 26
1" 35
1. 59
1" 59

2,74
1,89
2"36
1" 42
1.85

1.89
1, B1

2. ta
7- 24
1" 87

o?

.30
,86
.61
.76

,5
L.7 5
t, 56
2.70
1. BB

7.77

1" 60
7" 54
1.31
1. 91
t" 47
L.57

1" 59
1" 69
1" 18
1- 99
1.26
1.54

L" 7t
1. 1r
,rt
1. 9f
L"'.l (

1

t7L
nnIt

146
131

L9
29

0

1. 6B

L.23
1.70
1.49
L.54

1.5
1..2
0.9
1.7
r"2
f ..)

L.20
1. 60
1.00
1" 64
1" 37
1" 36

Serum F.J. 0.
ke* S.S.G" 1.
tones E. P. 1'
(*g/ E, L, o.
100 m1) I{. Y" 0.

Mean 0.

Senrm F-" Jo 108

trygþ- S. S. G, 105
cerides E. P. L20
(*ei E. L. 129
100 ml) K* Y" L72

Mean L27

1.
0.
0.
1.

Õo

1

7

0
oo

9

3
o

6

0

I
0

2

0

0

0

1

1

1"
2.

2

2

l

0
n
I

2

4.0
3. 1

2"0
1A
f .7

1. 1

2.3

2.3
2.1.
1.7
0"7
1" 5
L"7

3.0
2.5
2"7
0.9
2.4
2.3

2.9
4,0
4.0
1-_ 6

2.L
2,9

0
oo

3

5

5

0

3

4
3

1

2

3

3"8 3"8

2.9 3. 3
4.L 2.2
LL 4r.

3.9
6.6
4"8

^2
.). o
4.7

6

I
0

7

2

1

4
5

5

3

6

5

5.2
b.b
4.0
3.6
4-5
4-þ

4.8 4.
70.4 10.
4.5 6.
6,1 5-
8.0 6"
6"8 6.

L78
70

L46
120
104
724

1
oo

2

1

6

4

n
!

o

6

5

o

7

6.8 6.9
4"4 4,6

1r5
104
128
127
l_3 5

L22

98
110
L24
L22
170
t25

tL2
101
117
125
156
L22

9B
B5

113
724
150
114

105
74

737
198
161
135

113
61

L20
L27
166
117

95
93

107
116
138
110

1.14
B1

1.20

98
135
1l_ 0

116
56
96
BO

L22
94

L26
37

t48
106
722
108

L37
42

131
LL4
116
108

L52
6B

r b_t

102
L24
119

159
o¡

138
106
115
L1.7

L62
65

133
106
107
l-15

169
77

1.44

L24
111
1.25

L74
ot

773
1L2
133
L37



Sub- B:12
am,

12-4
am.

4*B
am.

B*L2
affÌ.

L2-4
âm"

4*8
am.

8-I2
am.

3

8-12 L2*4
alfi.

4-8
am;

Day 1

L2*4 4*8 8*12
Day 2

L2-4 4*B 8*I2
Day

I2-4 4-8
Moíe ect
Urine
phos-
phate
(mg/
4 yLrl

Urine
Ke:
tones
(*ei
4 hr)

1B 12 0

66
Ðtaùt

L04
LzA
90

28 60
570

1 590
650

L240
13 80

6 5 5B1

86
65
79
40
70

255
110
LL2
84

223
757

132
56

118
66
90

127
166
166
19

L29

aoÁl-oat

745
190
46

136

127
777
L43
101
134

3L4
69

L48
327
198

1

Uríne F'oJ. 1090
urea S* S. G. 1780
nitro- E" P" 2320
gen E. L, 1680
(*g/ K,Y" 1360
4 lny) Mean 1650

s" s. G.
E. P"
E" L..
ILY"
Mean

F'" J"
S" S. G.
E. P"
E" L,
K. Y.
Mean

110
74

119
61

702

19 50
1370
L+90
L230
730

13 50

425A
13 00
1 900
7420
7340
2040

ot
774
91
28
96

L6.4
0.6
3.2
8"5
8"3
7.4

2200
1 040
l-58 0
1040
1100
13 90

T2LO
880

1010
1140
930

103 0

54
33

725
32
58

750
13 60
700

LLzO
960
980

10. 3

8,2
4.6

2A.8
7.7

10. 3

2370
7420
2070
1660
1"L40
173 0

2 500
107 0
2310
7720
1 140
17 50

3 200
930

203 0
136 0

117 0
7740

34,3
6.4

26. B

2L" O

32"2
,L 1

67
59

160
74

L49

4890
2170
960

1680
L200
2LBO

95. 3

27 .0
L.7

36. I
too
38,0

L77
702
181
39

133

1 590
10 50
2210
153 0

910
1460

98
95

190
Þolo

72L

1320
840

22L0
1 900
1 510
1 560

LL4
315
162
198
185

l_ 610
420

2 500
660
960

123 0

34. t
49" 3
2L,3
48.6
57 .4
42.7

305
nofo

150
48

118

340
L220
143 0
1330
1 000
106 0

4"2
5.7

19, 5
51. 3
33.5
22. B

B?

102
158
278
t48

163 0
117 0
1 580
820

1330
1310

1B 04
1094
1164
15 58
117 0
13 60

105
54

752
L26
108

ot
59. 0
10 L

38.2
51. I
35.5

6 27"3
0 0.0
0 0"Þ
2 5.2
0 ?"1
6 6.7

32" 8

2"L
3"6
7"9
4.7

10.2

10.4
40.6
4"2

16. 3

4.5
L5.2

47.5
26.0
22" 3
23.5
21.5
28.2

41.8
22.5
26.3
30.2
35"4
31.3

1 680
113 0
17 90
1390
111_0

L420

27.6
tt.L
L7.4
25.1
48, I
39.2

44.4
38.4
28.5
35" 4
88. 5
47 .0

¿o. I

44.2
18" 5

47.8
70" 2
4L.9

0.0
0"0

72.0
0.0
0.0
,^

o

0

0

3

0

2

37" 0
57. I
32.2
ñÞo¿t.o
o¿. I

47.5



TABLE 3a - Blood leveLs during tlre three*day starvation period in diabetic subjects.

Day 1

Sub* I 72
n.

4B t2
mn.

4
iiiiam;

Day 2
48 t2

mn.

Day 3

4B 72
mn-

4oo4oo L2
n.

L2
n.

ô
Õ

aE.Moi ect arn" 'am

125
L27
137
2L8
L42

am. ãTnam
Blood
Glu-
cose
(me1
100 mL)

Plasma
coJ:ti.*
sol
(ug/
100 ml)

Serum
insulin
þu/mI)

Serum
phos-
phate
(me/
100 ml)

S; W" 3B

w'. D" 43
R,. A, 1B

iV{ean 31

s.w.3"0 3

w'.D.2"7 2

s.J" 3"4 3

R.A* 3.7 3

c.K. 2"9 3

Mean 3" 1 3

s" w.
W" D"
S. J"
R" -A-
C" TÇ

Mean

S. \M.
w. D"
S, J.
R" A.
C. Ti
Mean

1

189
158
189
276
191

20
t7
25
o

30
20

136
t67
142
L52
234
166

L23
139
t24
t23
190
t40

L7
t2
13
5

15
72

37
13
19
23

01 94
t24
L26
115
190
13CI

23
lb
16
5

20
16

34
24
16
25

11
t2
20
2

11
11

35
26
14
25

11
11
1B
o

24
15

23
74
25
13
L7
1B

25
25
1B

23

T4
L4
25

5

34
1B

B

2L
24
3

20
13

20
1g
24
1b
16
19

2+
L4
13
L7

t7
27
2t
lol_()

23
27

23
23
11
19

11
IÐ
26
t7
Ib
L7

25
L2
L4
L7

t7
Lb
23
19
16
1B

16
2L
L2
16

21
34
19
29
2L
25

47
30
11
27

26
32
23
44
24
30

3B
55
t7
37

L26
137
720
160
131

1"21

135
110
178
130

It4
L20
725
202
t32

11
27
2A
13
L8
17

29
24
19
24

109
1r4
107
t52
7t7

107
TL4
106
772
LT7

5
o

1B

15
15
t2

33
32
19
2B

95
115
101
198
117

ôo

25
22
10
13
16

20
22

6

16

93
111
97

184
L72

100
111

oô
ÕÕ

178
t12

118
104
100
180
720

20
t7
25
15
19
19

28
32
10
23

L74
86
B6

t54
109

7

2L
L7
19
16
16

116
95
84

L54
111

115
92
79

168
712

111
B6

73
178
110

L23
B2

BO

782
115

24
30
Ib
23

1
n
I

0
n
I

1

1

3"1
3"0
3"6
.)" Õ

3.1
3.3

3.4 3"3 3"6
3"0 3"0 2"9
3"4 3.6 3"8

4.3" g 4"t 4.5
3" 0 3"4 3.6
3"3 3,5 3"7

55
29
20
35

2B
43
16
29

3.5
3.0
3"8
4"4
3.6
3.7

27
40
t4
27

3"
3"
4"
4
3

3

3..7
3. I
3.8
4.3
3"5
3.7

3" 5
3.2
3.6
4.0
3.3
3.5

3.4
3.0
ù.o
AA
3.3
3"6

3" 5
3.0
ù.o
4"3
3"6
3.6

ôo

2

0

2

5

7

5

1

2

3

5

7

.).
3.
4.
4"
3"
3"

3

3

3

4
Ð
r)

3

3.9
3"0
Ðo
d-()

4,2
3.0
3.6

6

2

I
1

4
6

3

3

3

3

ò

3

n
I

2

5
o

3

5

3

3

3

3

3

4
0

5

1

3

5

.).
3.
4.
4.
3,
3.

7

0

0

2

6

7

3.4
3. 1

4"0
4"L
3.4
3.6



Sub- I

TABLE 3a *- Continued.

12
n"

Day 1

48 12
mn.

4

am.
B

al3.

Day 2

48 L2
mn,

4
afn.

Day 3

4B 12
mn.

4
am.

o(J

am.
12
n.

o<0_L

aJm. n
,

lVIoie ect atrl"
Senrm s. w"

7.45
a.72
1. 48
0, 86
1.13

1. 63

L" 2L
0.95
1.25
0.76
L. 16

7.32
1. 05
1" 73
0. 89
L" 22

1. 83
0.79
1" 02
0.70
1" 15

L.43
0. 98
1.38
0. B6

1.35

1. B0

1.42
1. 07
L.7t
0-74
1.35

1.66
1.30
L.23
1. 40
0.77
t. L7

54

.44

.78

.35

2.56
I.7t
L.4A
0.75
t.47

L.
L.'16
0. 91
1.34
0.92
1.30

1. 81
0. 93
1. 53
0,75
L.4L

t.62
1.04
L.7 4
0. B3

7.46

1.83
1.36
L.47
0.85
t.42

1. 53
1. 10
2.56
l-.0?
7.47

7.45
0. 99
1.46
0.85
r.27

0. 8i

1.6t

1.0 o .t 1

1

1

1

0

I
3

0

24
97

free W. D"
f.atty S. J"
acids R. A,
btnq/f) C,IL

Mean

Serum S. W.
ke- \M. D"
tones S"J"
(o,sl R. A"
100 ml) C. K.

Mean

Serum S. W,
trygly*W" D"
cerides S" J"
(togl Ro A.
100 ml) C. K"

Mean

0.
1

0.
1"
0.
1

09
oá
51
B4
02

31

1"5
t.4
1_.0

7.4

9,+
5.0
1.9
3.3
4.1.
4,7

0

5
o

6

1

1

1
0

1

I
5

2.2
7.2
1.9

,. ,.

1"8
0.8
l_. 0

1. 1

L.4

L.4
1"0
0.6
1-0
0.3
0.9

B3

741
25L
122
1 Ã,O

151

B4
L2A
229
109
764
r41

oo

110
233
L37
166
749

0" 81
L.26

91
96

272
t_1 1

151
132

109
95

214
128
774
t44

t32
L24
274
116
189
L67

60
123
223
L22
189
743

63
108
207
130
166
135

64
72

r92
94

142
113

7!
72
2tt
96

139
118

75
68

198
147
74L
t26

1b.
11.
3.
6.
5.
ôo.

75
tt

L71
115
L48
Lt7

57
7L

1.52

108
131
104

2

0

2

,f
o(,)

5

n
I

5

2

1

2

3

5

4
2

0
o
Àa

2

1

1

1

0

1

1

B

I
I
oo

ó

3

3

1"

1

L

2

4.L
3.3
1.6
L"2
2.0
,L

3.7
to
1.0
0.9
1.2
1.9

5.6
3.4
0.8
2.0
3.4
3.0

o

o-
2.
á.
I
4

3

1_

3

5
o
ôo

11. I
5.7
1.8
L'

6.3
6.0

12.3
10, I
3.2
4.0
2,8
6.6

60
B2

176
100
130
110

7.32

44
70

169
742
174
100

10. 7
Lt" 4
to
6.6
3.0
6.9

46
66

119
95

133
ot

7 13,4
3 2r.3
7 4.3
5 7.6
1 8.6
2 tL.0

61
nnt¡

163
70

L20
98

18.0
20. 0
4.4
8.9
7.5

11, B

61
72

1.7 7

L12
128
110

24. )

19. :

AE
ot

B. 1

13.:

65
87

186
110
139
7L7

1 10.7
6 3.0

1 10.7

4 5.0
0 4.5
2 6.8

15,
15.
4.
6.
5.
o



TABLE 3b -- Urine leveLs during the three-day starvation period ín díabetic subjects.

Sub- 8*12
am.

1

B*12 L2-4
am"

4-B
aJfl.

B-L2
am.

Dd

B-L2 L2-4
ajrn.

4*8
am.

Day
L2-4 4-B

Day 2

12-4 4-B 8-12 4*8 8-12
am- " äm.

Day
12-4 4-BL2-4

am.Moie ect
rlne s. w"

Wo D"
S* J"
R..4.
C. TÇ

Mean

phos-
phate
@el
4 lnr)

Uríne S" W.
urea \f, D.
nitro- S" J"
gen R. A.
(mgi c,IÇ
4 lny') Mean

Urine
ke-
tones
(rnsl
4 lnr\

s" w,
w, D"
S, J.
R* A.
C" Iç
Mean

5 091
L23
77

t23
90

101

1L70
1400
2530
1 840
730

153 0

95
180
727
L20
115

700
1 080
293 0
L520
1 050
1460

185
43

137
36
98

370
16 90
13 00
1-43 0

470
10 50

2tB
113
74

107
73

7L7

214
1100
1220
13 80
940
970

100
L72
111
118

l,J

103

890
1 020
1 940
920

1040
1160

106
105
79
24
74
66

160
100
1,07

17
105

1630
L460
980

1480
240

11 60

20.6
4.3
7.4
3.7
0.7
t..)

167
133
237
131
t67

t47 0

7620
13 00
1 680
183 0
1 580

lXt
131
135
281
96

163

I43
12L
275
AO

L48

780
1 020
17 70
1040
780

1 080

18" 5
LL.2
5.5
6. 1
3.9
9.0

147
115
247
32

131

910
960

13 20
930
280
880

1

50. 0

53.2
6-9

72. L

t.,)
26.0

118
166
LA2
58
29
95

1 020
880
800
750
5 1_0

790

69.6
19" I
72"3
23" 6
9"2

27.0

l-3 6

233
142
272
24

161

tzt0
7320
1000
163 0
42A

L720

53. 6
46.0
t4.5
10. 7

1.9
25.3

277
273
160
72L
33

r48

860
17 90
I 170
157 0
450

11? 0

¿õo
L44
294
43

165

620
2260
1 000
123 0
610
tt40

30.0
to,
9.8

11- 9
1ry Ol_t.(J

19.7

2t5
r49
91
oo

166

2280
L29A
103 0
910

1340
1370

15. 1

37 "2
1.')

29.4
1.5.4
20,9

4
771
94

198
57

133

168
L34
150
50

722

760
890

103 0

770
1 090
910

I 0 6 5 0

l_010
680
900
870
220
740

7 31.6
t 20.4
0 3.4
4 ',l .4
2 1.0
5 12.8

1400
1010
1280
1540
13 90
t32A

930
980
660
730
970
850

26.1
95.6
31" I
23.4
26.5
40-7

60. 4
84" B

20" B

86.8
33.4
57 .2

0.

0.
0,

0"
0"
0"

0

0

0

0

0

0

0

0

0

0

0

0

0
o

0

0

0

2

3

7

5

6

5

I

2

3

2

0

5

2

oo
oo

o

4
4
0

2

3

0

1

1

2

18.6
L0.2
8.9

74, t
5.4

11.4

11.
2"
4.
,
,
4.

19.
o

2.
4.
Dt.
o(J.

4 15. B

I 8"9
0 4"8
2 2.3
2 10.9
5 8.5



TABLE 4

Statlstlcal slgnificance by analysis of variance of tJre da

changes of the blood and urlne levels in the healthy and <

the three*day starvation perlod. tlüy tJ.e probability ve
v¡hich are slgntflcant at the 5 percent level are shown"

GROUP
DAY TO DAY VARIATIOIV

Day 1 vs Days Day 2 vs Day
2+3
hi (p) \/

iOIETY

ilood Glucose

'lasma Cortisol

erum Insulln

erum Phosphate

rlne Phosphate

rfne Urea Nltro-
gen

erum Free Fatty
Aclds

erum Ketones

ri:ne Ketones

erum Trlglycer*
ídes

FIealthy
Diabetíc

Healthy
Diabetic

EIeaLthy
Dfabetlc*

IIeaLthy
Diabetic

Hea)-thy
Dlabetlc

Healthy
Diabetic

HeaLthy
Diabetic

Healthy
Dlabetic

Ilealthy
Diabetlc

HeaLthy
Dlabetlc

< 0. 00L
< 0, 001

<0" 001

<.0" 01

<,0. 05

<0.01
<0" 001

<0.05
<0.001

<0.001
<0" 001

<0" 001
<0.001

<,0.001
<,0.001

<,0.01

<0.001
<0.001

<0" 01
<0" 001

<0" 05
<0" 001

tF 3 subJects (see text)

<0" 001



TABLE 5

.mmary of the day to day and wlthin day changes of the blood and urine leveLs
the healthy and dlabetlc subjects during the three*day Þtarvation perlod.

ÏETY GROUP

od Glucose Healtlty
Díabetlc

,sma Cortisol Healthy
Diabetlc

um TnsuLln Itealthy
Diabetlc

trm Phosphate HeaLthy
Dlabetlc

.ne Phosphate Healthy
Diabetic

.ne Urea Nítrogen HealthY
Dlabetíc

VAR,IATION IN DAY TO DAY
LEVELS'.''

.L

DIURNAL CYCLE
PEAK TIME

-nfÉrl
B a.m.

B a. m.
B a.m.

e
€

.,

.l,

II

I
I
I
I

I
I
II
I
I

4 a"m.

L2 n. - 12 rnn.

Bam. -Bpm.

4am. *Bam"

'um F'ree Fatty
Acids

'um Ketones

.ne Ketones

'um Triglycer-
ides

Healthy
Dlabetic

Healthy
Df abetic

HeaLthy
Diabetlc

HeaLthy
Dlabetlc

J1
4am. *Bam.

* t decLlne

I rlse
(H no change
$f decltne then rise

ß no cycle present
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200

BLOOD GLUCOSE LEVELS DURING STARVATION

HEALTHY SUBJECTS DIABETIC SUB.JECTS

S.ST,G.

DAY 2 DAY 3 DAY I DAY 2

t20

J

=o
I
0
=
J
U
UJ
U
Øo
lJ
o
oooJ
o

DAY I DAY 3

I'TGURE 1 IndÍvtdual (---) and mean (-) blood glucose Levels
ín the heaLthy and diabetlc subjects durlng the three -
daY starvation Period.



MEAN RELATIVE BLOOD GLUCOSE VALUES DURING STARVATION

HEALTHY SUBJECTS (5) DIABETIC SUB.'ECTS (5]
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during the three*day starvation perlod.



MEAN UREA N AND PHOSPHATE LEVELS DURING STARVATION

HEALTHY SUBJECTS (5) DIAEEIIC SUBJECTS (5)F>

fE

>J

I

6
È
lo-
o
¿
z
I
F
U
G

U

z

U
É

=e-

80

d
f,o
I

z
z
I
F

É

u

ts

t
c
ofè

z
É

8ÂM

DAY I DÂY 2 DAY 3
EAH 8ÁM 8AX AAM 8ÁtrAAH8Afl

OAY I DAY 2 DÀY 3

trlIGURE 5 Mean serurn and uríne lnorganic phosphate levels,
and urlne urea nltrogen levels, ín the healthy and
diabetlc subjects durfng the three*day starvatlon
Perlod.



SERUM FFA LEVEL6 DURING STARVATION

HEALTHY SUB.'ECTS
DIABETIC SUBJECTS

L.

8AM

J

o
U:
Ju
U
J.

E
L

)
Éu

FJ.

BAM

s.J

8AX
8ÂM 8AM

DAY 2 DAY 3AAM 8AM AAM

DAY 2 DAY 3 DAY I
DAY I

I.IGURE 6 Indívidual (***) and mean (-) serum free fatty
acld levels in the heaLthy and díabetic subjects dur-
lng the three*day starvatf on perlod.



2m

SERUM KETONE LEVELS DURING STARVATION

HEALTHY SUB.'ECTS DIABETIC SUBJECTS

s.srG.

gAM

wo.

SJ

8ÂM

J

o
I
I

J
U
U
J
Uzo
ts
U

z.
l
É
U

t60

t2þ

RA

KY

E.P

EL

o
8AM

DAY 2 DAY 3

AAM 8AM SAM8AM 8ÂM
DAY I OAY 2 DAY 3

DAY I

FIGUR,E ? Indivtdual (*-*) and mean (-) serum ketone leve1s
ln the heaLthy and diabetlc subjects duríng the three*
day starvation Period"



40

3O

zo

tfo1
it
0

2
9
F
U
É
oxu
Uzo
tsu
Y

Uz
Et

MEAN URINE KETONE EXCRETION DURING STARVATION

HEALT,HY SUBJECTS (5) DIABETIC SUBJECTS (5)

8AH AAM 8AM gAM 8AM AAM SAM

DAY I DAY 2 DAY 3 DAY I DAY 2 DAY 3
8AM

FIGURE B Mean urfne ketone LeveLs fn the healthy and diabetic
subjects during the three-day starvation period.



MEAN SERUM TRIGLYCERIDE LEVELS

DURING STARVATION

J
E
oo
(9

=
J
l¡l

ÙJ
J

1¡l

e
fr
L¡l
C)

J
I
fE
F-

=Þ
É
l¡l
U)

t80

t60

r40

t20

too

ao

HE ALTHY
suB,rEcts (5)

DIAE E T IC

SUB,,ECTS (5¡

8AM 8AM 8AM

DAY 2 DAY 3

8AM

DAY I

FIGURE 9 Mean serum triglyceride levels 1n the healthy and
diabetíc subjects durlng the three-day starvation
Period.



1

2

53

PART IT" THE HORMONAL CONTR,OL OF ADIPOSE TISSUE
METABO'LISM : A REVIE\¡

INTRODUCTION

THE METABOLISM OF'ADTPOSE TTSSUE

a) Glucose metabolism.

b) Free fatty acid metabolism.

c) Synthests and hydroLysis of trlglycerides.

d) The glucose-fatty acld cYcle.

HORIVIONAL AND NEURAL CONTR,OL OI' FAT
MOBILIZATION

a) Insrtlln, gLucose and starvatlon.

b) Lipolytic substances'

c) Neural control.

d) Metabollc consequences of free fatty acld
m obllizatlon"

PIilYSIOLOGICAL R,OLE OF HORMONES

SUMMAR.Y AND COD{CLUSTONS

BIBLIOGRAPHY

3

4

5

6



54

PART II. THE HORMONAL CONTROL OF'ADÏPOSE TISSUE
METABOLTSM

1" ÏNTRODUCTION

The physíoLogica1- role of adlpose tissue fn the provlslon

and storage of energy for the body has been poorLy elucídated

untíl qulte recentLy. Less than 35 years ago, adipose tissue

was regarded as metabolically inert, lts functfon limited to in*

sulation and supp'ort, and the passive storage of fat. Even after

the cLassical studies of Schoenhelmer and Rlttenberg fn 1936 (1)

had shown that depot fat was in a true dynamlc state, íts role

1n energy metabollsm contlnued to be accounted of far Less im:

portance than that of the Llver. More recently, the era of

enlightenment regarding the metabolic role of adipose tissue

was furthered by the review of Werthelmer and Shapiro in L94B

(2J, They concluded that 1n adlpose tissue deposítion and

mobilizatton of fat were actlve processes involvlng the meta-

boLlsm of the tlssue, that synthesfs of new fatty acfds from

carbohydrate proceeded contirlrously, and that these metaboLic

actívítles were regulated by nervous and endocrine factors"

In 1956, Dole (3) and Gordon and Cherkes ( ) independently
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discovered that the free fatty aclds (f}'A)1 constltute a major

transport form for energy metabollsm. In the lntervening years,

with the tools for measuring this elusfve plasma fraction now

available, the progress 1n our understanding of adipose tissue

metabolÍsm has been extremely iapid.

In the general revfew whÍch follows no attempt will be

made to cite aLl the oríginal publicatf ons on which it is based.

The reader is referred aLso to the many revlews on fat meta-

bollsm ln the literature 1n the last fíve years"(S-tz¡.

t the term free fatty acíds (F'F'A) refers to long-chatn

fatty acids not covalently bonded ín the serum which are largely

complexed wíth albumin. Other synonymous designations |n the

literature are non-esterifled f.alty acÍds (NEtr'A) and unesterified

fatty aclds (Ul'A).
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2. THE METABOLISM OF ADIPOSE TISSUE

A) GLUCOSE METABOLTSM

Glucose utiTtzatlon 1n adipose tlssue as ín muscle is

regulated by the supply of lntracellular glucose *6* phosphate.

This, in turn, depends on the transport of glucose across the

celL membrane and lts phosphoryl-ation ín the presence of gluco-

kinase and ATP. Phosphorylatlon of glucose is unllkely to be

the rate-limlting step because adfpose tlssue glucokinase is

saturated at extremely low concentrations of glucose. It is

therefore proloabLe that tl"e control of glucose metabolism ls

exerted at the leveL of glucose transport across the cell mem-

brane, However, the phosphofructoklnase step resultíng ín the

convergi'on of fructose -6' phosphate to fructose-l,6*diphosphate

in the Embden*Meyerhof (glycolytic) pathway has received

attentíon as a focal point in the regulatíon of carbohydrate meta-

boLisrn ln the ceL1 (18-20) (see Ffgure 1). The problem of

transport 1s further compLicated ín adipose tissue by the exís-

tence of an actíve pinocytosis, whose metabolic function is

uncertaln (21).

Glucose -6- phosphate is metabolised mainly by glyco-

lysis and vía the pentose phosphate shunt. The shunt ls particu-
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Lar1y actlve 1n adlpose tissue and untíL recentþ, was belleved to

be the major Source of the reduced coenz)nnes necessary for the

synthesis of fatty acfds from glucose. Flatt and Ball (ZZl nave

suggested that only about haLf the coenz)¡mes requirecl for lipo-

genesfs are produced ln the pentose cycLe, the remalnder being

furnished durtng the conversfon of trlose phosphate to acetyl

CoA. Some evldence has accumuLated to suggest that an uronic

acld pathway may al-so be operative to a mlnor extent in adípose

tissue (23)" Glycogen storage and mobílization are of relatively

little fmportance ín thls tissue. Most of the carbon from label-

led glucose ls found 1n carbon dioxide, glyceride-glycerol and

fatty acíds. Alpha-glycerophosphate, trre precursor of gLycer*

ide*glycerol, is formed by reduction of dfhydroxyacetone

phosphate ín the presence of reduced NAD(DPN). Because of

the absence of glycerol kinase fn adipose tlssue, glycerol made

available by triglyceríde breakdown cannot be further utillzed,

and the rate of esterification of FF1A ls thus regulated by the

level. of glucose metabollsm ln the tlssue. The glycerol 1s re-

turned to the l.lver where it may be syntheslzed back into

glucose and glycogen or used for re-estertflcation of FFA.
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B) F'FA METABOLISM

The dynamlc state of the plasma FI'A as a major com*

ponent of the fuel mixture for energy metaboLísm ln a great rnany

tissues has aLready been mentioned. The plasma I'FA content is

derlved aþnost so1e1y from adipose tlssue, although smaLL and

inSígnlficant amounts may arfse from chylomicrons after a fat*

containlng meaL. Most tíssues are able to utllize tr'I'A as a

source of energy and theír transport and turnover rate in blood

ls extremely rapid. VarÍous lnvestlgato::s have found that the

haLf-life fn plasma of albumtn*bound FF'A injected intravenously.

into varf ous species 1s about two to four minutes.

The m ode of reLease of F'FA from fat ceLls depends upon

fntracellular hydrolysis of trlglycerÍde under the lnfluence of a

tissue (hormone-sensiflve) lipase which should not be confused

wíth the lfpoproteln lfpase found ín very small concentratlons ín

clrculatfng bLood and which is acttvated by heparin. Vaughan et

aL þÐ have recently descrlbed three lipases ín vat adipose tlssue

homogenates and have characterized them further" These are:

1" llpoprotetn lipase; 2. hormone*sensitive lipase; and 3,

monoglyceride Lípase. The I'F"A released during Llpolysís are

bound immedlately to pLasma albumin for transport. Glycerol is
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carried to the liver where 1t ís utllized. Under normal conditions,

triglycerldes are belleved not to enter the clrculatlon from adl*

pose tíssue"

C) SYNTHESÏS AND ÏIYDN,OLYSß OF TRIGLYCERIDES.

Adipose tissue trigLycerides constltute the major storage

form of oxidizable substrate 1n mammals. The bodyrs reserves

of carbohydrate, in the form of glucose and glycogen, are very

limíted and, except durlng intervaLs immediately following meaLs,

the body subsists primarlly on calories suppLfed by stored fat.

An outline of the synthesis and hydrolysis of adlpose

tÍssue triglyceríde is presented in F'igure 2. The sources of

adipose tlssue triglyceride are several. Triglycerídes, carried

1n chylomicrons and aLso 1n Low-density llpoprotefns can be

incorporated lnto the depot fat. Although there is evídence that

trlglycerldes can initiaLly be taken up lntact, they are mainly

broken down by lipoprotein lipase to glyceroL and I'FA pres-

umably at the celL surface, with only the latter being retaíned 1n

the depot trtglyceride. Circulatfng FF'A per se, does'not appear

to be a major lnput form. Glucose fs probably the major pre-

cursor of adipose tissue triglyceríde, gíving rise to both the

gþcerol moiet¡r, by way of alpha*glycerophosphate and to the
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fatty acid moieties by way of acetyl CoA, This formatlon of fat

from non-fat precursors 1s termed Llpogenesls'

In contrast to the various ínput forms for triglyceríde

synthesls there ls only one maJgr output form, the FFA" These

depend upon the hydroþsis õf the stored trigþcerídes which 1s

termed lípolysts. Many studied have conflrmed the dynamlc

state of depot f.at, tJtat is trigLyceride synthesls and breakdown

go on contfnuously even in the steady state, If the rates of the

triglyceride synthesis and breakdoirrl are equaL, then the fat

stores wllÏ be maintalned at a constant level. Net.mobillzatlon

will occur tf the equilibrlum is upset by fncreasing the rate of

breakdown or decreaslng the rate of synthesls. On the other

hand, net deposftlon wllL occur by decreasíng the rate of break-

down or increasing the rate of synthesis.

conslderable amounts of gþcerol are produced 1n adlpose

tissue by lipolysis of clrculating as weLl as stored tríglycerides.

The rate of entry of glycerol into the blood probably depends on

the rates of turnover of both adlpose tíssue trLg|ycerídes and

plasma l.lpoprotelns. The rate of glycerol reLease compared to

F.FA mobiLlzatlon ís further compLlcated (25). Flrstly these

moietles occupy dffferent pool sLzes and secondly, lt appears
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that the lipolysis in adipose tfssue may be incomplete wlth re-

tention of glycerol as m onoglyceride or digþceride and their

subsequent reesterlfication. It has been estlmated, ln the rab-

bit, that about 10 percent of the calories used may be derlved

from glyceroL and this rnay be conslderably greater during

starvation (26).

D) THE GLUCOSE-I'ATTY ACïD CYCLE.

The interplay of biockremlcal and hormona-[ factors that

effects the reclprocal controL of the glucose and fatty acid

íntemelationship ís of fundamental inportance ín the hqleo-

stasis of energy metabolism. Thís relationship has been

further cLarlfled by R,andle et al (271 lnthe form of a glucose-

f.atty acid cycle (Figure 3) for whích some persuasíve evidence

1s p:rovided. In adípose tissue, the entrance of glucose, en-

hanced by the presence of lnsulln, leads to theimmobllizatlon

of íntracellular fatty acids by providíng the alpha-glycerophos-

phate for esterificatlon to triglyceride. Under these conditions,

the pLasma FFA concentratlon falls and remains low as long as

glucose is avallable. On the ottrer hand fallure of the glucose

supp}y, or the presence of any other factors whích enhance

lípolysis, results ln tr'FA reLease and a rise in pLasma FFA
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concentratlon. Because fatty aclds perfuse freely lnto cells,

lncluding skeletal and cardiac muscle, this leads to a risíng

lntracellular level" These circumstances restrfct the metabollsm

of glucose 1n muscle tfssue largely by inhibitlng the transport of

glucose through the mechanlsm of fnsulÍn fnsensitirdty, Thus,

a r-nechanism is present whereby glucose and tr.FA mutually in*

hibit each otherrs metabollsm. Its most Ímportant functlon

resides ln the carbohydrate-sparlng effect durlng periods such

as fasting and exercise so as to retain the íntegrity of those

tissues with an obLfgatory dependence upon glucose, chlefly the

centraL nervous system and renal medul-La

RandLe and hís co-workers, on the basls of further evi-

dence have extended thls mechanism to postulate that diabetes

mellitus may result secondarlLy frorn- an inherently abnormal

increase ln Ftr'A release in thls disease (20, 27 , 2Bl. The

finding of enhanced llpolysis 1n diabetes lends support to thls

hypothesls (29, 30). Some evldence has subsequently appeared

ín the llterature which casts sorne doubt on this hypothesis (31)

and símlLar evidence can also be gleaned from the data of

Unger et al (32). The fÍnaL ans'wer, therefore, is not forthcom-

ing at the present tlme, and lt appears that because of the
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"cyclic" nature of the lnterrelationships between carbohydrate

and fat metabolism, there wÍll be some difficulty 1n trylng to

assess which is the primary cause and which is the secondary

effect.
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3. TIORMONAL AND NEURAL CONTROL OI¡1 FAT MOBILIZATTON

Most of the hormonaL effects 1n adipose tissue can be ex-

plained on tJre basis of two prtncipal sites of control. They are

flrst the transformatlon of extraceLlular glucose into intracellu-

lar glucose *6* phosphate and second the activity of the intra-

cellular (hormone*sensitive) lipase system responsibLe for the

breakdown of stored triglycerides,

A) TNSULIN, GLUCOSE AND STARVATÏON.

The primary effect of lnsuLin 1s thought to be at the

Level of transport of glucose across the cell ,rnembrane. Syn*

thesis of glycogen, glycolysis, oxidatlon in the pentose cycle and

synthesis of fatty acids are alL increased. The productlon of in*

creased am ounts of alpha*glycerophosphate prom otes storage

of fatty acids as triglyceride and inhibits their rel-ease lnto the

circulation. Similar effects are produced by ir'rcreasing the

concentration of glucose to which the tissue is exposed, provided

some insuLin is present.

While insulin is certainly the most important agent regu*

lating glucose metabolísm and lipogenesis it should be noted that

similar effects have been prodUced under certain experlmental

conditions with prolactÍn and with oxytocin.
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Thus durfng starvation, where an inadequate supply of

glucose exlsts, and hence a diminished source of alpha-glycero*

phosphate is availabLe, the equilibrium between f.ipolysis and re*

exteriflcation is disturbed so that net lipolysis occurs. That the

primary defect lies in diminished reesterification has been

abundantly confirmed and it has been shown that the adrenal-

cortex, adrenal meduLla, pituitary or thyrold are not required

for the enhanced lipolysis observed durtng starvation (33, 34).

However, the ftndlngs during starvation of elevated serum lev-

els of glucagon (32), growth hormone (35), and cortisol (36, 37),

and a urine fat mobillzing substance (1?), require some further

study. These may be related to the observed activallon of

adipose tissue lipase durfng starvation, the cause of whlch re-

mains unexplalned (17). Fatty acld synthesis itseLf is impalred

as the result of a number of factors durlng starvation, fncluding

the dlminlshed generatlon of reduced NADP (TPN) 1n the pent*

ose cycle, the absence of an hepatic lipogenic stimulator, and

tl-e probable presence of an hepatÍc lipogenic inhibitor (38).

Similar to the metabolic effects of starvatlon, the

"insulÍn Lack" in diabetes mellltus results in inhibitíon of glu*

cose uptake and lipogenesis, and favors th-e release of FFA into
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the circulation" The possibility of a prÍmary dlsturbance re-

sulting in an enhanced tlssue Llpo1ytic actlvlty in diabetes hes

already been mentioned. R,ecent work (39) suggests that insulin

may also pLay a role ln inhibitfng the epinephrfne*sensitive lipase

of adipose tissue, and thus insulin deficlency would be expected

to result in an enhanced ltpolytic activity. It shoul-d be further

noted that the finding of lncreased plasma corticosteroid leveLs

1n dtabetic sera has led observers to suggest that this may be

the cause of the altered llpid metaboli.sm fn diabetes (36, 3?).

Thus, the Íncreased FI'A levels observed in diabetes are a

result of increased productlon. Data has accumulated to suggest

an increased Fþ.A utflizatlon as welL (6, 40), which, if anything,

$¡ould tend to minimíze this lipolytic effect.

B) LIPOLYTIC SUBSTANCES.

The following factors have been shown to stlmu].ate the

rel-ease of FFA ¡4"9.111, lh tr,ïq, or both (14, 16, t7, 4L^441'

1. Catecholamlnes * epinephrine and norepinephrine

2. Growth horm one

3. AdrenocorticotroPhic horm one

4. Thyrold*stimulating hormone

5. FoLlicle*stimuLating hormone

6. Alpha and beta intermedin (MSH)
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7, Peptides I and II (Astwood) = Fraction H (Rudman)

B. Ltpotropin (li)

9. F'at m obllizing substance (fVlS-Cfraline::s)

10. Arglnine vasopressin

11" Glucagon

t2" Adrenal gLucocortlcofds

13" Thyroxlne

L4. Testosterone

These agents, wlttr the posslble exception of cortisol,

and tt¡yroxlne, liberate fatty aclds from adipose tissue by dir*

ectly augmenting tl.e llpoþtic reaction. Indeed an in villg

enhancement of tissue L1pase activity has been observed with

a number of theSe SubstanceS, ffiost important of whlch are the

catechoLa¡nines. The delayed rise in serum F.tr'A after parental

injecttons of growth hormone suggests that lts action is an

indirect one. Simltarly, lnJj,!r<I, a direct stfmulation of 1l*

polysis in physiological doses has not been demonstrated. It

should also be noted that whereas the other pitultary peptides

produce an lmmediate response in certaln specles, and are

actlve lil.vit¡ô, the onþ purlfied adenohypophyseal peptlde that

produces an increase 1n the serum FFA l-eveL of the fasted.monkey
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or man fs primate growth hormone. Furthermore, the peptides

derived from pitultary extracts - peptides I and II and llpotropin, -

may not be native but rather altered by the extractlon procedure.

Durlng fasting or restriction of carbohydrate intake the

urine of man and certain other mammalian species contains a

potent adipoklnetlc peBtide of low molecular weight (16, 17).

The pitultary or adjacent hypothalamus are necessary for lts

production. It dlffers from known pituitary adipokinetic sub*

stances but íts reLatlon to growth hormone requires further

elucldation.

The physiologlcal signlflcance of glucagon 1n stimuLatfng

lipolysís is simiLarly unknown (f Z). Although in Yjtrq effective*

ness has been demonstrated, its effect in elevating serum FFA

1evels after parental injectlon in man ls delayed in tlme, and is

preceded by a diminution 1n the levels. Although the exact

mechanlsm requlres frrrthef study, it appears ttrat the initial faLL

in levels is not reLated to llver glycogenolysis or to insulin con-

tamlnatlon, but rather to a direct enhancement of peripheral

glucose utilizatlon

Cortisol appears to act malnly 1n a permisslve fashion jn

stimulating ltpolysis. The glucocorticoid hormone ln some
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unkno$/n way conditions the metaboLic stance of tJre adipose tissue

to permft maximum response to catecholamines, notwlthstanding

the observations that under certaln conditions glucocorticoids

appear to exert a dlrect role in the enhancement of 11poþsis. A

slmtlar permissiye actlon has been ascribed to thyroxine as well.

Fùecent evldence suggests that lts lipoþtic effect may result from

lnduced formatlon of addittonal tlssue lipase (rZ), as well.

"A posslbLe mode of action common to catecholamlne,

peptide hormones and glucagon is through the stimulation of

adenyl cyclase with subsequent accumuLatlon of cycllc 31 5LAMP,

but not only does tJrere appear to be a poor correl-ation between

cyclic AMp formation and llpolytic effect (¿S), but exogenous

cyclic AMF added ia vitr.o appears to be without effect.

There are conslderabLe specles dlfferences to the respon*

siveness of adipose tissue to lfpolytic hormones" Variation ln

sensittvity among dlfferent species may be rel-ated to inactivatfng

enzJrrnes. The presence of such an enzyme system 1n the ratrs

fat cel| appears to abLate responslveness to the fntetrmedins,

vasopressln, and fraction H, and to shorten the duratlon of re*

sponse to adrenocorticotroplc hormone (f Z).

Besldes thelr prlmary effect on the llpoþtic mechanism,
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tJre adlpoklnetlc hormones produce characteristic changes fn

glucose metabollsm believed to be mediated by a rlse 1n the

intracellular tr'FA concentratlon. These should not be confused

wíth the metaboLíc consequences of FFA accumulation ln car-

díac and skeLetal muscLe as previously discussed. In adlpose

tissue the following changes occur: 1. an lncrease in glucose

uptake and an increase in the incorporation of glucose carbon

tnto glycerldeglyceroL, 2. a relative decrease ln the metabo-

lism of glucose over the pentose pathway and 3. an increase

in oxidation of glucose by the Krebs cycle. In addition, in the

presence of insulin there ls an even greater increase in glucoSe

incorporatlon lnto glyceridegþcerol, and the insulln effects on

glycogen and fatty acld synthesis are inhibfted. A large increase

in oxygen consumption accompany these changes and it is

possible that heat generated tn this fashion may at tlmes contrl-

bute to the maintenance of body temperature.

c) NEUA,AL CONTRO'L

It has been recognlzed for some tlme that the dlrect

lnnervation of adtpose tlssue plays an important roLe in faciLi*

tating fat mobilization" This effect is medlated by noradrenalíne

release at the postgangLionic sympathetic nerve endings. The
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evldence on whlch these concluslons are based include the

demonstration of sympattretic innervation of fat celLs, the pre*

sence of considerable amounts of noradrenallne and lts de novo

synthesis 1n adlpose tlssue, the 1n viYp-an¿ þ:ilæ L:i.poþttc

effect of catechol-amines, tkte li-beratlon of FFA by the electrical

stimulation of sympathetic nerves i.n v!!ro-, and the blocking of

the ltpolytlc response by adrenergic blocklng agents (17). The

rol-e of the sympathetfc nervous system 1n determlning basal-

rates of FFA release ls not known, but its effect in increasing

FF'A release during emotional qr cold stress appears to be

reas onably weLl docum ented.

D) METABOT,TC CCINSEQUENCES OI. FFA MO'BILIZATION(14, 1?)

Most of the l1poþtlc effects of these hormones can be

simuLated by the infusion of tr'I'A-albumin complexes in viYo

or by the perfusion of isolated organs or addition to tissue

sllces and homogenates fn vltrq;

1. Depositlon of fat 1n the Llver: Thls occurs as a dír*

ect consequence of an lncrease in tr.FA mobiLization" It 1s

enhanced by the presence of an intact pltuitary*adrenal axls

and deranged f.iver function.

2. El.evation of serum lfpoprotein levels: ELevated
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plasma J.eveLs of !aFA, and the consequent el-evated rate of up*

take of }1}1A by the llver, lead in a rather direct manner to an

lncrease 1n the rate of productlon aad secretlon of lipoprotelns

lnto the plasma.

3. krcrease 1n rate of FF'A oxidatlon: It appears tlxat

plasma FI'A concentratlon ls a factor controlling tJ1e rate of

FFA oxidatlon much like the glucose level is a factor ln deter-

minlng lts own rate of utllizatlon. T[owever, the hormonal

effects on uptake and utÍlizatlon of plasma FF1A must stiLl be

evaluated

4. Production of ketone bodies: The end results of

enhanced mobll"izatlon of FFÄ appears to be in the conversion

to ketone bodies 1n tfte liver efther dlrectly or after prior in-

corporation into the hver trlglycerldes.

5. Calorigenlc effect: The hypothesis that tJ.e increased

oxygen consúmptlon observed folloWfng the admlnistratlon of

some of theSe hormones resuJ.ts secondarily ffom an enhanced

Llpo1ysls 1s attractive, and rnay be medlated by the known effects

of tr'FA on the uncoupllng of oxldative phosphorytation (6). The

cLinicaL counterparts may be Seen ln the lncreased oxygen con*

sumption observed in hyperthyroidlsm and functlonlng
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pheochromocytoma both of whlch are assoclated wlth increased

circulatlng levels of FFA (46). R,ecent studles cast some doubt

on this hypothests (4?), however. The admlnlstration of nico*

tinlc acid blocks the F.tr.A release by infused catechoLarnines in

normal and trilodothyronlne*treated subjects. Similarþ glucose

admlnlstratlon reduces FFA levels ln both these groups. Desplte

these effectS on }lFA levels, no change ln oxygen consumption

was observed. However, lt is stlll possible that during times of

temporary reductlon fn t].e rate of deltvery of FFA from the de*

pots atbufferlng reservoir" of stored tlssue f.iplds may be called

upon to act âS substrate and hence the calorigenlc response

vroul.d c ontlnue unabated.

6. Effect on thrombosis: AvailabLe data suggest th.at en*

hanced ]lpid mobilizatlon causlng lncreaged concentratlon of

FF1A 1n pLasma rnay shorten the clottlng time by induclng changes

1n the pLatelets. This may be of importance in the formatlon of

thrombt 1n the intact organlsm
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4. PHYSIOLCIGICAL ROLE OT'HORMONES

The metabollc role of insulfn ln controlling tJ.e rate of

tr'FA release appears extremely lmportant. Insulin lack, as

previously dlscussed, leads to a net Íncrease 1n adipose tissue

F.FA release wlth the secondary consequerrces of I'fatty L1ver",

hyperlipemia and ketoacidosis. SimÍlarly, a primary glucose

lack, seen 1n starvation J.eads in a slmlLar fashlon to almost

ldentical results. The presence of a functioning lnsulln feed*

back mechanlsm yla ketone bodies 1n starvation, however, as

recently described (48, 4gl, may serve as a control to Ftr'A

release so that tl.e severlty of the metabollc upset is markedly

ameLlorated and a progresslve ketoacldosls does not result.

Although there 1s stllL much uncertainty about ttre

physioLogical role of llpolytic hormo,nes, lt is becoming clear

that the activlty of the s¡rmpathetlc nervous system functions

in determining tJ-e Levels of both tr.FA and other ltptd fractions

in pLasma. The permisslve roLe of glucocorticolds and tleyrold

horrnone on the tonic actlvlty of tl-e sympathetic nervous system

has previousþ been discussed. This tonic activity appears to

resuLt 1n the elevated FFA leve1s seen ln the adaption to extra*

uterine 11fe, 1n the adaptation to upright posture, during exercise,
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and during cold or psychological stress.

Physlcal exercise produces a prompt and sustained

rlse 1n FFaA turnover, correl-ating with the lmmediate release

of catechol-amines and perpetuated perhaps by growth hormone

which is also released during exerclse. The biological lmpor*

tance of tJ.ese observations depends upon the now welL*docu*

mented fact that both skeLetal and cardiac muscle can functlon

normally usingfatty acids or ketone bodies as substrate.

Ho'wever, the finding that FF'A levels sttlL rlse during exerclse

in adrenalectomized anlmals maintained on corticosteroids,

and in patlents with panhypopituitarism, casts doubt on the role

played by catecholamines and growth hormone in thls regard.

More recent work suggests that sympathetlc lnnervation re*

sults ln a resistance to muscular fatigue. It 1s speculated that

thls 1s accompllshed by the activatlon of lntracellular phosphory-

lase or f.ipase.

CoLd exposure similarly results in elevated plasma Ftr'A

levelS aSsoclated wtth catechoLamine release. In eLegant

studies ln rats, MaickeL et al (tZ) fiave shown that this FFA re-

sponse is mediated by norepinephrine release and that fts

actlvation of adlpose tisSue lipase is maxlmal and is not further
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enhanced by endogenous eplnephrine. It has also been demon*

strated that t].e elevated adrenocortlcotroplc and cortlcosteroid

levels are of no importance in the tr.FA mobillzation during cold

exposUre. Thyroíd stlmulating hormone and thyroxlne probably

do exert Some influence during more prolonged exposure to coLd.

The extent to which pituitary hormones are more dlr*

ectþ involved in fat mobilization is less clear and may weLL vary

in different species. The phenomenon of growtkr in immature

animals, under at leaSt partial control of groWth hormone, is

accompanied by elevated IIFA levels presUmably reLated to

growth hormone secretlon, and réLated to the supply of energy
:

for growth. Thls probl"em may further be elucídated. The com-

bined actlon of insulin and groWthhormone on increasing pro*

tein anabolism 1s probably lmportant in the growth of animaLs.

Thelr mutual antagonism on FI'A storage and release rnay

serve to provide the actively $1'owlng body with F FA as energy,

instead of lts lrrcreased productton and storage ln the fat depots

as Êeen wlth tnsulin alone.

The recent finding by Unger et al (SO) of a sex*differ-

ence tn fastlng growth hormone Levels, wlth levels far greater

fn females than in males, also lends support to its physiological
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role in man when vlewed tn 1lght of tfie prevlous flnding that

there 1s a similar lncrease in FFA level-s in females (51).

flowever th-e possiblllty of contamfnatlon by cross-reacting

proLactin in the immurtochemical assay has not been ruled out"

The recent observation that testosterone may play a lipolytic

rol"e trr_:¡:!r¡o l4Zl, ^^y 
expLatn the observation that post-pubertal

males have a signlficantly smaller amount of subcutaneous fat

than females.

The pkryslologtcal role of ttre other pituitary peptides

and glucagon as previously dlscussed is even more tenuous

and requires further studY.
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5. SUMMARY AND CONCLUSIONS

The metabollsm of adlpose tissue is outLined and the

interrelationshlps of glucose and fatty aclds discussed"

The hormonal and neural control of fat nrobllization are

discussed and the metabolic consequences outLined. The meta*

bollc changes ln starvatlon and ketosis are revíewed in the light

of more recent rgork"

A phystoLoglcal role of hormones 1s dlscussed in reLatlon

to the metabollc reguLatlon durlng exercise, starvatlon, exposure

to co1d, growth of immature animals and "stress". Insultn and

gLucose appear to exert thelr effect on adlpose tissue meta-

bolism as follows: a) they control the rate of lipogenesis, b)

they influence FFA reLease through their effect on reesterifica-

tton and c) by their action on cerebral metabollsm tJrey may

control the secretion of growth hormoqe and help to regulate

sympathetlc nervous actlvily. It appears Iikely that the sympatho*

adrenal- system functlons as a rapld and short-acting fat-

mobllizlng mecharrism, whiLe tfre pifuitary provides for a slower

and more sustained response whlch may be modlfled durlng

proLonged starvation by a ketone*insulin feedback mechanfsm.

The role of glucagon and of other pitultary llpolytic substances
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is at present uncertaln. A permisslve role ln fat mobilizatlon

has been ascribed to the thyrold and adrenal cortex.
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