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DWERGENT EFFECTS OF PNC, PROTEiN AND ENERGY DEFICIENCY ON MUSCLE MASS, 

MUSCLE FIBER DIAMETER AND SERUM INSUUN-LlKE GROWTH FACTOR-4 

CONCENTRAlïON IN GROWING RATS 

ALV.  Prescod, MSc. Thesis, Department of Foods and Nunition 

Zinc (Zn), protein and energy deficiencies anest the growth and development of young 

mammals. The mechanisms behind this amested growth are undear. What is dear is that 

children who sufFer frorn proteinenergy malnutrition (PEM) are unable to fully recover their 

skeletal muscle m a s  and muscle fiber diameter following nutritional rehabilitation. Recovery ffom 

PEM is also associated with tenuous Zn status. Zn supplementation during recovery from PEM 

enhances the recovery of skeletal muscle mas,  The mechanisms behind this improvement are 

also undear. 

Insulin-li ke growth factor4 (IGF-1 ) is an anabolic peptide associated with skeletal muscle 

hypertrophy and regeneration- The concentration of IGF-1 in circulation and in tissues is strongly 

intïuenced by nutritional state, including Zn status. It is speculated mat tenuous Zn status dunng 

recovery from PEM results in decreased IGF-1 concentrations, which leads to inamplete 

recovery of skeletaf musde mass. Since it would be dficult to explore this speculation in a single 

study, the hypothesis of this study is that full recovery of muscle fiber diarneter following Zn, 

protein and energy deficiencies is dependent upon the full recovery of serum IGF-1 concentration 

and Zn status. The objective of the present study was twofold. Firstly, to explore the effect of Zn, 

protein and energy deficiencies on skeletal muscle mass and fiber diameter in relation to serum 

IGF-1 concentration in growing rats. Secondly, to investigate the effeds of a 30 pprn Zn diet on 

the recovery of muscle rnass, muscle fiber diameter and semm IGF-1 concentration. 

To fuifil1 these objectives, eight 3-week-old rats were terminated upon adval (baseline 

group, W) and the remaining 80 rats were fed one of the following diets for 3 weeks (deficiency 

phase): Zn defitient (1 4 ppm Zn), protein defitient (P. 2% protein), Zn and protein deficient 

(ZP, 4 ppm Zn + 2% protein), energy restricted (E, pair-fed control) or conûol (C, 30 pprn Zn 8 

20% protsin). After the defiaency phase, eight rats from each group were fed a 30 pprn Zn diet 

for 3-weeks (recovery phase). Growth was assessed using anthropometry (0.g. body weight and 

length). Nutritional status was assessed using serum albumin and zinc concentrations, liver Iipid 

concentration and inguinal fat weights. Skeletal muscle growth and development were assessed 

via gastromemius biopsy, histochemical staining and image analysis of muscle fiber diameter. 

After the 3-week deficiency phase, the deficient rats had significantly srnaller body, 

gastrocnemius musde and fat pad masses, muscle fiber diameters and serum IGF-1 

concentrations compared to the C group. Different types of malnutrition were produœd by the 



deficient diets. Assement of semm albumin and Iiver lipid mcentrations and inguinal fat pad 

mass revealed mat the ZP and P groups were protein deficient and that the Z and E gmups were 
energy defiuent The Z, ZP and P groups had m m  and femur Zn concentrations that were 

significantly less than the W and C grwps, indicating that these rats were fn deficient. After the 

recovery phase, the s m m  albumin, Iiver lipid and serum IGF-1 concentrations of the defiaent 

groups were similar to the C grwp. The P and E groups had a complet8 recovery of inguinal fat 

pad mass and an inamplete reawery of gastrocnemius mass and muscle fiber diameter. 

Recovecy frorn Zn and combined Zn + protein defiaency was associateci with full recovery of 

muscle fiber diameter, but inçomplete recovery of inguinal fat and gastrocnernius mass. 

In general, changes in m m  IGF-1 concentration did not parallel changes in 

gastrocnernius mass or muscle fiber size. Full recovery of semm IGF-1 and Zn status was not 

associated with hilf reoovery of muscle fiber diarneter in the P and E groups. The recovery phase 

results indicated that previous nutritional status was the primary fador deteminhg the degree of 

gastrmemius mass and muscle fiber diameter recovery. 
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Literature Review 

Introduction 

N m a l  growth and developrnent is a cornplex interplay of genetics. trophic growth factors 

and nutrition. Growth and development c m  be derailed by micro and macro nutrient deficienaes. 

Rehabilitation fiom nutritional deficiency is accornpanied by accelerated body mass ametion that 

is not simpty the reinitialization of normal growth. Skeletal musde mass and muscle fiber 

diameter do not fully recover to expeded age and sex parameters despite rapid tissue accretion 

dunng nutritional rehabilitation. This literature review will explore relationships between skeletal 

muscle histology, zinc status, and insulin-like growth factor-1 during malnutrition and after 

nutritional rehabilitation. 

Growth 

What is the rnost rigorow law of out being? G r m .  No mallest atom of out moral, mental, or physical 
structure can stand stiH a year. It grows-it must grow, nothing can prevent it 
Marit Twain (1835-1910), U.S. author. 'Consistency,' paper, read in Hartford, Connedicut, in 1884 
(published 1923; repr. in Comp/ete Ewys, eâ- by Charles Neider, 1963). 

Growth is a physiological state in which an organisrn undergoes intensive tissue 

developrnent and accretim. Growth is not an inevitable force of the universe. G r M  is uftimately 

defÏned by the genetic code (MitcfW, 1997)- In tum, the genetic code regulates the produdion 

and adions of endogenous anabolic hormones and peptides. The nutritional adequacy of the 

organism's diet is one of the most potent exogenous fadors ifluencing the magnitude of growth 

(Mitchell, 1997). Without adequate nutrition powerful anabolic compounds becorne proteinaceous 

debris. Intensive periods of growth can ocair at one or more points in the Me cycle of an 

organisrn. These periods are usually adated with significant developmental changes and 

maturation. For humans and most rnammals the intrauten'ne, infancy and pubescent periods are 

times of intensive growth and developrnent (Fcxbes, 1987). These periods are also times of high 

nutritional requirements. The diet must be adequate in order to maintain past growth and 



deveiopment as well as initiate and swtain naw growth and development The progression or 

irnpediment of growth can be assesseci by monitoring the rate of tissue aceretim 

(anthropmeterics), aie state of tissue devaopment (histoiogy) and by the concentration of 

anaboiic peptides in semm and tissues (biochemistry). it is during this time of growth, 

development and high nutritional requirements mat malnutrition can have the greatest impact. 

IGF-1 is a 70 amino acid single chah member of the insulin family with a rnolecular 

weight of 7649 daltons missen et al., 1 994; Rechler and Nissley, 1991 ; Gamrneitoft, 1989). 

7989). Using hypophysedomized rats, Salmon and Daughaday (1 957) first identified the 

physiological p e r s  of IGF-1. These animais were unable to produce growth hormone (GH) and 

their bone and mrtitage did not undergo normal growth and development. This defed was 

identifed by the altered incorporation of radioactive sulfate [=SI into cartilage. When the rats 

were exposed to exogenous GH this defed was carredecl, but a preparaüon of cartilage 

segments did not show inaeased [%] imrporation with in vitro ecposure to GH. When the in 

vitro preparation was exposed to normal rat S e m ,  [%SI inoorporation inaeased indicating 

cartilage growth. Hypophysedornked rat serum had no effect, This and other early research lead 

to the hypothesis that the growth promoting effeds of GH were rnediated by other fadors, 

namely, somatomedins. As further research elucidated the nature of the somatomedins, different 

types of somatomeclines were identified- somatomedin A and C and multiplication stimulation 

adivity (Rechiler and Nissley, 1991). Eventualiy it becarne dear that the somatomedins were the 

same as serum fadors that had insulin-iike activtty (Doughaday et al., 1987). The somatomedins 

and the insulin-like serum fadors became known as insulin-like growth factors. 

IGF-1 (nee somatomedin C )  can be dflerentiated from insulin-iike growth fador-2 and its 

other family rnernbers (insulin, proinsulin and relaxin) &y its unique genetic, amino aad, binding 

protein and receptor profile. The rat and human IGF-1 genes are made up of 6 exons and 4 

intmns. The m! gene is able to produce 3 lengths of mRNA while the human gene produces 2 

sizes of mRNA (Daughaday and Rotwein, 1989 ; Sûaus, 1994). There is a strong inter-species 



çonseruab'm of amino aad sequences. Rat, mouse and human IGF-1 differ at less than 5 amino 

acid positions (Rechler and Nissley, 1991). The majority of senirn and tissue IGF-1 is bound to 

one of six high affinity-binding proteins (Straus, 1994). The binding proteins are thwght to a d  as 

transport vehides and modulatom of IGF-1's availability, half-life and physiological actions 

(Clemmofls and Underwood. 1991; Straus, 4994; Froesch et al., 1985). As with IGF-1. nutritional 

status and GH influence the concentrations of the difierent binding proteins (Clemmons and 

UndeMiood, 1991). IGF-1 also has its own high affinity receptor k n m  as the IGF-1 receptor 

(IGF-1 R). The IGF-t R tesembles the insulin receptor with its Win alpha and beta subunits 

(Rechler and Nissley, 1985 & 1991 ; Gammeltoft, 19û9). The post receptor sequenœ of events is 

not entirely clear. Reviewç by Rectiler and Nissley (1 991 8 1985) and Gammeltoft (1989 and 

references there in) point to phosphorylation of the beta sub-units and to tyrosine kinase adivity 

following IGF-1 -receptor union. 

Origin and Roles in Growth 

Work by D8Ecrole et al. (1 984) and other researchers have heiped to determine that the 

liver is the primary producer of the IGF-1 peptides found in circulation. IGF-1 and its mRNA have 

been found in many different extra-hepatic rnammalian tissues induding heart, iung, kidney, 

brain, fat and skeletal muscle (Daughaday and Rotwein, 1989; D'Ecrole et al., 1984; Orlowski and 

Chemusek, 1988, Turner et al., 1988; Hua et al., 1993 and Edwall et al., 1989). Due to the 

localized produdion of fGF-1 mRNA and IGF-1 peptide in many tissues, IGF-1 is though to act in 

autocrine and paracrine fashions (Daughaday and Rotwein, 1989; Clemmons and Underwood, 

1991; Rectller and Nissley, 1991)- As noted by Daughaday and Rotwein (1 989) some tissues 

with high IGF-1 gene adivity and peptide concentrations have anatomic barriers that would 

impede the transportation of IGF-1 from circulation to tissue (Le. testis and brain). The 

discordance betwesn serum and tissue IGF-1 concentration found by D'Eaole et al. (1 984) and 

Orlowçki and Chemausek (1 588) lent support to the theory of Iocalized production and adion of 

IGF-1. These researchers used GH defiaent rats that were treated with exogenws GH. After GH 

treatments, they found tissue concentrations of IGF-1 that did not correlate with serum 

concentrations. The increased iGF-1 produdion in the liver and kidney was greater and swifter 



than that seen in serum. This irnpiied that tbese tissues were able to alter their tGF-1 

oonceritration independently of smrn concentrations. 

fhe physiological actions af IGF-1 have been investigated through rnany different 

avenues of research. Observational -8s by Merimee et al. (1 981 ) and Eigenmann et al. 

(1984) miterated the mle of IGF-1 in overall gmuth and development These studies looked for 

links between body dze. genetics and IGF-1. Merimee et al. (1 981 ) studied the differences in 

m m  IGF-1 mwnmon in Afncan Pygmies, GH defiaent subjecls and n m a l  wntmls. 

Previous studies by aie authors had fwnd that the Pygmies had noimal GH secretion, yet the 

Pygrnies had a body size and rnetabolic characteristics similar to a GH deficient individual. The 

Pygmies had semm IGF-1 concentrations mat were simils to that of the GH deficient group. 

Since the Pygrnies had normal semm GH concentrations almg with low serum IGF-1 

concentrations and a smaller body size, the authors speculated that the Pygmies had flawed IGF- 

1 produdion. Eigenmann et al. (1984) took advantage of the body sue variations of Poodles in 

order to examine the genetic and enûoainological basis for this variation. The 3 sizes of Poodle 

(standard, miniature and toy) have evolved through years of seledive breeâing. The 3 types of 

Poodle had no signs of GH deficiency. seweted similar amounts of GH, but had dierent mean 

plasma IGF-lmcentrations. The standard Poodle had a mean plasma IGF-1 amcentration that 

was 6 tintes greater han the toy Poodle. The miniature Poodle with the intenediate body size 

had intemediate mean plasma IGF-1 concentration. The authors found a significant correlation 

(r- 0.88; P<0.001) between body weight and plasma IGF-1 concentration. The researchers 

conduded that this study provided indirect evidence of the growth-promoting rote of IGF-1 in vivo. 

Through genetic and breeding manipulation Baker et al. (4 993) and Lui et al. (1 993) 

studied the embryonic and postnatal growth of mice with nuIl mutations of the IGF-1 gene. In 

short, these anirnals were not able to produce biologically active IGF-1. The cesearchers 

obsewed that the IGF-1 mutated miœ had increased post-natal mortality, poor weight gain, poor 

bone development, srnall reprodudive organs and adult body weigMs that were 30% of that 

observed in control mice. These animals were also infertile. Hizuka et al. (1986) and Philipps et 

al. (1 988) took the opposite approach. These research barns exposed weanling rats to 



exogmus IGF-1 and obseived th& growth. Hizuka et al. (1986) infus& weanling rats wim 

synthetic IGF-1 via a minipump for 7 days. This resulted in significant increases in semm IGF-1 

concentrations (P4Wû1), body weights (P~0.01)~ body length (P<O.ûS) and significantiy heavier 

kidney, liver and testis weights compared to control values. The IGF-1 treated rats alsa had 

significanUy greater epiphyseal widths (PcO.01). The senim thyroxine concentration did not differ 

behNeen the treated and control animals. The Philipps et al. (1988) study was 16 days long and 

biosynthetic IGF-1 was administered by daily injections. At the end of the study the body 

weights, tail lengths, heart, liver and testis weights were significantly greater (Pc0.05) than control 

rats. These studies highlight the physiological importance of IGF-1 in growtti and development 

Regulation by Growth Hormone and Nutrition 

i. Growth Hormone 

Growth Hormone (GH) and nutrition primarily control the production and anabolic actions 

of IGF-1. GH defitiency is associated with ûwarfisrn (Howard et al., 1981 ; F urlanetto and Cara, 

1986) and low IGF-1 concentrations (Merimee et al., 1 981 ; D'Ecrole et al., 1984; Orlowski and 

Chemausek, 1988). GH defiaent children treated with GH experienced a marked increase in 

linear grawth (Howard et al., 1981 ). Unfortunately, changes in IGF-1 concentrations in response 

to GH treatrnent were not investigated. The administration of GH to GH defitient humans 

(Merimee et al., 19û2), rats (D'Ecrole et al., 4 984; Bates et al., 1993) or mice (Pell and Bates. 

1992) resulted in increased serurn anaor tissue IGF-1 concentrations. In sheep wial n m a l  GH 

secretion, exogenous GH was able to increase plasma IGF-1 concentrations (Hua et al., 1993). 

lsgaard et al. (1 988) dernonstrated a dose dependent relati~nship between exogenous GH and 

skeletal muscle IGF-1 mRNA expression. A minimal dose of 100 pg of GH was required ta 

produce a significant increase in gastrocnemius IGF-1 mRNA in hypophysectornized fats. Turner 

et al. (1988) implanted GH seaeting cells into non-growing rats with nomal GH secretion 

capacity in order to induce hypertrophy. Thirty days after implantation, the body weights of the 

treated rats surpassed control values. There was an assotiated increase in plasma GH and 



s m m  IGFs. Several tissues demonstrated GH induced hypertrophy induding gastrocnemius. 

heart and liver tissw. By the end of the study the gastmaernius, liver and heart weightç were 

7 -5, 3 and 2.5 times, respectivefy, greater than agemataied cwitrols. Along with the tissue 

hypertrophy, there was a conmitant inaease in IGF-4 mRNA. This study demonstrated that GH 

induced IGF-1 gene activity and this was adated with tissue aaxetiori. 

The above mentioned studies and other works highlight the strong relationship between 

IGF-1 and GH. However, exogenais stimuli can induœ localized IGF-1 produdion and anabolic 

adions without the presenœ of GH. Adaptive hypertrophy due to musde ovedoad or physical 

training was associated with increased IGF-1 mRNA and IGF-1 peptide amcentration in GH 

defiaent and GH suppressed rats in studies conducted by Zanconato et al. (1994) and Adams 

and Haddad (1996). The Adams and Haddad (7996) work induded time course studies that 

demonstrated that muscle IGF-1 expression increaçed befwe the weight of the overfoaded 

plantatis muscle increased. Recovery from ischemic injury to the extensor digitorum longus (EDL) 

muscle of GH deficient rats included increased musde IGF-1 mRNA levels (Edwall et al-, 1989). 

Therefore, exogenous stimuli af muswfar hypertrophy and regeneration can induce local IGF-1 

expression independently of GH. 

X Nutrition 

Nutritional status is a powerful exogenous factor modulating IGF-1 expression and 

anabolic potential. Malnutrition in many mammals induding humans. sheep and dogs is 

accompanied by GH resistance dwaderized by high GH secretion and fow IGF-1 cirwlating 

(Vance et al., 1992; Straus, 1994). Merimee et al, (1982) exposed 7 human subjeds with isolated 

GH deficiency to exogenous GH white in a fed and in a fasted state. Dunng the fasting, the 

exogenous GH increased serum IGF-1 concentrations, but the increase was 10 times srnalIer and 

significantly less (P<O.ûûl) than the nse seen in the fed state. Phillips and Young (1 976) 

administered GH to rats with nomal GH secretion during a 72 hours fast The exogenous GH 

was unable to prevent the drop in serum IGF potency (assessed &y porcine cartilage bioassay) 

that was associated with fasting. Bates et al. (1 993) found that GH treatrnents in 



hypaphysedomked rats resulted in significant increas8s in feed intake (Pc0.001). body weight 

(P4.01), muscle (PcO.01) and serum (P<0.001) IGF-1 concentrations. When feed intake was 

Iimited, the GH was unaMe to induœ inmases in body mass and IGF-1 concentrations 

equivaient to those observed in the wlffed rats. Since these scudies employed exogenous GH 

treatments during malnutrition, the poor response of IGF-1 auld be due to GH resistance and the 

infîuenœ of nutrition on GH binding. reœptm and signaling (Vance et al. 1992). Thmefore 

fasting andlof energy restriction could influence IGF-1 expression indiredly thmugh changes in 

GH physiology. The 5% protein defiaent diet employed by VandeHaar et ai. (1990) did not cause 

critical changes in GH binding, yet there were marked changes in IGF-1 mRNA expression. 

Nutrition can also have a direct ifluence on IGF-1 expression. As mentioned before, 

Philipps et al. (1988) injected exogenous IGF-1 into rat pups. These IGF-1 injections resulted in 

increased somatic and organ growth. This study went one step further- the litter size for some 

pups was increased to induce environmental malnutrition. The environmental malnutrition was 

effective as the control animals in these large litters had an overall drop in body weight and 

reduced organ weights. The IGF-1 treated anirnals in the large litters did not dernonstrate 

significant inaeases in growth iike th& normal litter-sized counterparts. Thissen et al. (1 991 a) 

reported that a 5% protein diet suppressed the anabolic effects of IGF-1 infusions in nori- 

hypophysectornized/ intact young rats. The IGF-1 infusions were deiivered via an osmotic 

minipurnp at a rate of 1pVh for 8 days. The IGF-1 infused rats fed the 5% protein diet had body 

weights, tail lengths or epiphyseal widths that were similar to that of rats fed the 5% protein diet 

only. lntad rats that were not infused with IGF-1 and fed a 15% protein diet displayed significantly 

greater growth than the protein defitient IGF-1 infused rats (P<O.Ol). The IGF-1 infusions 

nonnalized the serum IGF-1 concentrations in the 5% protein rats, yet failed to promote growth. 

Thissen et al. (1991 a) concludeci that the protein deficient diet caused tissue specific resistance 

to the anabolic effeds of exogenous IGF-1. 

ln summary, GH and nutrition are powerhil regulators of IGF-1 expression and anabolic 

actions. The abiiity of GH to induœ IGF-1 produdion and for IGF-1 to induce growth is dependent 

on nutritional status. 



Zinc 

Zinc deficiency and Growth 

Zinc (Zn) is a ubiquitous non-transition metal ütat is essential for the function of over 200 

mammalian enrymes (Cousins and Hernpe, 1990; Wardlaw and Insel, 1990)- in has been found 

to be essential for the growth, developrnent and dierentiation of miaoorganisrns, and plant and 

animal cells (Wu and Wu, 1987; Cousins and Hempe, 1991). The biodiemical mechanisms 

through which Zn plays its critical role in growth and the relationship between dietary Zn 

deficiency and its biodiemical and physiological manifestations have not been fully elucidated 

(Wu and Wu, 1987). What is dear is mat grawth failure is the major symptom of Zn defiaency in 

developing marnmals (Golden, 1989; Cousins and Hempe, I W O ) .  

Growth retardaüon, delayed sexually development, roughtdry skin and geophagia were 

the hallmark characteristics of a syndrome dowmented in young Iranian and Egyptian males 40 

years ago (Prasad, 1984). Treatment with Zn supplementation and an adequate diet resulted in 

increased growth and semat development that was greater than the changes seen with iron 

supplement and adequate diet alone (Sandstead et al., 1967). This syndrome seen in the lranian 

and Egyptian males was identified as the first docurnented cases of human Zn defiaency. 

Similarly, growth suppression is hallmark charaderistic of weanling rats fed a semi- 

synthetic Zn deficient diet (Williams and Mills, 1970; Chesters and Quateman, 1970). Along with 

rebrded growth, the Zn defiuent rats had decreased feed intakes (Chesters and Quateman, 

1 970). Decreased dietary intake is another ha1 lmark of Zn defieiency (Wardlaw and Insel, 1 990). 

This decrease in voluntary feed intake necessitates tfw use of pair-fed groups in in defiaency 

studies in order to d'Hferentiate the effeds of decreased feed intake from the effects of Zn 

deficiency per se. The pair-fed rats are fed a nutn'tionally complet0 diet, but the quantity of diet is 

limited to the arnount mnsumed by the Zn defiaent group. 



Zinc deficiency and lnsulMke Growih Factor4 

Studies by various reseafdws have explored the potential mechanisms for the gmwW 

delay assoàated with Zn defiaency. Mild Zn defiàency has been assoa'ated with poor linear 

gmwth in children wiümut endocrine deficiencies (Prenüce, t 993; Nakamura et al., i 993). 

Nakamura et al. (1 993) and Ghavami-Maibodi et al. (1 983) fwnd that healthy short children with 

mild Zn deficiency had delayed bone and sexual devebpment as welf as iuw sewm IGF-1 

concernons. Oral Zn supplementation in these children resufted in signifiant increases in 

Iinear growth, bone development, and semm Zn and IGF-1 concentrations versus placebo treated 

countecparts (Ghavami-Maibodi et al., 1983; Nakamura et ai., 1983)- 

Cossack (1 986) explwed the relationships between growth, dietary Zn and protein, and 

plasma IGF-1 concentrations in growing rats. Cossack found that the weight gains (P<O.OOl) and 

plasma IGF-1 concentrations (P<0.005) were significantly less in the low Zn rats (0.9 pg Zn /kg) 

regardless of dietary protein content. The author reportecl that inaeasing the Zn amtent of the 

low protein diet (759 pmtein/kg) resulted in incfeased weigM gains and plasma IGF-1 

concentrations. Cossack (1986) çonduded that a nutritionafly balanced diet plus adequate feed 

intake are required for maintenance of homeostatic concentrations of fGF-1. It is interesting to 

note that the rats in the Cossack (1 986) study with the hiohest plasma IGF-1 concentrations also 

had the highest rate of weight gain. 

Dorup et al. (1 991 ) also examined the relationstiip between Zn defiaency and its 

associated growfh retardation. Weanling rats were fed a Zn Mcient diet for 14 days followed by 

a repletion period of 33 days. The Zn defiaent fats exhibited decreased body mass accretion, 

semm Zn and IGF-1 concentrations. With Zn repletion, the Zn defiaent rats experienced a rapid 

increase in growth as well as increased semm Zn and IGF-1 concentrations. The serum Zn and 

tGF-1 concentrations retumed to normal after 3 and 17 days of Zn repletion, respecüvely. #ter 

the 33 days of repletion, Vie Zn defiaent rats were unable to attain body weights that were similar 

to the control group. Unfortunately there was no analysis of the composition of the accelerated 



weight gain during Zn repletion. The researchers speculated that the retanled growth seen in Zn 

deficiency invdved decreaseci IGF-Y produdion. Work by McNall et al. (1995) lent suppwt to the 

Dorup et al. (1 991 ) speculation. 

Zn defcient rats in the McNall et al. (1995) study exhibited the charadefistic redudion in 

growlli, serum and bone Zn concentrations, and serum IGF-1 conceritrations ass-ated with 

dietary Zn deficiency. Utilizing Northem blot analysis McNall et al. (1 995) found that Zn deficient 

rats had altered production of liver IGF-1 mRNq the primary source of serum IGF-1 (D'Ecrofe et 

al., 1984). More speafically, McNall et al, (1 995) found that the 7.5-kb IGF-1 m R W  transcript 

was rnarkedly reduœû in Zn def~ciency h i l e  the other IGF-1 mRNA transcripts were more 

sensitive to deaeased feed intake. This study also found that bath GH mceptor and GH binding 

protein mRNA concentrations were notably reduced in Zn defiaency. The researchers 

speculated that the growth retardation seen in Zn defiaency was assoaated with alterations in 

the GH signaling pathway. 

These studies doairnent the growth retardation associated with Zn deficiency as well as 

the parallsl reduction in semm IGF-1 concentrations. The exad rnechanisms of dietary Zn 

defiaency which lead to reduced IGF-1 and growth are not dear. The studies by Dorup et al. 

(1 991) and McNall et al. (1 995) point to defects in IGF-1 produdion and the GH signaling 

pathway. 00th types of endocrine defeds have been associated with decreased body size 

(Howard et al., 1981 ; Merimee et al., 1981 ; Eigenmann et al., 1984). Zn repletion has k e n  

associated with inueased serum IGF-1 concentrations and rapid weight gain in humans and rats 

(Ghavami-Maibodi et al., 1983; Dorup et al., 1991 ; Nakamura et al. 1993). None of the above 

mentioned studies reported on the composition of the weight gained during Zn repletion. Muscle 

and fat tissue (with fat being the lighter tissue ) are the major cornponents of changes in body 

mass (Forbes, 1987). During a 334ay Zn repletion, the rats in the Oourp et al. (1991) study did 

not attain body masses similar to the control group. This leads one to ask the following question: 

Is the body composition of Zn repleted rats and humans like that of wefl noun'shed counterparts? 



Muscle 

Body composition and Growth 

Wiai growth, the percentage of body mass ocwpied by difFerent types of tissues 

changes. Skeletal muscle accounts for a large percentage of body mass throughout the Ife 

cycle (Forbes, 1987). Changes in skeletal muscle mass can be doaimenteci in several ways, 

induding percentage of total body weight and changes in muscle fiber area and diameter. 

The human neonate is 25% skeletal muscle and 1 0-1 5% is adipose tissue. After 20- 

25 years of growth and developrnent, the body mass of an aduit male can be 40% skeletal 

muscle and 18% adipose tissue depending on adivity, nutrition and health (Forbes, 1987). 

This increase in muscle mass is refleded in the histological strudwe of the muscle. The 

accretion of skeletal musde mass in heatthy humans and rats is associated with inweases in 

muscle fiber area and diameter (Aianqeeb and Goldspink, 1986; F b s ,  1987). 

Structure and Adenosine Triphosphatase Staining 

A skeletal musde fiber houses thousands of myofibrils and the contractile units 

(myosin and adin) that allow for the voluntary movement of the Iimbs, eyes and tongue 

(Gylys and Wedding, 1983). Each muscle f ikr is jacketed by sarcoplasrnic recüculum and a 

sarcolemma (See Figure 1). Groups of muscle fibers are bundled together into muscle 

fascicles that are surrounded by a penmysium and an epimysium (KrstiC, 1984). Oifferent 

numbets and lengths of muscle fibers are found in difïerent skeletal muscies such as vastus 

laterdis, gastrocnemius and gluteus maxiumus (KrstiC, 1984). 

Histochemical staining of frozen skeletal muscle biopsy sample allows a pathologist 

to gather information about the health andior patholagy of the muscle (Dubowib and Brooke, 

1973; Samat, 1983). A routine histochemical stain, adenosine triphosphatase (ATPase), 

identifies the different muscle fiber types. 



Adapted from Gylys 8 Wedding, 1983 

Figure 1. Cross-sectional view of skeletal muscle structures 



ATPase is an enzyme in muscle fibers that spiits the tenninal phosphate h m  the 

adenosine triphosphate (AT?) rnolearle. The fmt step in ATPase staining involves the 

exposure of a thin (10 prn) slice of fruzen muscle to an aadic (pH 4.3 or 4.6) pre-incubation 

solution. The other muscle sample is not pre-inaibated Both muscle samples are inwbated 

in an alkaline solution of calcium and ATP at 37°C. The ATPase enzyme splits the terminal 

phosphate from the ATP and the free phosphate is imrnediately bound by calaum creating 

calaum phosphate. The calaum phosphate is insotuble in the alkaline incubation solution and 

is deposited at the site of the ATPase acîivity. The muscle sarnples are then placed in a 

solution of cobalt chloride. The cobalt replaœs the calaum, forrning cobalt phosphate at the 

site uf ATPase adivity. When the muscle samples are exposeci to a solution of ammonium 

sulphate, insoluble black cobaltous sulphide is formeci. The bla& cobaltous sulphide marks 

the original site of ATPase activity (Dubowitz and Brooke, 1973; Samat, 1983). The pH of the 

pre-incutzation solution or the omission of pre-incubation determines level of adenosine 

triphosphatase enzyme activity in each type of musde fiber allowing for a culor baseci 

differentiation of muscle fiber types ( Samat, 1983). 

An ATPase stain performed without pre-incubation (calfed ATPase pH9.4) results in 

the type 1 (slow twitch) muscle f'ibers appearing light in color (low ATPase activity) and the 

type 2 (fast twitch) muscle fibers appearing dark in color (high ATPase activity)(Samat, 

1983)(See Figure 2). When the APTase stain is preforrned with acidic pre-inabation at pH 

4.3 (ATPase pH4.3) the type 1 muscle fibers are da* and the type 2 fibers are light in color 

(Samat, 1983). The ATPase stains allow the pathologist to assess the effeds of growth, 

disesse and malnutrition on the size, shape and distribution of the muscle fiber types. 

Muscle Growth: Relationships with IGF-1 and Zn 

i. IGF-1 
As disarssed earlier, both IGF-1 and its mRNA have been found in skeletal muscle 

(D'Ecrole et al., 1984; Turner et al., 1988; lssgarrd et al., 1989). As an anabolic peptide 

IGF-1 can potentially play many roles in skeletal muscie physiology. 



Figure 2. Example of ATPase pH9.4 differentiation of rat skeletal muscle fibers 
types. In this black and white photo, the type 1 muscle fibers are gray and the 
type 2 muscle fibers are black. In color, the type 1 muscle fibers are light brown 
and the type2 fibers are dark brown-black. This photo represents the size and 
shape of the muscle fibers from a well-fed 3-weekold male rat. 



An i r n r n u n o h i ~ m i c a l  s W y  by Jenrüsche and Olivercmna (1587) demonsbated 

the presence of IGF-1 imrnunoreactivity during part of the nonnal post-natal growth of rat 

hind-limb skeletal musde. The authors speculated that the IGF-1 deteded was produced 

by immunoreadive muscle fibers and contributed to the muscle growth and development 

in an autoaine and paracrine fashion. Studies by ïanamato et el. (1994) and Adams and 

Haddad (1 996) reporteci that rat skeletal muscle hypertrophy assoa'ated with exercise 

training and muscle overload was acceimpanied by i n c r e d  IGF-1 mRNA expression. 

This increase in IGF-1 mRNA ocairred with and without the presence of endogenous GH 

(Znaamato et a:., 1994; Adams and Haddad, 1996). After irreversible iischemic damage, 

the extensor digitmm longus (EDL) muscie of rats dernonstrated increased IGF-1 mRNA 

levels (Edwaff et al., 1989) and inaeased 1GF-1 peptide irnmunoreadivity (Jennishe et al., 

1987). Meanwhile, the counterlateraf muscle showed no increase in IGF-1 expression. 

Edwall et al. (1 987) and Jenniche et al. (1987) noted that not al  muscle fibers in the 

targeted muscle were damaged and that IGF-1 expression was increased only in the 

injured regenerating musde fibers. Both groups of researctiers stated that IGF-1 might act 

as a tropic fador dunng the regenetation of skeletal muscie after ischemic injury. In 

another study, Jennishe and Hanson (1987) injected a rnyotoxic snake venorn, taipoxion, 

into the soleus muscte of mice. The taipoxion caused muscle necrosis that was 

associated with macrophage invasion. Two days Mer injedion, inaeased IGF-1 

imrnunoreactivity was observeci in regenwting muscle fibers while no changes in IGF-1 

immnuoreactivity were documented in the saline injected control miœ. The authors also 

noted that the increase in IGF-1 immnoreadivity was limited to damaged muscle cells. 

Muscle cells unaffeded by the taipoxion injection showed no changes in IGF-1 

immnoreadiwty. 

These studies implicate IGF-1 as an important anabok fador during the normal 

g r M ,  hypertrophy and regenefation of skeletal rnusde. 



ii- Zinc 

Many years of research have estabiistied tha Zn is essential for optimal growth and 

devebpment (Prasad, 1984; Gdden, 1989, Cousins and Hempe, 1 990) and Pat normal 

growth and development is acccwnpanied by skeletal musde auxetion in rats and humans 

{Ainaqeeb and Goldspink, 1986; Forbes, 1987). 

O'teary et aI. (1 979) exploreci the effeds of dietary Zn deficiency on skeletal muscle 

growV1. The authors reported that the Zn concentration of the skeletal muscies of the Zn 

def~cient rats was not significantiy diierent ftom that of the pair fed and the contrd group. The 

Zn defitient rats had skeletal muscle weights that were significantly l e s  (Pe 0.001 ) than pair 

fed and controt rats. if the reduction in muscle weight was not a d a t e d  with decreased 

cellular Zn concentration, h m  did dietary Zn defiaemy reduce muscle m a s  acaetion? 

Giugliano and Millward (1987) explored the relationship between dietary Zn deficiency and 

reduced skeletal m u x l e  mass accretim. The authors reported that the Zn deficient rats had 

deaeased DNA and protein accumulation in gastrocnemius and soleus muscles. After 10 

days. the protein synthesis (measured by musde t~]~hen~lalanine incorporation) and RNA 

content were reduced in th Zn deficient rats compared to the pair fed rats. Musde protein 

catabolism was reported to be faster in the Zn defiuent rats versus pair fed rats. After 17 

days, the gastrocnemius muscle of the Zn deficient rats had significantly less (P9.01) total 

protein and DNA compared to the pair fed and coritfol groups. The soleus muscle of the Zn 

defiaent rats also had significantiy less total protein (P4.01) and total DNA (PeO.05). Eight 

days of Zn repletion resulted in a significant increase in gasbwriernius muscle weight 

(P4.01) arid in total protein (PeO.01) and total DNA (P4.05) content. The weight of the 

soleus musde also increased (P<0.01) with Zn repletion. Giugliano and Millward (1 987) 

speculated that the redudion in skeletal muscle accretim was due to incfeased protein 

catatmlism (assoaated with decreased feed intake) and decreased protein synttiesis 

capacity. The authors hinted th& the decreased protein synttiesis could be associateci with 

decreased IGF-1 bioadivity. An earlier study by Park et al. (1 986) also found that the skeletat 

muscle of Zn defitient rats was significantly lighter (P4.05) and antained significantfy less 



total DNA, RNA and protein, Dorup and Clausen (1 991 ) reported that young rats fed a Zn 

deficient diet for 14 days had deaeased soieus and EDL muscle weights (P<0.001) and no 

significant changes in muscle Zn concentration. ~kf]leuune incorporation in to muscles of the 

Zn defitient rats was significantly less (P<0.001) wrnpared to pair fed rats. Donip and 

Clausen (1 991) utilized relative pair feeding whieti is less severe than the usual pair feeding 

described earlier, yet the growth and muscle accretion of Zn defiaent rats were still 

significantly less than the pair-fed mntrols. The authors conduded that Zn defiaency has its 

own restrictive efFed on protein synthesis independent of decreased feed intake and that the 

suppression of growth and protein synthesis ocairrd wittiout significant changes in cellular 

Zn concentration. 

The above studies documenteci tbat Zn defiaency impeded skeletal muscle acaetion and 

maturation without changes in cellular Zn concentration. As discussed previously, Zn 

deficiency (a fom of mirconutrient malnutrition) impeded the overall growth and development 

of children and rats. hadequate dietary intakes of protein and energy (rnacronutrient 

malnutrition) also derail skeletal muscle and overall growth and development in young 

mammals. 



Malnutrition 
According to the 1998 Wdd Health Organization (WHO) report on the state of the 

M d ' s  diildren, 67 million chifdren suifer fmm malnutrition and 26 million die due to 

complications of malnutrition. It is &mated that 226 million chiidren are shorter than and 183 

million weigh Iess than same age controls (WHO, 1998). 

In the faœ of de- andlor unbdanced dietary intake, the primary physiological 

adaptations of the body are to change the mix of metabofic fuels utilized and to decrease overall 

energy expenditure (Hunt and GrofF, 1990). At first the body tries to meet immediate glucase 

needs via glycogenolysis and gluconeogensis. The body's proteinaceous tissues (especially 

skeietal muscle) are catabolised to provide the amino aad substrates for gluconeogensis. If 

carbohydrate continues to be a scarçe fuel, an increasing percentage of energy needs are met 

via Iipolysis and fatty acid metabolism. Eventually, ketones becurne the prirnary metabolic fuel 

and glucose utilization is diminished. This reduces the amount of protein catabolism required to 

produce arnino acid substrates for glumeogensis. In addition to danging metabofic fuels, the 

body decreases energy expenditure. Energy is saved by the decrease in rnetabolicaIly active 

tissue (weight loss), a decrease in the metabolic rate and by decreased physical adivity 

(McLaren, i 981 ). Since growth requires an energy output above maintenance levels, it is 

incompatible with the strict energy rationing of malnutrition. 

Protein Energy MalnuWu'on 

Protein Energy Malnutrition (PEM) is a macronutrient f o m  of disordered nutrition brought 

on by various fadors that can strike at any age. hadequate dietary intake and disease are the 

immediate causes of PEM (WHO, 1998; Wardlaw and Insel, 1990). Childfen and the elderiy are 

among the most vulnerable segments of the population to PEM due to their physiological 

situations of intensive growth and progressive aging, respectively (WHO, 1 998; Reuben et al., 

1995). Kwashiorkor and marasmus are the most severe foms of PEM and are usualfy found in 

children of developing countries (Latham, 1990). Both foms of PEM have differential hallmarks. 

The general charaderistics of kwashiorkor include edema, low senrm albumin and fatty livef. 



Marasmus's charaderistics indude a protuberant Wly and a weight for age less than 60% of 

standards. The cornmon charaderistics of children suffering from PEM are marked muscle 

wasting and growth retardaiion (McLaren, 1981 and Latham, 1990). In short, childhood PEM is 

syrronyrnous with growth failure (WHO, 1998). 

PEM Recovery: Compensatory Growth 

Nutritional rehabilitation following cfrildhood PEM is charaderized by rapid body mass 

accretion (Ashworth, 1969; Brooke and Wheeler, 1976; PayneRobinson. 1980). This pedod of 

rapid body mass gain is calfed compensatory growth. 

Ashworth (1969) described the growth rates of recovering PEM diildren during 

cornpensatory growth and after complete rehabititation were achieved. In the Ashworth study and 

in other studies, complete rehabilitation was declared when PEM children had achieved expect 

weight for height (Montgomery, 1962 & Cheek et al., IWO. During compensatory growth the 

recovering children had gr& rates mat were 15 and 5 times greater than the expeded growth 

rates of well-riourished children of similar age or height Ashworth (1 969) reported that the 

compensatory grawth period was accompanied by significantly higher feed intakes and feed 

efficiency (P4.001 and Pc0.05, respectively) compared to values obsewed after weight for 

height was achieved. When the ctiildren achieved expected weight for height, feed intakes, 

growth rates and feed effiaency dropped. 

Maclean and Graham (1 980) reported that campensatory growth was associated with 

exœssive adipose tissue accretion and poor muscle mass reawety. In short, recovered children 

at expeded weight for height did not achieve expected body composition. The results of the 

above studies raise the following questions: 

1. What happened to skeletal m u d e  mass during compensatory growth? 

2. What prevented full recovery of skeletal muscle mass during compensatory giwvth? 



Malnutrition to Recovery 

i. Chitdren 
PEM is associated with a loss of lean body mass (Reeds et al., 1978). This musde 

wasting not only efieds the skeletaf muscles, but the smooth and cardiac muscles as well 

(Latham, 1990). The degree of skeletai muxle wasting is most evident in histological studies by 

Montgomery (1 962) and Hansen4mit.h et al. (1 978). These studies doarmented diminished 

musde fiber size and area of PEM cfiitdren 18-16 months olq. Montgomery's (1962) histological 

notations described the sartorius muscles and the individual muscle fibers of the PEM children as 

exîfemely reduced in cross-sectional area compared to control subject data. Crowding of the sub- 

sarcolemmal nuclei was also noted in the 1962 Montgomery study. HansepSrnith et al. (1978) 

studied the vastus lateralis musde fiber areas of cbildren (rnean age 15 months) diagnosed with 

various types of PEM. No significant differences in muscle fiber area were found between the 

different types of PEM. All PEM subjects had muscle fiber areas that were significantly less than 

controls of similar age. This study included serial muscle biopsies mat docurnented the dianges 

in mude fiber area throughout recovery. In the eady phase of recovery the muscle fiber areas 

nearly doubled in size eompared to the PEM values. Thereafter the muscle fiber areas increased 

in a steady fashion. By ttie time the PEM diildren had attained expeded weight for height (mean 

age 13.8 rnonths) their muscle fiber areas were still remarkably srnaller than that of a &month+ld 

control subjed Since muscle fiber area recovery did not happen men expected weight for height 

was attained, the authors spearlated that there was excessive production of another type of 

tissue. 

A study conduded by Graham et al. (1 969) examined changes in body composition 

during and after nutn'tional rehabilitatim in 530 manth old PEM infants. Initial assessrnent of the 

PEM infants showed loss of muscle and visceml cell mass. Wrth nutritional rehabilitation there 

was recovery of ceIl mass. In the older infants (>Il months) there was better recovery of muscle 

ceIl mass as compared to the younger infants. The younger subjeds had greater gains of fat 



mass. The authors conduded that the cornpensatory growth during recovery from PEM is not 

unifom and is not a resumption of normal growth. 

Cheek et al. (1 970) masurecf musde protein concentration and RNA to DNA ratios 

before and after nutritional rehabilitation in order to gain insight into muscle chemistry. The 

rehabiliMon data was taken 4-9 rnonths after the initial assessrnent The protein' concentration 

and the RNA to DNA ratio of the subjeds before and after rehabilitation were significanfly lower 

(Pc0.01) than wefl nowished controls. Aîthough only 9 subjeds were enrolled in ?bis study, the 

documentation of abnormal muscle dtemistry underlines the persistent aiterations to muscle 

homeostasis caused by PEM despite rehabilitation and body mass accretion. 

A retrospedive study by Maclean and Graham (1 980) cornpiled the results of nitrogen 

retention studies conduded on PEM children rehabilibted on diets with difFerent protein sources 

and energy levels. The diets induded in this study were isonitrogenous. The percentage of weight 

gained as nitrogen was calculated from nitrogen retention and weight change data. Overall, the 

authors bund that the children studied had a tendency to regain more fat mass versus muscle 

mass and that the recovery of lean body m a s  was not as efficient at higher rates of weight gain. 

ii. Rats 

A review by Dastur et al. (1982) outlinml several studies documenting the reduced 

muscle fiber size of PEM rats. Young rats subjeded to protein defiaency had decreased muscle 

fiber size (Oldfots et al., 1983). The type 28 muscle fibers atrophied while the type 1 and type 2A 

fibers did not grow. The Oldfors et al. (1983) study did not include nutritional rehabilitation. A 

histochemiçal and morphorneteric study lasting 180 days by Haltia et al. (1 978) induded 

nutritional rehabilitation of rats subjected to pre and postnatal PEM. Histochemical staining 

deteded type 1 muscle fibers in the controf rats at birth, but not in the PEM rats. This delayed 

muscle fiber diierentiation was no longer notable 5 days after birth. Thereafter muscle fiber 

difierentiation was reported ta have proceeded normatly. Haltia et al. (1 978) reported that the 

PEM rats had reduced muscle fiber cross sectional areas in ail muscle fiber types at al1 time 



points skrdied The reduœd musde fiber area of the PEM rats was significantîy d i e n t  from the 

wntrol group during the PEM and recovery phases (P9.01). Nutritional rehabilitation did not fully 

corred this difference. 

Like Cheek et al. (1 W O ) ,  Howarth (1972) examined the musde chemistry of protein 

defiaent rats. The expimental rats were fed 6%. 12% or 18% protein diets for 14 &ys while the 

cont1-01 group was fed a 24% protein diet The protein deficiency resulted in reduced weight gains 

mat corresponded to the protein cmtent of the diet The weights of the gastrocnemius frorn the 

pratein defiùent groups were significanüy less than the control group (PeO.01). The increase in 

muscle protein and DNA content observed in the 12% protein g m p  and in the 6% protein group 

was significantly l e s  (P<O.Ot) than the oontrol group. The muscie protein and DNA content of the 

18% protein diet rats was not significantly different from the control group (Pe0.1). The DNA 

content of muscle fmm the 6Oh protein diet rats was not significantly âiierent from the baseline 

data obtained from 3 week-old animals teminated on day O of the study. The author conduded 

that DNA synthesis, the first event of ceIl growth, was more sensitive to the protein deficiency 

than protein synthesis. Howarth (1 972) specuiated that the imposed nutritional deficiency causeci 

a shift in metabolic priorities with the synthesis of new muscle tissue falling to the wayside. 

These studies and others document the poor recovery of muscle fiber size and overall 

muscle mass in rehabilibting PEM children and rats. Although the rehabiiitation diets were 

adequate to produce rapid weigbt gains, they were unable to ensure normal body composition 

when expected body mass was actiieved. These results raise the following question: What factor 

is Iimiting the metabolism of dietary nutrients into muscle mass during recovery from PEM? 

Dietary Zinc 

Recovery from PEM as noted by Graham et ai. (1969) is not a simple resumption of 

normal growth. Poor muscle recavery and excessive gains of fat mass (Golden, 1989) 

charaderke cornpensatory growth in PEM rehabiiitation. Since n m a l  growth is a time of high 

nulritional requirements and Zn is aitical for growth and development (Prasad, 1984; Golden, 

1989) compensatory growth can be viewed as a tirne of intensive nutritional requirements, 



partiarlarfy for Zn (Morgan et al. 1988). Castillo-Duran et al. (1 987) and Simmer et al. (1 988) 

both found that Zn supplementation (2-10 mg Zn /kg M y  weight) during recovery lead to 

signifimtly improved weight gains versus the unsupplemented group. The 1987 Castill&ran 

study also found improved host defense wittr Zn suppfernentation. Infedion is a major 

perpetuaüng factor of childhood malnutrition (WHO, 1998). 

Golden and Golden (1981 a) postulated that Zn requirements for tissue synthesis in 

compensatory growth çould exceed the dietary supply. The reseanhers hypothesized that Zn 

muld be ttie detemrining factor for the rate of weight gain and the type of new tissue synthesked. 

Golden and Golden (1 981 a) found that the plasma Zn concentrations were low in children 

ttiroughou? the high-energy nutritional rehabilitation pend. The reseatchers noted that the faIl in 

plasma Zn was more severe in the ckiildren fed a soy based diet versus a bovine milk diet The 

authors found that a high rate of weight gain was associated with lower plasma Zn 

concentrations. This was a significantly negative relationship. The authors used energy cost of 

gmwth calculations develaped by Jackson et al. (4  9?7) to gain insight into the eficiency of 

recovery as well as the type of tissue synthesized. The cost of gr- is the result of ttie energy 

available for tissue deposition (total energy intake minus energy required for weight maintenance) 

divided by the weight gained during recovery (Jackson et al., 1977). Jackson et al. (1 977) found a 

significant correlation between the cost of growth and the percentage of weight gained as muscle 

mass. A low cost of growth was associateci with a greatec percentage of weight gained as muscle 

mass and a high cost of growVi was associated with greater gains of fat mass. Golden and 

Golden (1981 a) found that the cost of growth at the beginning of th8 recovery period was lower in 

the &s milk feâ subjeds and relativeiy high in the soy fed subjijeds. However the low cost of 

grawtri seen in the cods milk fed children was still high Men  compared to the theoretical costs of 

lean and fat mass aceretiari. This indicates that these ctiildren were gaining most of their body 

weight as adipose tissue. Overall, mis study found that as plasma Zn dropped, tfie cost of growth 

increased. The authors speculated that the demand for in in new tissue synthesis exceeded 

supply and led to changes in the composition of weight gained. 



To invesb'gate th& thmy Golden and Golden (1981 b) suppîemented the rehabil i ion 

diet of 16 PEM children with a Zn acetate solution to provide an additicmal 25-1 50 umol Zn k g  

body weight. The Zn supplernentation resulted in higher plasma Zn concentrations and a 

significant rise in the rate of weight gained in soy and a m t s  milk fed children. The Zn 

supplementation was also associated with a re-gfowai of the thymus and activation of the sodium 

pump in leukocytes. 60th aie changes in the rate of weight gain and in the energy cost of growtii 

were significantly correlated to changes in plasma Zn concentrations. An inaease in plasma Zn 

was associatecl with an increase in the rate of weight gain (r = 0.74, P<O.Ol). A drop in the cost of 

growth was açsoàated with increases in plasma Zn concentration (r = 0.77, PcO.001). Based on 

the physiological responses observed in the diildren to Zn supplernentation, the researdietç 

concluded that oie children studied were Zn defiaent dunng the recovery period. 

Golden and Golden (1992) further investigated the relationship behveen the cost of 

growth and plasma Zn by documenting the effed of Zn supplernentation on ne? nitrogen 

absorption in recovering PEM children. Nitrogen balance and protein synthesis studies were us& 

to i nd i rdy  estirnate muscle protein accretion. The children studied had a mean age of 5 

months and were fed a soy pmtein based diet. The children were divided into 3 Zn 

supplementation groups, low Zn (no supplementation), moderate Zn (76 umol Z d k g  diet) and 

high Zn (153 umol Zn per kg diet). The Zn supplemented ctiildren ingested the same amount of 

diet as the unsupplemented children. Net nitrogen absorption as a percentage of nibogen intake 

increased in the Zn suppiemented groups during the remvery period, but not in the 

unsupplemented group. FM this parameter, repeated rneasures ANOVA revealed that there was 

a significant independent M e d  of Zn (P<O.O1), tirne (P4.05) as well as an interaction between 

Zn and time (Pe0.05). Nitrogen retention increased in al1 groups wÏth rehabilitation. The nitrogen 

retention per gram of weight gain mtinued to inctease during mid and late recovery in the 

supplemented grwps, but not in the unsupplemented grwp. Repeated ANOVA showed that only 

time was significanî for this parameter. The authors mduded that Zn supplementation 

infiuenœd intemediary nitrogen metabolisrn and thus influenceci the type of tissue synthesizeâ. 



Morgan et al. (1988) COnduded a study where the affspring of undemourished female 

mice rehabilitated ai a low (5 ppm Zn). marginal (IO pprn Zn) a high Zn diet (40 ppm Zn). The 

control gmup mice were fed a 25% protein diet amtaining 30 ppm Zn. The pups recovered on the 

marginal Zn diet had body weights that were similar to the wnbPl group, but had smaller lean 

rnass gains and the male pup had targer fat mass gains. The miœ tehabit-nated on the low Zn diet 

did not achieve contml gmup body weight This gmup of mice also had significantly smaller 

protein m a s  gains cnmpared to the canbol grwp and the mice recovering on the high (40 ppm) 

and marginal (10 pprn) Zn dkts. Mice fed the high Zn recovary diet attained controf body weigMs 

and nomal body cxlmposition. Morgan et al. (1988) concluded that the low Zn diet was unable to 

meet the Zn requirements of compensatory grwth and resulted in limited weight and potein 

recovery meanwhile the marginal Zn diet lirnited protein mas  recovery. 

The above human and animal studies implicate Zn as an important nutritional factor in 

PEM recovery diets. The Zn supptementation of the recavery diets led to beîter weight gains as 

wetl as better recovery of lean body mass. 

i. Chiidren 

As dowmented More, IGF-1 bioadiviîy is regulated by nutritional status. Therefore it is 

not surprising that decreased IGF-1 bioacüvity and concentration ammpany the dinical 

diagnosis of PEM. Hintz et al. (1978) and Mohan and Rao (1 979) found that ctiildren diagnosed 

with PEM had significantly lower senirn and plasma IGF activity (P<0.01 and P<O.OOl, 

respedively) cmpared to well nowished age matched controls. Semm and plasma IGF adivity 

was assessed by porane and rat cartilage =S incorporation assay. 80th team of researchen 

reported that the PEM children had normal or elevated arculating GH concentrations. Wrth 

nomal or high circulating GH concentrations one might expect çomewhat normal GH activîty 

induding IGF-1 expression and bioadivity. In the PEM state GH peptide concentration was not 

representative of GH activity. Since these studies reported cirwlating IGF 'adivity', it is important 



to assess if there was a coordinate change in IGF-1 concentration. Later studies by Soliman et ai. 

(1 986) and Smith et al. (1 989) uülired IGF-1 radioimmunoassays and reported that PEM children 

had significanüy lower arculating concentrations of IGF-1. These IGF-1 radioimmunoassay 

studies doaimented that childhood PEM is associaid with decreased tirailating IGF aaivity and 

IGF-t concentrations. Soliman et al. (1 986) and Smith et al. (1 989) al= reported elevated GH 

concentrations. 

Hintz et al (1978) dexn'bed the inverse relatioflship be-n GH concentration and IGF 

adivity in PEM as a physiological block in the syntbesis and/or release of IGF. Mohan and Rao 

(1 979) report& that *en plasma albumin concentrations dropped below 36.3 pmoVt, plasma 

GH concentrations increased and plasma IGF activity deaeased. Nutritional rehabilitation in ail of 

these studies was reported to increase arculating IGF activity and IGF-1 concentration as well as 

decrease GH concentrations to normal. It is interestirtg to note that Soliman et al. (1986) reported 

that serum concentration of IGF-1 in PEM ctiildren was significantIy correlated with the percent 

weight deficit (r;: -0.521. P<0.001), e-ed height (~0 .42 ,  P<0.001) and weight for (height)? 

index (r=0.34, P<O.OI). Percent weight defiat, expeded height and weight for heigh? index are 

parameters that are frequentiy used to assess growth and nutritional status. 

These studies docurnented that ctiildhood PEM is assoaated with signifiant reductions 

in ciraifating IGF adivity and concentration and mat nutritional rehabilitation increased both 

circulating IGF-1 activity and concentration. 

ii. Rats 

Like children with PEM, protein and energy d-ved rats also have decreased circulating 

IGF-i concentrations (Prewitt et al., 1982; VandeHaar et al., 1990; Yahya et al., 1990). Prewitt et 

al. (1 982) randornly assigned 4 week-old rats to one of 9 diets h t  consisteci of 3 IeveIs of energy 

(ad libitum, 75% and 50% of ad libitum intake) and 3 levels of protein (5, 10 and 15% 

lactalbumin). Semm IGF-1 concentrations were assayed when the rats were 5,6,9 and 12 weeks 

of age. In the 5 week-old rats, dietary protein level had the greatest impact on semm IGF-1 



concentraüons. Semm IGF-1 concentrations inaeased lineariy as the level of dietary pmtein 

increased. Energy intake was reported to only have a sigNticant impact in the 15% protein diet 

groups at this time point lncreasing the energy intake from 50% to 75% in the q5% protein group 

resulted in a significant inaease in senim IGF-I concentration (P<O.OS). In the 6, 9 and 12 week 

old anirnals both protein and energy level significandy influenced serurn IGF-1 concentrations 

(P4.05). lna'easing the dietary protein level increased senirn IGF-1 concentrations, but the level 

of energy intake modulated the magnitude of the incmase. Prewitt et al. (1982) also found that 

sewm IGF-1 concentration was signiftcantly correlated with body weight (r= 0.84, Pd.001) and 

tail length (fa-74, P~O.001) at al1 time points. The authors condudeci that serum IGF-1 

concentrations were able to reffect both gr& and nutritional status. 

VandeHaar et al. (1990) and Yahya et al. (1990) reported that 5% and 0.5% protein 

isocalon'c diets, respedively, resulted in significantly reduced plasma and semm 1GF-1 

concentrations cornpared to rats fed 5% and 20% protein diel. These authors went one step 

further and examined the effeds of protein deficiency on the skeletal muscle expression of IGF-1. 

VandeHaar et al. (1990) reported that 2 groups of weanling rats fed a 5% protein diet for 1 week 

and 3 weeks had a 34% (P<O.ûûI) and 24% (P<0.01) redudion in skeletal muscle IGF-1 mRNA 

abundance compared to control rats. Yahya et al. (1990) found that skeletal muscfe IGF-1 

concentrations of rats fed a 0.5% pmtein diet for 1 week and 3 weeks were 39.7% and 35.3%, 

respectively, of control rats. 

These studies demonstrated that rats subjeded to dietary protein and energy deficiencies 

also have reduced arculating IGF-1 concentrations and impaired growth like children with PEM. 

The studies by VandeHaar et al. (1990) and Yahya et al. (1 990) demonstrated that the effects of 

protein defiaency on IGF-1 expression and concentrations extended to the skelebl muscle. 

However, these studies did not indude nutritional rehabilitation. 

Cossack (j988) subjected mng rats to a 72 hour fast fotlowed by nutritional 

rehabilitation on diets of diffeient Zn concentrations (0.9, 30, 90 and 140 ppm Zn). The 30, 90 and 

140 ppm Zn rats were pair fed to the 0.9 pprn Zn group to ensure that refeeding was isocaloric 

and isonitfogenous. Eight rats were terminated M o r e  and after the 72 hour fast to serve as time 



O (b) and tirne 3 (b) control group. Another grwp d eight rats was fed a nutritionaliy complete 

diet throughout the study. Cossack reported that semm IGF-1 concentrations dropped 

significantfy after the 72 hwr fast curnpared to the weII murished grwp (P<0.05). In the fist 24 

hour of nutritional rehabilitation, there was a significant increase in serum IGF-1 concentration 

regardiess of dietary Zn concentrab*on (P<O.WS). After 48 hours of refeeding, the serum IGF-1 

concentrations of the rats fed the 0.9 and 30 ppm Zn diets dmpped significantly (Pe0.05). In the 

90 and 140 pprn Zn groups, semm IGF-1 concentrations continued to increase and reached 

control levels after 8 days of refeeding. The serum IGF-1 concentrations of the 0.9 and 30 ppm 

Zn groups were süll significantiy less than the other gmups afier 8 days of refeeding. Cossack 

(1 988) conciuded that the Zn content of the refeeding diet was an important factor in the 

nomalization of semm IGF-1 concentration following sta~ation in rats and that cateful 

consideration should be given to dietary Zn content M e n  planning PEM recovery diets. 



II. STUDY RATIONALE 

Millions of children sMer from in defiaency and PEM. 60th Zn defia'ency and PEM are 

associated with decreased semm IGF-1 concentration and retarded growth and development 

Nutritional rehabilitation leads to compensatory grawth, but recovery of muscle mass is 

incornplete and adipose accretion is excessive. Zn status during cornpensatory growth is 

tenuous. The addition of Zn to the rehabilitation diet enhanœs the recovefy of skeletal muscle 

mass. IGF-1 is an anabolic peptide associated with skeletal muscle hypertrophy and 

regeneration. The arculating concentration of IGF-1 is strongiy influenced by nutritional state, 

including Zn, protein and energy status. 

It is spewlated that sub-optimal Zn status during compensatory growth could result in 

decreased serum and tissue IGF-1 concentrations, which could tead to poor recovery of skeletal 

muscle mass and fiber diameter. Sine this speailation would be difficult to explore in a single 

study, the hypothesis of this study is that the full recovery of muscle fiber diameter following Zn, 

protein and energy deficiencies is dependent upon the full recovery of semm fGF-1 

concentration and Zn status (as determined by serum and femur Zn concentrations). 

The objectives of this study were: 

1. To investigate the effects of Zn, protein and energy deficienaes on skeletal muscle mass 

and fiber diameter in relation to semm IGF-1 concentration in young rats 

2. To examine the effects of a standard 30 ppm Zn diet on compensatory growth, the 

reçovery of skeletal musde mass and fiber diameter and serum IGF-1 conœntrations 

following Zn, protein and energy deficiencies. 

In order to meet the objectives of the study, weanling rats were subjeded to either Zn, 

protein, energy or wmbined Zn and protein deficiency via dietary manipulation. Weanling rats 

were chosen for this study, as they are poised for rapid grawth and development Iike many 

children who suFfer from Zn defiaency and PEM. Studies canœming IGF-1, malnutrition and 

recovery from malnutrition frequently use the rat model. The weanling rats were fed the deficient 



die& for 3 weeks (defiaency phase). Then rats from each diebry group were rehabilitated on a 

30 ppm Zn diet for 3 weeks (recovery phase). Eacb phase of the study was 3 weeks long to 

ensure that the rats entered the desired state of defiaency and ttiat the rats would have an 
P 

Previous studies have examined changes in IGF-1 conceritrtionons or changes in skeletal 

muscle mass M o r e  and Mer Zn, protein and energy defiaenaes. An extensive review of the 

available Iiterature has not revealed any studies mat have examined the effeds of, and recovery 

frorn, Zn, protein, energy and mbined Zn and protein defiaencies in relation to skeletal muscle 

fiber histology and semm IGF-1 concentrations. By examining these nutritional defiaencies from 

this standpoint this thesis projed wil! assist in the charactemation of Zn defitiency and skeIetal 

muscle remery in cornpensatory growtti. 



III .  Materials and Methods 

Experimental Design 
Eightyeight three weekold weanling Sprague Dawiey rats (Charles River 

Laboratofles. St Constant, PO) were used to m d u d  a six week study. Eight rats per group 

were used as most studies regarding Zn deiiàency use six rats per group and there was an 

extra two rats in case of mortality. The weanling rats were randornly assigned to either the 

baserine (W) group and teminated on day zero or to one the following five dietary treatment 

groups: Zinc + pmtein deficient (DI 2% protein + c 1 ppm Zn), zinc deficient (2, 20% protein 

+ 4 ppm Zn). protein deficient (P. 2% protein + 30 ppm Zn). energy defiaent (El 20% protein 

+ 30 pprn Zn) or control (C, 20% protein + 30 ppm Zn ). All diets were based OB the AIN-93G 

diet for growing rats (see Table 1 for diet composition). The ZP. Z, P and C groups were fed 

ad libitum while the E group's access to the nutritionally complete control diet was Iimited. 

The quantity of control diet given to each E rat was determined by the amount of diet 

ainsumed by its Z group counterpart on the previous day. The E group aded as the pair fed 

controls for the Z group as well as a model for energy deficiency. The rats were fed in this 

manner during the 3 weeks of the deficiency phase. At the end of the defiaency phase, 8 

animals from each group were teminated. The rernaining 40 animais entered the 3 week 

recovery phase and were fed the control diet ad libitum. At the end of the recavery phase, the 

remaining 8 animals per group were teminated (see Figure 3). 

Great a r e  was taken during the mixing of the diets to avoid zinc contamination. The 

work area was washed before ingredients were opened as were the Hobart mixer, stainless 

steel bowl and paddle used to prepare the diet. The surface of containers were washed 

before opening. and hands were washed before and after the addition of eacb ingredient. The 

double deficient diet was mixed first foliowed by the single deficient and the control diets. The 

diets were mixed for 10 minutes and checked visibly for homogeneity. The diets were mixed 

for as short a time as possible to avoid heating the diet and mmpromising the integrity af the 

soybean oit. The diets were stored in polyethylene bags in plastic containers at 4%. The 

diets were fed to the animals in glass jars that were weighed daiiy to estimate feed intake. 



Table 3 .  

Diet Formulation and Nutritionai Information 

Diet ingredients were purchased from Harian Teklad (Madison, W) with the exception of the 
soybean oil (Vita Health. Wmnipeg. MB) and the dextrose (Moonshiners. Winnipeg. MB). 
2 Zinc + protein defiaent (ZP), zinc defiaent (Z), pmtein defitient (P) and control (C) diets 
rere based on the AIN-93G diet for growing rats. 

AIN-93 zinc free mineral m k  (Harian Tekiad). 
AIN-93 vitamin mix (Harlan Tekiad). 
ZMC premix was composed of 5.77 g of Zinc carbonate in 1 kg of dextrose. 
The nutritional value of the diets was calwlated with the exception of zinc which was 

detenined by flarne atomic absorption spectrophotometry. 



Day O 

3 Weeks 6 Weeks 

Figure 3. Experirnental Design. At each termination 8 rats were killed 
i-& j. The baseline group 0 was terminated on day 0. The remaining 
80 rats were randomly assigned to either a zinc+protien deficient (ZP) 
diet, zinc deficient (Z), protein deficient (P), energy restricted (E) or 
control diet (C) for 3 weeks. Eight rats from each group were killed 
and the remaining rats were fed the control diet f & =  3 weeks. At the 
end of the study (6 weeks) the finial 40 rats were terminated. 



Animal Care & Assessrnent of Growth 
The animals were housed in stainless steel wire-bottorn cages in a room (21-23 O C  

and 55% relative hurnidity) with a 14-hour light and 1 Mour dark cycle. The rats had free 

access to double distilled water frorn a polyethylene bottle with a stainless steel sipper tube, 

but exact fluid intake was not measured. The animals were weighed weekly in order to 

document changes in body weight, Using a ruler, nose to anus and anus to tip of tail 

measurements were recorded ât tenination as part of the assessrnent of growth. 

Temination 
At the end of deftciency and recovery phases, the rats were terminated in blocks of 

five (one animal from each treatment group). The rats were asphyxiated with carbon dioxide, 

weighed, measured and decapitated by guillotine for the collection of tmnk blood. The blood 

was collected in ice chilled polyethylene test tubes. The tubes were centnfuged (Beckman 

TJ4R) at 2400 RPM for 15 minutes. The serum was rernoved and allocated into four 

microcentrifuge tubes using autodaved pipette tips. The senim for the IGF-1 anafysis was 

stored at -80°C. The remaining samples were stored at -20°C. 

Liver, kidneys and spleen were removed, weighed and immediately frozen in liquid 

nitrogen. AI1 organs were stored at 40°C. The upper torso was separated from the lower 

lirnbs using the guillotine. The skin was rernoved from the lower limbs and the inguinal fat 

pads were excised and weighed. One gastrocnemius muscle was carefully excised, mounted 

in gum tragacanth on cork and frozen in -1 50°C isopentane using methods adapted from 

Dubowtiz and Brooke (1 973) ana Estes and Goss (1996) for freezing human skeletal muscle. 

lsopentane cooled to -150°C was employed to minimize freeing time and the potential for ice 

crystal artifad formation. The countra-iateral muscle was excised, weighed and frozen in 

liquid nitrogen For analysis of muscle fGF-1 concentration. The gastrocnemius muscle was 

selected for biopsy as it is easy to excised and is used regularly by the rat in daily activities. 

The lower Iirnbs were frozen in liquid nitrogen and stored at -20°C for femur mineral analysis. 



Assessrnent of Zinc and Femur Mineral Status 
Senim and femur zinc concentrations were used to assess zinc status. The zinc 

content of the expenmental diets was also assessed. Zinc concentration was determined by 

flarne atomic absorption spectrophotometry. Bone mineral status was determined using 1CP 

vacuum emission specb-omeûy. 

Senirn Zn Concentration 
Microçentrifuge tubes containing semm for Zn analysis were kept on ice until shortly 

More  anaiysis by fiame atomic absorption spedrophotometry (Spec!ra AA-30 

Spedrophotorneter, Varian Canada, Georgetown, ON). Each microcentrifuge tube was gently 

inverted unül cornpletely thawed. fiiquots of semm ranging h m  140g1 to 2204  were mked 

with double deionized water to make a final solution of 1 ml. The diluted semm sample was 

vortexed to ensure homogeneity and aspirated into the nebulizer of the fiame atomic 

absorption spedrophotorneter. The deteded Zn concentrations (pgiml) were rnultiplied by the 

appropriate dilution factor to yield serum Zn concentration (pglml). 

Femur Zinc and Femur Mineral Analysis 
The frozen lower lirnbs were defrasted ovemight at 4°C. The tendon and tissue were 

carefully removed from the femur using a scalpel. The femur was excised and its wet weight 

was recorded. The fernur was then plaœd in a drying oven preheated to 8S°C for 48 hours. 

The dry bone weight was doaimented upon rernoval from the oven, The dRed bone was 

stored at 4'C in a sealed petri dish. The femurs were prepared in the above deseribed 

fashion in eight blocks of eleven femurs each. 

The wet-ash methods of Clegg et ai. (1981) were used to digest the bone sarnples. 

Al glassware and equipment were acid washed wiîh a 21 % nitric aàd solution. Each fernur 

was placed in a Pyrex glass test tube containing 2 ml of 70% nitric acid solution and covered 

with a marble. Two Pyrex test tubes containing powdered bovine liver (No. 15776, U S .  

Department of Commerce, National lnstitute of Standards and Technology, Gaithersbutg , 

MD) were processed as quality controts. The bovine liver had a mading of 12.1 1 ppm Zn. 

Four blanks containing deionized water and nitn'c acid were also proœssed with the bone 



samples. The Manks had an average reading of 0.016 ppm. The test tubes were left at m m  

temperature for 2 h o m  and then place in an 85°C test tube heater for two days. The 

digested bone-aad mixture was placed in a 1Ornl volumetric flask and diluted with Milfipore 

water. To ensure mat the zinc concentration of the solution would be within the standard 

ame, additional dilutions based on the fernur wet weight and treatment gmup were made. 

The zinc concentmion was determineci via fiame atomic absorption spedrophotornetry. 

Since a Varian Liberty 200 ICP vawurn emission Specûorneter (Mississauga, ON) was 

available, the acid-borie mixtures were a b  user ta detenine femur calaurn and phosphanis 

concentrations. Examining the Me& of the experirnental diets on the major cornponents of 

bone (calcium and phosphorus) would allaw for the fumer chata~ter i~on  of Zn, protein and 

energy deficiencies and the degree of mcnvery from these deficiencies- The mineral 

concentration was ca[wIated with the following formula: 

Mineral concentration t~q/ml) X 10 ml X dilution factor 
Fernur weight (mg) 

Dietary Zinc Content 
The Zn content of the experimental diets was determined following wet ashing 

(Clegg et al, 1981). One gram of the Zn defitient diets and 0.2g of the Zn adquate diets were 

added to an aad washed Pyrex test tube containing 2 ml 70% nitric aad. The diet samples 

were prepared for Zn analysis in the sarne fashion as the borie samples. 

Assessrnent of Protein Status 
The serum alburnin and Iiver lipid concentrations were assessed in order to 

determine protein status. Low çerum alburnin and elevated liver lipid concentrations are 

hallmarks of protein defiàency (tatham, 1990). 

Senirn Albumin Concentration 
The s w m  albumin concentration was determined using Sigma Diagnostics (St. 

Louis, MO) kit -1, which is a modification of the methods of Dumas (1 971). The kit 

contained a yellow-green solution of bromcresol green (BCG) that turneâ blue-green upon 



binding with albumin. The intensity of the bluegeen color was direeüy proportional to the 

albumin concentration of the serum sample, Ten rnicrditers of eâch semm sample was 

diltued wïth 10 pl of double deionized water and mixed with 2 ml of BCG solution in a w e t  

by gentle inversion. The awet was irnmediately placed in a Milton Roy Spedronic 3000 

Spedrophotorneter (Fisher Saentific, Nepean, ON) for duplicate abswbance readings at 

628 nm. The rnean absorbame reading was used to calculate sewrn albumin concentrations 

@/dl) with the foflowing formula: 

Sam~le absorbanœ - Blank absorbance 
Standard absorbance - Blank absorbance 

X Concentration of Standard (X 2) 

Liver Lipid Concentration 
The amcentration of liver lipid was determined using the principleç of Folch et al. 

(1 956). Briefly, a Polytron homogenirer (mode1 PT 1020 3500, Brinkmannn Instruments) was 

used to homogenize 1 gmrn of liver in 22 ml solution of 2 parts dilorofonn and one part 

methanol. The homogenate was filtered ttiough a Whatrnan nurnber filter paper into a 

gradusted cylinder. The volume of elutate was recorded, 20% of the elutate volume was 

added as water and the cylinder was shaken. The cloudy suspension was left to separate 

ovemight Sodium chloride was added to some samples to ensure full separation of the lower 

lipid tayer containing chioroforni and the upper methanol layer. The volume of the chloroform 

layer was recorded and the methanol fayer was rernoved, 10 ml of the chlorofom layer was 

placed in a 25 g glass vial. The ctilorofon was evaporated using a heated water bath (OA- 

SYS heating system, Organomation Associates, Berlin. MA) and nitrogen air (0.7 ~ g l c m ~ )  for 

one hour. After chlofoforni evaporation the viab were cooled in a desiccator and then 

weighed to determine lipid content. 



S e m  Insolin-like Growth Factor4 Concentration 
Serurn IGF-l concentration was determined using a rat serum IGF-1 douMe anübody 

radioimmunoassay (RIA) kit (DSL-S900) produced by Diagnostic Systems Laboraton'es Inc. 

(Webster, TX). The RIA kit induded 6 rat IGF-1 standards and 2 rat IGF-1 controis. The kit 

employed the RIA prinaple of cornpetition between radioadive and non-radioadive antigens 

for a set number of antibody binding sites (Edwards, 1985). The amount of radioactive IGF-1 

bound to antibody sites was inversely pmporüonal to the concentration of unlabelled IGF-1 in 

the semm sample. The free and bound IGF-1 s were separated via a double antibody system 

made up of a goat anti-rat IGF-1 serum and a donkoy antEgoat gamma globutn. Al samples, 

controls and standards were assayed in duplicate. The kit instructions were followed for the 

assay as well as for the calwlation of IGF-1 concentration. 

Muscle Histology 
The cork-mounted muscle biopsy samples were prepared for histochemical staining 

using a microtome in a cryostat. The corkniounted samples were onented perpendicular to 

the microtome knife so that cross sectional slices measuring 10 pm in thickness were 

obtained. The slices were placed on glass microscopes sides and stored at -80°C overnight. 

Al1 histochemical staining was based on the methods of Estes and Goss (1996) and those 

used routinely by the neuropathology lab at the Health Saences Center (Winnipeg, MB). Ail 

muscle samples were subjeded to ATPase pH4.3 and 9.4 reactions as descn'bed earfier 

(p.12). In addition to the ATPase reactions, the muscle samples were subjeded to 

haematoxyiin and eosin (H & E), modiied gomon' tfichrome, oit red 0, periodic aad schH 

(PAS) with and without diastase histochemical stains. H & E is a traditional stain that adds 

color to the tissue sample for morphological assessment of the mude. In muscle samples H 

8 E stains the nudei a purple-blue alor Mile the cytoplasrn of musde fibers stain pink The 

modified Gomori ûichrome stains muscle fibers dark green, cmnecîive tissue light green and 

nuclei and mitochoridria ted. The oil red O stain dededs the presenœ of triglycerides and 

neutral fat in muscle. The lipids appear bright red or orangered and the nudei appear blue. 

PAS stains muscle glycogen purple-pink and the nudei blue. In order to confimi the presence 



of glycogen, a second sample is inaibated with salivary amylase at 37°C and the salivary 

amylase breaks-down the glycogen. This is called the diastase procedure. the presence of 

glycogen is confinned if tissue fhat appeared purple-pink in the PAS sample is ciear in ale 

diastase sample. 

Muscle Fiber Diarneter Analysis 
Photographs of the ATPase pH 9.4 muscle slides were taken with a Leica DMRB 

(Leica Mikroskopie, Germany) photographie microscope. Photos of a mimoscopic calibrated 

micron side were ako taken at variws levels of magnifications. The color film was proœssed 

without calor adjustments by a local photography lab. The photos were scanned to create 

digital images onto 512 pixels by 512 pixels black background The images were analyzed 

using BAS software (version 2.0, Kontron Eledronics, Germany). Sergio Mejia (Department 

of Geological Sciences, University of Manitoba) designed an IBAS program specifically for 

the analysis of muscie fiber diameter. The photos of the calibrated micron scale along with 

information about the magnification level were used to calibrate the image analysis program. 

Thus, the results of the image anaiysis were actual measurements and not an assessrnent of 

relative sire. The utilkation of IBAS technology allowed for the analysis of more muscle fiber 

diameters per treatment group ( ~ 5 8 0  fibers per group) and limited the potential for enor with 

visual measurements. The cornputer program detelmineci the largest and smallest diameter, 

the cirwlarity and smoothness of each muscle fiber. Only the smallest diameter (D-min) data 

was used in the statistical analysis. 

Statistical Analysis 
The main effects of diet, tirne and interactions between diet and tirne were analyzed 

by ANOVA using SAS software version 6.04 (SAS instiMe, Cary, NC). Duncan's multiple 

range testing was used to identify significant difierences between treatment group means. 

DifFerences were deemed significant at Pe0.05. Repeated measures analysis was performed 

on the feed inbke and body weight Exml97 (Micros& Corporation, Roselle, IL) was used 

to construd histograms of the muscle fiber data. 



IV. Results 

The results of the study are presented in chmnofogical order, beginning with the badine 

and defiaency phase data followed by the recovery phase data. The data is presented in Figures 

4-32 beginning m page 54. The fous of this sedion will be on the results of the Duncan's and 

repeated measures means testing as the ANOVA analysis revealed Iittle variation in the main 

effects of diet, time and the interaction of diet and time on the variables measured. The P values 

for the main effecis are presented in Table 2. In brief, the effects of diet and time were significant 

for al1 variables except for the spleen weight to body weight and iüdney weight to body weight 

ratios, respecüvely. The interadion of diet and time was significant for al1 parameters except for 

body length, liver mass, kidney weight to body weight ratio, spleen weight to body weigM ratio 

and type 2 muscle fiber minimum diameter. 

Body Weights 

Weekly weights and weight gains 
Figure 4 depicts the weekly weights and Figure 5 shows the weekly weight gains of the 

rats during the defia'ency and recovery phases. Thrwghout the deficïency phase (0-3 weeks), the 

body weights of the C group were significanüy greater than the defiaent groups (Figure 4). me 
body weights of the ZP and P groups were both 34% of the mean C group weight at the end of 

defiaency phase. The Z and E grwps had body weights that were 50 % and 51 % of the C group 

mean body weight and were not significantly different from each other. During the first two weeks 

of the defiaency phase, the control group had a rapid weight gain (gheek), which was 

significantly greater than the other groups (Figure 5). ihe weight gain of the 2 and E graups was 

46% and 40% of that observed in the C group. The ZP and P groups exhibited weight loss and 

gain dunng the same time pen'od. Between the second and third weeks the C, Z and E 

experienceâ decreased rates of weight gain and the protein defiaent grwps maintained their 

body weight 



Table 2. The main effects of diet, time and the interadion of diet and time on 
study parameters as determined by ANOVA. 



During the recovery period (4-6 weeks). the defiuent rats gained weight rapidly, but oieir 

weekly body weights ware aiways significantly les than the contrd group (Figure 4). The pattern I 

of significanœ observed in the body weight data of Vie defiaency phase (ZP 8 P c Z 8 E< C), 

continued in the recovery phase. Between wwks 3 and 4, the detiaent groups showed a sharp 

increase in weigM gain followed by a more tapered weight gain in weeks 5 thrwgh 6 (Figure 5). 

The C group also experienced increaçed weigM gain, but in a iess dramatic fashion. During the 

last week of the study, the C and E groups had weight gains that were significantly l e s  than the 

Z, ZP and P gmups. At the end of the study, the body weights of the M u e n t  rats were only 66% 

to 80% of the C gmup. During the recovery phase. the deficient groups grew rapidly, but were 

unable to achieve body weights that were similar to the C group by the end of the study. 

Feed intakes 

Weekly feed intakes 
The C group had the largest weekly feed intake throughout the 6-week study (Figure 6). 

As expeded the weekly intakes of the Z and € (pair-fed control) groups were not significantly 

difFerent dun'ng the deficiency phase, ft is interesting to note that the Z and E weekfy intakes 

çontinued to be similar hroughout the recovery phase. The weekly intakes of the protein deficient 

groups were significantly different from each other dwing the first week of the deficiency phase. 

Thereafter, the protein deficient groups had similar weekly intakes. The weekly intake of the 

deficient rats was the fwest during the third week of the defiaency phase (30.48% of control). 

The weekly intakes of al! grwps inaeased between weeks 4 through 6. The protein defiaent 

groups had a significanffy smaller intake of recovery diet in week 4 compared to the Z and E 

groups. Duting week 6, the defiaent gmups had similar feed intakes (8û48% of control). 

Change in weekly feed intakes 
Figure 7 depicts the changes in feed inbke throughwt the study. BenNeen the first and 

second weeks d the deficiency phase, the ovemll intakes of the ZP, E and Z groups increased 

without significant differences among the groups. The C and P groups had changes in weekly 



intakes that were significanüy d Ï Ï n t  from ail other -S. The C group's -ntake increased by 

37 grams and the P groups intake deaeased by 4 grams. The feed intakes of all groups 

decreased between weeks 2 and 3. The feed intake of the ZP and P groups was significantly 

dscreased m p a r e d  to the other groups. During the changeover point from defiaency phase to 

reoovery phase (weeks 34)  the weekly feed intake of al1 groups inueased. The C group had 

significantly smaller increase in feed intake compared to the recovering defiaerit grwps. The Z 

group had the largest increase in feed intake followed by the E. ZP and P gmups. The increased 

feed intake by the Z group was significantly greater than the P group, but was not significanfly 

dflerent from the E and ZP gmups. There were no significantly dierent changes in feed intake 

among the study groups between weeks 4-5 and weeks 5-6. 

Cumulative feed intakes 
The total quantity of diet mnsumed by each of the deficiency groups (in grams) during 

the defiaency phase was not significantiy diffemnt from each other (Figure 8). By the end of the 

defiaency phase, the C group had consumed 50% more diet than the other groups. By the end of 

the study, the C group had consumed signifimtly more diet than al1 other grwps. The Z group 

had the second largest feed intake during the 6-week study followed by the E, P and ZP groups. 

The total intakes of the E, P and ZP grwps were not significantly diifferent fmm each other. The 

total amount of diet consumed by the Z group (73% of C group intake) was not significantiy 

different from that of the E group (6û% of C group intake). 

Feed efficiency: Cumulative feed intake to final body weight ratio 
To gain insight into how readily the feed consumed by the rats was transfened into 

weight gain, the cumulative feed intake was divided final body weight. Dun'ng the 3 week 

defia'ency phase, the feed intake: body weighî ratio of the P group was significantly greater than 

ail other groups indicating an ineffaent use of feed for body mass accretion (Figure 9). me feed 

intake: body weight ratio of the ZP group was the seamd largest and significântly different from 

mat of the 2, C and E groups. The ratio of the C group was not significantiy different from that of 

the and E groups, but the ratio for the Z group was significantly greater than that of the E gmup. 



During the 3 week recovery phase, the C gtoup had the largest intake: body weight ratio 

followed by the P, Z, ZP and E gmups. The ratio of the C g m p  was not significanüy d'ierent 

from that of the P and Z groups. However, the C groups intake: body weight ratio was significantly 

greater than mat of the ZP and E grwps. There were no Ygnificant difierences among the feed 

intake: body weight ratios of the detiaent groups. it is interesting to note that the feed intake: 

body weight ratio of the P group after the thrw week defiaency phase was significantfy greater 

than that of al1 other gtoups et both 3 and 6 weeks. 

Tail length 

Afler the deficiency phase, al1 groups had tail lengths that were significantfy greater than 

those of the W baseline group (Figure 10). The deficient groups had taif iengths that were 

significantiy shorter than the C group. The tail length for the Z group wasl6% shorter than the C 

group, bllowed by the E group at 18%. ZP group at 27% and the P group at 29%. 

After the recovery period, aie pattern of recovery and significant changes observed in the 

weight data was &dent in the tail length data. The C group had the longest tails followed by the 

Z and E groups and finally the protein defiàent groups. At this time point, me mean tail length of 

the P and ZP groups were 21 % shorter than the C group followed by the E and Z groups at 15% 

and 12%, respectively. 

Body length 
After the deficiency phase, al1 Gweek old rats had rnean nose to anus measurements 

that were significantly pater than the W gmup (Figure 11). The body lengths of the deficient 

groups were al1 significantly shorter at 7û-ûû% of the C gmup. The mean length of the E group 

(80% of C) was siflcantly greatef than that of th8 gmp (76% of C). The body iengths of the 

protein deficient gmups were similar to each other and significantly shorter than the other groups 

during the defitiency phase. 

At the end of the recovery pend, the C group had the longest mean body length at 21 -3 

cm. The nose to anus measurements of the ZP and P groups were still significantly less ttian the 



other grwps (88% and 90% of C, -ves(). The body lengths of the Z and E gmups (94% 

and 93 % of C, respedivdy) were significantly greater than those of the protein defiaent groups, 

but were significantiy l e s  ttran the C group. 

Organ Weights and Organ WeigM to Body Weight Ratios 

In addition to recurding the liver, kidney and spleen weights at termination, the organ 

weight to final body weight ratio was calculateci This ratio provideci insight into how the 

expeflrnental diets may influence the proportion of body mass ocaipied by certain tissues. 

Liver mass 
After the deficiency phase, the C gmup had liver weights that were significantly greater 

than the W baseline and defitient rats (Figure 12). The liver weights of the defident groups were 

5042% lighter than the control value and were not significantly dHerent frorn each other or the W 

group. 

At the end of the recovery phase, the liver mass of the C group was significantly heavier 

than al1 o h r  groups. The Z, E, ZP and P groups had mean liver weights that were 90%, WOh, 

80% and 70% of the C group, r e s ~ v e l y .  The liver weight of the Z group was significantly 

gteater than the protein defiaent groups, but it was not significantly diefent from aie E group. 

There were no significant differences between the l ie r  weights of the E and ZP groups. The liver 

weight of the P group was significantiy less than the C, Z and E groups. 

Liver weight: Body weight ratio 
The liver weight to body weight ratios (1: b) of the W and the 3 and 6 week C groups were 

not signifmntly diierent from each other (Figure 13). The Iiver weight was consistently 4.5% of 

total body weight in well-fed rats. The I:b ratio of the Z group (3.9%) was sirnilar to the C group 

(4.5%), but the I:b ratio of the E group (3.6%) was significantty less than the C group. The ratio for 

the P group (4.6%) was significantly greater than the defiaency phase C group. The 1:b ratio of 

the ZP group(%) was not significantly diient from of the W or C gmup ratios. 

After the recovery phase, the livers of the E and P groups were 4.9% and 4.8% of total 

body weight and were not significantly different ftom the ratio of the C group (4.5%). The 1: b 



ratios of ttie tP and Z groups (5.2% and 5.1 % of total body weighf r e ~ ~ v e l y )  were 

significantly gteater than the C group- 

Kidney Weights 
At the end of the defciency phase, the kidney weight of the C group was significantly 

gteafer than the defiaent groups (figure 14). The kidneys of the ZP and P groups were the 

lightest (35% C group) and were not significanüy diierent frorn each other or oie W group. The E 

and Z groups had kidneys that were heavier than the protein defiaent groups, but wem not 

significantly dierent from each other. The kidney weights of the E and Z groups were 61 % and 

53% of the C group. 

By the end of the reccivery phase, the C group had significantly heavier kidneys than the 

other gmups. The kidney weights of the Z and E groups were 85% and 80% of the C group, but 

were not significantly dÏÏerent from each other. The kidneys of the ZP and P groups were 27% 

and 31 % Iighter than the kidneys of the C group, but there was no significant differenœ between 

the protein defiaent groups. 

Kidney weight: Body weight ratios 
There were no significant differences in the kidney weight to body weigM (k b) ratios 

among the 6-week old deficiency phase gmups nor with the W group (Figure 15). On average, 

the kidneys of the 3 to 6-w-k old animals contributed 1.2% of total body weight The 9-week old 

recovery phase animais al1 had similar k: b ratios. It is interesthg to note that the k b ratios of the 

9-week old animals are significantly less than those of the 6-week old deficiency phase animals. 

Overall, less than one percent of the totaf body weight of the 9-week old animals was renal tissue. 

Spleen weights 
Mer the deficiency phase, the spleen weight of the C gmup was significantly greater 

than that of the deficient and W groups (Figure 16). The spleen weight of the C group increased 

37.9% M m  the baseline value. There were no signifiant differences among the spleen weights 

of the W, E and Z groups. The P and ZP groups had mean spleen weights that were significantly 



less than the W and C gtwps. The spleen weight of the ZP and P groups deaeased 51 -2% and 

38.2%, respectively, frorn baseline. 

By the end of the recovery phase, there were no significant differences among the C, ZP, 

E and P groups. Only the spleen weight of the Z group was significantly kss than the C group at 

84.2% of mntrol. 

Spleen weight: Body weight ratio 
The W group had a significantly greater spleen weight to body weight (s: b) ratio than the 

defiaency and recovery phase anirnals (Figure 17). The W rat spleens canaibuted to 0.44% of 

total body weight. There were no significant differences among the s: b of the deficiency 

phase rats. In general, 0.23% of total body weight was spleen tissue. The only significant 

difkrence in s: b ratio after the recovery phase was between the ZP and C groups. The ZP group 

had a significantly greater s: b ratio than C group (0.30% of total body weight). The spleen 

compBsed 0.22% of total body weight in 9 week-old C rats. 

Inguinal fat pad weight 
The inguinal fat pad was rernoved at termination as it was the easiest to remove as a 

mole unit and it provided information about how the diierent types of dietary defiaency may 

affect fat stores. By the end of the defiaency phase, the C group had an inguinal fat pad weight 

that was significantly greater than the other groups induding the W group (Figure 18). The 

inguinal fat pad of the C had inueased by 144% from baseline. There were no significant 

differences among the mean fat pad weights of the W, ZP, P and Z groups. The protein deficient 

groups had inguinal fat pads that were significantly greater than the E group. Although, no fat 

pads could be excised from the E group, the fat pads removed from the Z and W groups were not 

heavy enough to be deemed significantiy difFerent from the E group via Duncan's mean testing. 

After the recovery phase, there were no significant difFerences in inguinal fat pad weight 

among the C, E and P groups. The Z and ZP groups had inguinal fat pad weights that were 

significanffy less than C rats. The inguinal fat pad weights of the ZP and Z groups were 74.8Oh 

and 69.9 % of C group. 



Protein Status 
Protein status was assessed by liver lipid and senirn albumin wmenhtions. During 

protein defiaency, liver iipid concentration i~xeases and sewm atburnin conwntration demeases 
t 

(Latham, 1990)- 

LRrer lied concentration 

Ouring the defiaency phase, the ZP and P groups had iiver lipid concentrations that were 

significantly greater ttian aJl other groups (Figure 19). The Iiver lipid conceritration of the ZP and P 

groups were 2.4 and 2 3  times greater than the C g m p  conceritraüon. By the end of the recmvery 

phase ail anirnals had similar liver lipid concentrations. 

Serum albumin amcentration 
After the deficiency phase, the ZP and P groups had senim albumin concentrations that 

were significantiy less than the other groups (Figure 20). The serurn albumin concentrations of 

the ZP and P groups were 58% and 54% of baseline, respecüvely and 43% and 41 % of C, 

respedively. The E, C and f groups al1 had similar serum albumin concenmons. Following the 

recovery phase, al1 groups had sentm albumin concentrations similar to the C group. 

Zinc Status and Femur Mineral Concentrations 

Semm zinc concentration 
Following the deficiency phase, the P, ZP and Z groups had serum Zn concentrations 

that were similar and signifiantly less than the W, E and C gmups (Figure 21). The protein 

defiaent and Z groups had semm Zn concentrations that rang& from 30% to 35% of the basdine 

value and from 22% to 26% of the conhl value. The C gmup had a semm Zn concentratiori of 

1.63 pghl. The E group had a m m  Zn concentration that was sigrufcantly -ter than al[ 

other groups at 1.9 &ml. M e r  the recovery phase, afl groups had similar serurn Zn 

concentrations. 



Femur Zn concentration 
M e r  the deficiency phase, the C and E had femur Zn concentrations mat were 

significarttly greater aian the other groups (Figure 22). The femur Zn conoentrations of the P and 

Z groups were significantly less than the W group and only 46% and 35% of the C group, The 

femur Zn concentration of the ZP gmup was not signifimntty dfierent from the W vaiue. Following 

the recovery pen'od, the femur Zn concentrations of the deficient groups were similar to that of the 

C group. 

Femur calcium concentration 
The W gmup had the lowest femur calaum (Ca) concentration (Figure 23). The Ca 

concentration of the C group increased 1.35 times from the badine value. The femur Ca 

cuncentration of the C group was significantly greater than al1 other groups at the end of the 

deficiency phase. The E group had the second highest femur Ca cmcentration followeci by the 2, 

ZP and P groups. The Z group femur Ca concentration was significantly less than the E group. 

There were no significant dierences between the femur Ca concentrations of the ZP and P 

groups. Mer ttte recovery phase, al1 groups had femur Ca concenîrations that were similar to the 

C group. 

Femur phosphate concentration 
The C group had a femur phosphate concentration than was significantly gmater than al1 

groups at the end of the deficiency phase (Figure 24). The E group had a femur phosphate 

concentration than was significantly less than the C group and significantly greater than tbe Z 

group. The femur phosphate concentration of the Z group was 82% of the C group. The P and ZP 

groups had phosphate amcentrations that were similar to each other and not significantly 

different from the W group (77% and 74% the C group). 

There were no significant diimnces in femur phosphate concentrations among the E, & 

P and ZP groups after the remvery phase. The femur phosphate wncentratims of the P and ZP 

groups (93.4% and 92.9% of control, respedively) were significantly less than the C group. 



Femur calcium: Phosphate ratio 
After the deficiency period. the dam to phosphate ratios (Ca-P) of the C and W groups 

were not significanüy d'ierent from each oüier (1 3 4  and 1.33, respedively). The E group Ca:P 

ratio of 1.35 was significantiy greater than the baseline value, but not significantiy dietent from 

the C group. The Z and P gmups had Ca:P ratios (3.44 and 1.39, respediveiy) that were 

significantly greater than the C group. The Z group Ca:P ratio was signiiicantiy greater alan the P 

gmup ratio. 

At the end of the recovery phase, the E and C grwps had similar Ca:P ratios of 1.38 and 

1.39, respectively, that were significantly Iess than the other groups. The Ca:P ratio of the P and 

2 gmups were sirnilar at 1.42 and 1.40, respedively. The ZP group Ca:P ratio (1 -45) was 

significantly greater than the 0th- groups. 

Serum insulin-like growth factor-7 concentration 
At the end of the defciency phase, the E and Z groups had semm IGF-1 concentrations 

that were significantiy less han al1 groups induding the W group (Figure 25). The serum IGF-1 

concentrations of the E and Z groups were 51 % and 25%, respectively, of the baseline group and 

were 22% & Il %, resmvely, of the C group. The W and ZP groups had similar IGF-1 

concentrations. The P gmup had a higher IGF-1 concentration (58.9% of C group), but it was 

significantly less than the C group. Following the recovery phase, al1 groups had similar serum 

IGF-1 concentrations. 

Muscle Biopsy 
Gastrocnemius muscle weig hts 

The gastrocriemius muscle weights of the P and ZP rats were significantiy less than the 

other 6week old rats (Figue 26). The muscle weights of the ? and ZP groups were 32% and 

39%, respedively, of the C group. The E and Z musde weights were significantly greater than 

that of the protein deficient gmups, but significantly less than the C group. The muscle weights of 

the E and Z g m p s  were 59% and 67 % of the C group. 

After the recovery phase, the ZP and P gastrocnemius muscle weigMs were still 

significantly less aian the other groups and recuvered to 61 % and 68% of the C group. The 



muscles of the Z grwp (88% uf C) were significantly heavier than the musdes of the E group 

(79Oh of C). The C group had the heaviest gastrocnemius musdes at the end of the study. 

Muscle histolog y 
A light microscopie assessrnent of the muscle samples studied with the HBE, modifieci 

Gomori trichrome, oil red O, PAS with and wittiout diastase procedures did not reveal 

histcctiemical diierences betwleen the study gwps. Figures 27 and 28 are examples of the 

ATPase pH 9.4 feacüon photos used for the analysis of muscle fiber diameter. 

Type 1 musde fiber minimum diarneter 
After the deficiency phase, the type 1 muscle fiber minimal diameter (Tl-MFD) of the C 

group inaeased 1.34 times from baseline measurements (Figure 29). The P, Z and ZP groups 

had Tl-MFD values that were not significantiy dierent from the 3-k old W group. The Ti-  

MF0 of the P, Z and fP groups were 80%, 81 and 82% of the C group, respedively. The C and E 

groups had similar Tl-MFD values of 31 -54 pm and 31.47 Pm, respedively that were significantly 

greater than the other groups. 

By the end of the recovery phase, the Tl -MF0 of the C group had increased 1.1 7 times 

from the 6-1~eek old C group value/measurement The P. E , ZP and Z gmps had TI-MFD 

values that were 84%, 91 %, 91 % and 94% , respedively of the controt value. The TI-MFD of the 

P and E groups were significantfy less than the C group. The Z and ZP T l  -MFD values recovered 

to the C group value. 

Type 2 muscle fiber minimum diameter 
At the end of the defiaency phase, the type 2 muscle fiber minimal diameter (T2-MFD) of 

the C group had increased by 1.47 times from the baseline rneasurement and it was significantly 

higher tban the other groups (Figure 30). The 6-week old P, ZP and Z groups had T2-MFDs that 

were not signifcantly dierent from the 3-k old W group. The T2-MFDs of the P, ZP and Z 

groups were 69%, 72% and 78% of the C group, reswvely. The and E groups had similar 

T2-MFD values that were significantly less than the C group. 



After the recovery phase, the C, 2, ZP and E gtoups had similar T2-MFD values. The P 

group had a significantly s m a k  T2-MFD at 85% of the C group. 

Muscle fiber histograms 

Con~tru~ng histograms ftom the muscle fiber measurements are another way of 

examining muscle biopsies for changes in muscle fiber size (Dubowib and Brooke, 1973). 

Histograms also provide information about the skewness and the disiribution of the data (Olson, 

1 987 ), 

Figure 31 depids histograms construded from the Tl and T2 MFD data of aie baseline 

group on day O and the defiaent and umtrol groups after the defiaency phase. In Figure 31, type 

2 muscle fibers are the dominant fiber type in the gastrocnernius as evidenced &y the larger 

freqüency and distribution of the T2-MFD data versus the TI-MFD. However, the type 1 muscle 

fibers tended to have the larger diameter. In al1 of the histograms in Figure 31, the mode (the 

observation that occuts the most frequentiy) of the T2UFD data is left of the mode of the Tl - 

MFD data. The distribution of the baseline 0 MFD data had a leptokurtic shaped curve. After 3 

weeks of normal growth, the C group Tl-MFD had an almost syrnmetrical distribution and the T2- 

MFD data had a nght skewed distribution. In the C group histogram, the T l  -MF0 distribution data 

fell cornpletely within that of the 12-MF0 distribution curve, R e  T2-MFD distribution cuve of the 

defiaent rats also had a tendency to be right skewed, but with a smaller spread than the C group 

data. The Tl -MF0 of the deficient rats had more symmetn'cal distributions that tended to fall to 

the right and outside the distribution a m e  of the T2hnFD data. The Z and E group histograms 

had distinctive bimodal distributions with the TI-MFD distribution falling further to the right than in 

the other groups. Although the ZP and P groups had similar T2-MFDs, the distribution of the ï2- 

MF0 distribution of the P group was more reminiscent of the W group distribution than that of the 

ZP grwp. 

At the end of the recovery phase, the spread of the MFD distributions of al1 groups moved 

to the right (Figure 32). This refieds the increase in muscle fiber size. The T2-MF0 data of ail the 

groups showed increased right skewness. The T2-MFD modes of all gmups were either along 



side or to the nght of the Tl -MF0 mode. This indicated that the diameter af most of the type 2 

muscle fibers tendeâ to be either the same size or larger than most the type 1 fibers. It is 

interesting to note that the Z group Tl-MF D distribution wrve was an difFerent shape with a 

plateau between 30 pm and 35pm. 



Kev to fiaures 

The majority of the data for this study is presented in the f o n  of graphs. 

The following codes were used to identify the difFerent experimental groups: 

W = Baseline 

ZP = Zinc + protein deficiency 

P = Protein defieiency 

Z = Zinc deficiency 

E = Energy restriction 

C = Control 

Pfease note that different colon were used to identify data wllected at the end of the 

deficiency and recavery phases. The baseline 0 data, wllected on day 0,  was plotted 

in the same data series as the data collectecl at the end of deficiency phase. Therefore 

the W group data has the same color as the end of deficiency phase data. 
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Figure 4. Weekly weights of the rats dunng the deficiency and recovery phases. 
The data for the ZP and P groups overlap each other as does the data for the Z - - - - 

and E groups. Each syrnbol represents group means +/- SEM, n=8. Symbols with 
different lower case letten are significantly different w-thin the same week 
(Pc0.05) as detennined by repeated mesures testing. Since the data points 
overiap each other at several points, one letter of significant was used for two 
data points to indicate that the data points were not signifimntly different from 
each other. 
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DAY O WK1 WK2 WK3 WK4 WK5 

Figure 5. Weight gain (or loss) dumg the defciency and recovery phases. Each symbol 
represents group means +/- Sem, n=8. Symbols with different lower case letters are 
significantfy different within the same week (Pc0.05) as detemined by repeated measures 
tesüng. Since the data points frequently overlap, one letter of significance was used to 
indicate no significant difference between one or more data points. 



Figure 6. Weekly feed intakes duhg the deficiency and recovery phases. Each 
symbol represents group means +/- SEM, n=8. Symbols with different lowet case 
letters are signifimntly different within the same week (Pc0.05) as determined by 
repeated measures testing. 



Figure 7. Changes in weekly feed intake during the deficiency and recovery phases. 
Each symbof represents group means +/- SEM, n=8. Symbols with different lower case 
letters are significantly different within the same week (Pe0.05) as determined by 
repeated measures testing. 
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Figure 8. Cumulative feed intakes duting the deficiency phase and through the recovery 
phase. The colurnns represent group means +/- SEM, n= 8. Columns with different lowei 
case letters are significantly different (Pe0.05) as detemined by Duncan's multiple range 
test. 
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Figure 9. Feed efficiency dumg the deficiency and recovery phases. Feed 
effciency was calcufated by dividing the cumulative feed intake by body weight at 
termination. The columns represent group means +/- SEM, n= 8. Columns with 
different lower case letters are significantly different (PcO.05) as detemined by 
Duncan's multiple range test. 



Figure 10. Tail length after the deficiency and recovery phases. The bars 
represent group means +/- SEM, n= 8. Ban vvïth different iower case letters are 
significantly different (Pc0.05) as detennined by Duncan's multiple range test. 
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Figure 11. Body lengths after the deficiency and recovery phases. The bars 
represent group means +/- SEM, n= 8. Ban with different lower case letters are 
significantly different (Pc0.05) as determined by Duncan's multiple range test. 
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Figure 12. Liver mass after the deficiency and recovery phases. The columns 
represent group mean +/- SEM, n=8. Columns with difterent lower case letters 
are significantly different as determined by Duncan's multiple range test. 
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Figure 13. Liver weight to body weight ratio after the deficiency and recovery 
phases. The columns represent group mean +/- SEM, n=8. Columns with 
different lower case letters are signifiwntly different as determined by 
Duncan's multiple range test. 
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Figure 14. Kidney mass afier the deficiency and recovery phases. The columns 
represent group mean +/- SEM, n=8. Columns with different lower case letten 
are significantly different as determined by Duncan's multiple range-test. 



O Deficiency I Recovery 

Figure 15. Kidney weight to body weight ratio affer the deficiency and 
recovery phases. The columns represent group mean +/- SEM, n=8. Columns 
with different lower case letters are significantly different as detemined by 
Duncan's multiple range test. 



1 O Deficiency El Recovew 1 

Figure 16. Spleen mass after the deficiency and recovery phases. The columns 
represent group mean +/- SEM, n=8. Cofumns with different lower case lettes 
are significantiy different as detemined by Duncan's multiple range test. 



1 O Deficiency Recovery 

Figure 17. Spleen weight to body weight ratio after the deficiency and 
recovery phases. The columns represent group mean +Io SEM, n=8. Columns 
wÏth different lower case letten are significantly different as detennined by 
Duncan's muitiple range test 
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Figurel8. Inguinal fat pad weights after deficiency and recovery phases. The 
columns represent group means +Io SEM, n= 8. Columns with difkrent lower 
case letten are significantly different (Pc0.05) as determined by Duncan's 
multiple range test. 



10 Deficiency Recovery 

Figure 19. Liver lipid concentration after the deficiency and recovery phases. The 
columns represent group means +/- SEM, n= 5. Colurnns with different lower 
case letters are significantly different (Pc0.05) as determined by Durian's 
multiple range test. 



(O Deficiency Recovew 1 

Figure 20. Serurn albumin concentration after the deficiency and recovery 
phases. The columns represent group mean +/- SEM, n=8 except for the W 
group (n-6) and the ZP group (n= 7) at the end of the deficiency phase. Columns 
"th different lower case letters are significantly different as determined by 
Duncan's multiple range test. 



(O Deficiency a ~ e c o v e q  

Figure 21. Senirn zinc concentration after the deficiency and recovery 
phases. The columns represent group means +/- SEM, n= 8 with the exception of 
the C group at the end of the recovery phase (n=7). Columns with different lower 
case letters are significantly different (Pc0.05) as detemined by Duncan's 
multiple range test. 



O Deficiency W Recovery 

Figure 22. Femur zinc concentration affer the deficiency and recovery phases. 
The colurnns represent group rneans il- SEM. n= 8. Columns with different lower 
case Jettes are significantly different (Pc0.05) as determined by Duncan's 
multiple range test. 
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Figure 23. Femur calcium concentration after the deficiency and recovery 
phases. The colurnns represent group means +/- SEM. n= 8. Columns with 
different lower case letten are significantly different (Pc0.05) as determined by 
Duncan's multiple range test. 



1 O Deficiency Recovery 

Figure 24. Femur phosphorous concentration after the deficiency and recovery 
phases. The columns represent group means +/- SEM, n= 8. Colurnns with 
different lower case letiers are signifcantly different (Pc0.05) as detemined by 
Duncan's multiple range test. 
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(U Deficiency I Recovery 

Figure 25. Semm IGF-1 concentrations after the deficiency and recovery 
phases. The alurnns represent group means +/- SEM. n= 8 with the exceptions 
of C (n=?), ZP (n=6) and E (n=7) groups after the deficiency phase. Columns 
with different lower case lette= are significantly different (Pc0.05) as determined 
by Duncan's multiple range test. 



O Deficiency Recovery 

Figure 26. Gastromemius muscle mass afier the deficiency and recovery 
phases. The columns represent group mean +/- SEM, n=8. Columns with 
different lower case letters are significantly different as determined by 
Duncan's multiple range test. 



Figure 27. Digital images of gastrocnemius musde subjected to ATPase 9.4 staining. 
The muscle samples were taken at day O 0 and after the deficiency phase. 



Figure 28. Digital images of gastrocnemius musde subjeded to ATPase 9.4 staining. 
The musde samples were taken after the recovery phase. 
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10 Deficiency Recovery 1 

Figure 29. Type 1 muscle fiber minimum diameter after the deficiency and 
recovery phases. The columns represent group means +I- SEM, n= 6. Colurnns 
with different lower case letters are significantly different (Pe0.05) as determined 
by Duncan's multiple range test. 



i2 Deficiency El Recovery 

Figure 30. Type 2 muscle fiber minimum diameter after the deficiency and 
recuvery phases. The columns represent group means +/- SEM, n= 6. Columns 
"th different lower case letters are significantly different (PsO.05) as detemined 
by Duncan's multiple range test. 
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Figure 31.Frequency histograms of the Type1 [Uland Type 2 (lil MFDs 
at day O and after the deficiency phase. Each histogram depicts 
n = 6 rats. 
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Figure 32. Frequency histograms of the Type1 [%nd Type 2 [m MFDs 
after the recovery phase. Each histograrn depicts 
n = 6 rats. 



V. Discussion 

This study induded two important features. Firstly, the study exarnined the effects of zinc, 

protein, energy and combined zinc and pmtein defiaencies on the whoie body, tissue, cellular 

and biochernical levels of organization in young growing rats. Secondly, the study induded a 

recovery period, wtiicb allowed for observations regarding the degree of recovery from the 

nutntional defitienaes. This combination of study features a!lowed for hrrther characterization of 

Zn, protein and energy deficiencies and their Meds on muscle tissue and histology. 

Normal Growth 
Between 3 weeks and 9 weeks of age, the male weanling rat experienced a period of 

intensive growth and development as evidenced by the C group data. The body weight gains 

(Figure 51, organ (Figures 12,14 & f6) and inguinal fat pad weights (Figure 17). tail and body 

lengths (Figures 1 0 and 1 1 ), serum IGF-1 concentrations (Figure 25), T l  -MF0 and T2-MFD 

(Figures 29 and 30) al1 increased over the length of the study indicating growth. This intensive 

growth was accompanied by a steady inuease in feed intake (Figure 7) and a relatively efficient 

utilkation of dietary nutfients for growth (Figure 9). 

Growth during Nutritional Deficiency 
Zinc, protein, energy and cumbined Zn + protein deficiencies derailed the growth and 

development of the young rats. The Z and E groups experienced suppressed growth during the 

deficiency period as evidenced by their lower weight gains (Figure 4) and body weights (Figure 

5). diminished serum IGF-1 concentrations (Figure 25) and T2-MFD (Figure 29) and shorter tail 

and body lengths (Figures 10 and 11) as compared to the C group. This depressed growth was 

associated with significantly diminished feed intakes (Figure 6) versus the C group. At the same 

time, the Z and E groups had feed efficienaes (Figure 9) that were similar to the C group. Despite 

similar feed efficiencies, the Z and E groups experienced significantly less growth compared to 

the C grwp. It is interesting to note that the E group had a significantly greater feed efficiency (a 

smaller feed intake to body weight ratio) than the Z group, yet both groups had similar body 



weights. lengths and semm IGF-1 concentrations at the end of the defiaency phase. The Z and E 

groups were able to significantiy increase their body length and mass above baseline 

measurements during the deficiency phase. The protein defitient groups expenenced a greater 

degree of growth suppression. The body weights and T2-MFD of the ZP and P groups did not 

increase significantly above baseline dunng the 3-week deficiency phase. These rats also had 

the smallest increases in tail and body length, feed intake and organ weights. The P group 

required significantly more grams of feed per gram of body weight gained and had significantly 

higher serurn IGF-1 concentration versus the ZP group. At the end of the defiaency phase, the 

ZP and P groups had sirniiar M y  weights and lengais. The protein defiaent rats were able to 

significantly increase their linear grautti from baseline measurements, but they were unable to 

significantly increase their body mass from baseline. 

In summary, the 2. E and protein defiaent rats had reduced body weight and length, 

whicb were typical of rats and children suffering from macro and micro nutrient deficiencies 

(HansenSmith , i 978; Glore and Layman, 1987; Smith et al., 1989; Glore et al. 1993). The 

deficient rats in this study also exhibited reduced serurn IGF-1 concentrations and altered muscle 

fiber development. These findings will be discussed in detail in later sections. 

Glore et al. (1993) reported that young rats (75-100 g) fed a 3% protein diet for 21 days 

expenenced a 10% weight loss Mile well-fed control rats had a 129% weight gain. The body 

lengths of the 3?4 protein rats did not significantly inffease from baseline and the control rats did 

experience signifkant linear growth. Unfortunately, the authors did not state the age of the rats 

nor did they provide data on the actual amount and veloaty of somatic and linear growth. Without 

this information one could postulate that the rats began the Glore et al. (1993) study at 5 to 6 

weeks of age wt-iich was twice the age of the rats in the present study. With this in mind it is 

stunning that the ZP and P (2% protein) diets produceci a similar degree of retarded body weight 

gain (66%) as the Glore et al. (1993) 3Oh protein diet (61%). The Glore et al. (Y 993) and the 

current study ûiier in terms of the effect of protein deficiency on linear growth. The ZP and P rats 

were able to significantly increase their linear measurements above baseline M i l e  the GIore et al. 



(1 993) were unable ta do so. One m l d  spearlate that the Iinear growth in the younger ZP and P 

rats merited a greater priority than in the more mature rats of the Glore et al. (1993) study. 

In children, the magnitudes of somatic and Iinear growth are frequently used as part of 

the assessrnent of nutritional status (Hohenbrink and Nicol, 1993). Aithough different researchers 

utilized different standards of 'normal' or 'expeded' weight for age and height, children diagnosed 

with PEM failed to meet the standards ernployed (Montgomery, 1962; Ashworth, 1969; Brooke 

and Wheeler, 1976; HansenSrnith, 1978; Payne-Robinson, 1 980; Simmer, 1988; Golden and 

Golden, 1992). lndeed the percentage of expeded weight deficit for age has been used to create 

the Wellcome classifications of PEM (Lathan, 1990). Therefore, detailed weight, height and age 

information is important to the assessment of nutritional status, the degree of malnutrition and 

growth retardation as well as the assessment of the nutritional rehabilitation regime (Hohenbrink 

and Nicol, 1993). 

Growth dunng Nutritional Rehabilitation 
During the first week of the recovery phase (week 4), the defitient rats experienced a 

rapid inmase in weight gain and feeô intake (Figures 4 and 5). The large weight gain in week 4 

was associated with high feed eficiency (Figure 9)(a small weekl y feed intake ta weight gain 

ratio). The body weights and feed intakes of the recovering rats continued to increase during 

weeks 5 and 6, but in a less dramatic fashion. in week 6, the ZP, P and Z groups had significantly 

greater weight gains than the E group, but there were no significant differences in feed intakes 

among the deficient groups. The feed efficiencies of the P and ZP (2.3 and 2.1, respectively) 

were similar to the E group (23, yet the final body weights of the protein deficient groups (66%- 

69% of the C group) were significantly less than the E and Z groups (78% and 80% of the C 

group, respectively). The serum IGF-1 concentrations fully rewvered during the rehabilitation 

period. Despite the rapid weight gains, increased feed intakes, relatively high feed efkiencies 

and increased serum IGF-1 concentrations, the deficient rats did not have a full and complete 

recovery. The deficient rats had an incamplete recovery of body weight, liver and kidney weights, 

body and tail lengths. The TI-MFD of the P and E groups and the T2-MFD of the P group also did 



not fully recover. Due to the study design it is not certain if a long recovery period alone would 

have resulted in the full recovery of the parameters examined. 

The p r  recovery of body mass and length in the defiaent rats was similar to ütat seen 

in the studies on PEM children and rats (Soliman et al., 1986; Castille-Duran et al., 1987; Glote 

and Layman 1 987). The sbdies by Soliman et al. (1 986) and Castif Io-Duran et al. (1 987) included 

pre and post nutritional rehabilitation weight and height &ta. In both studies nutritional 

rehabilitaîion resulted in an inaease in the weight for age and height indices of the children (3-36 

months old). Aftef nutritional rehabilitation the chiidren were 72% to 80% of their expected weigM 

for height and 90% to 96% of their expeded weight for height Only the Castille-Duran (1987) 

study indicated that there was an inaease in linear growth. The study by Glore and Layrnan 

(1 987) actiieved decfeased somatic and Iinear of young rats by lirniting the feed intakes of 

nursing dams and the pups after weaning. After 196 days of nutritional rehabilitation the growth 

retarded rats recovered their body mass to 75% and theif body length to 95Oh of the well fed 

control rats. Since, Glore and Layrnan (1 987) made the young rats malnourished by limiting the 

feed intake of the dams and by limited feed intakes after weaning, one could assume that these 

rats were both protein and energy malnourished. Unfortunately, the Glore and Layman (1987) 

study did not confirrn the type of malnutrition the underfeeding pfoduced or the degree of 

recovery achieved through nutritional rehabilitation. 

Type of Malnutrition and Body Composlion 

The type of malnutrition produced by the experirnental diets was confirmed by biochemica1 

assays. Changes in gastrocnemius muscle and inguinal fat mass were also employed in the 

assessrnent of nutritional status. The gastrocnemius and inguinal fat weights also provided insight 

into the effed of the experimental diets on body composition. 

Zinc status 
The Zn status of the rats was assessed via serum and femur concentrations. The serum and 

femur Zn concentrations of the ZP and Z groups were both signifrcantly less than C group (26% 

and 22%, r e ~ ~ v e l y ) .  AI1 of the ZP and Z rats exhibited growth retardation and reduced feed 



intakes, and pome had changes in fur texture. mese are dassical signs of Zn Wciency (Cousins 

and Hempe, 1990). It has been recognizeâ that serum Zn concentratbn is not an effective 

masure of Zn status as it is readily influencecl by numerous pathdogicai conditions and is not 

sensitive to slight changes in Zn intake (Deeming and Weber, 1977; Solomorts, 1979). 

Nevertheless, in welkmtmlled experimental conditions Were Zn deiïaent and nutritional 

complete diets are employed, senirn Zn concentration c m  be used as an indicatw of Zn status 

(Hurisy et al., 19ûZ). Precautions were taken thmughout the study to prevent Zn contamination of 

the diets and the rats were not given access ta potential Zn containing matenals. The rats of this 

study did not sufFer from infection or illness, which can decrease the accuracy of senim Zn 

measurements. Skeletal femur Zn concentration was also detemined as it can be used to 

indicate Zn defiaency (Demming and Weber, 1977, Giuglaiano and Miliward, 1984). In this study 

and in other studies amduded in this laboratory the feeding of a Zn deficient diet to rats and mice 

resulted in decreased serurn and fernur Zn concentrations as well as alterations in feed intake 

and fur texture. Similar signs of Zn defiaency were observed in a study by Taylor et al. (1 988). 

Taylor et al. (1988) fed 3-week4d male rats a 4 .l ppm Zn deficient diet for 3 weeks. The 

authors reported that the Zn defiaent rats expefienced growth retardation, alopecia and skin 

lesions on paws. The senrm Zn concentration of the Zn deficient rats was 19% of the Zn 

adequate group. The degree of s e m  Zn concentration reduction observed in the Zn deficient 

rats of the Taylor et al. (1988) study was similar ta what was found in the Z gmup where the 

serurn Zn concentration was 22% of the C group in the pmsent study. 

The P group also exhibited decreased serum Zn concentrations and femur concentrations 

decrease in semm Zn concentration in rodents fed a 2% protein diet has been observed in other 

studies conduded in this laboratory (Lepage, 1997; Bossuyt, 1998). Filteau and Woodward 

(1982) reported that 21 day4d miœ fed a 1.7% protein diet for 14 days had serum Zn 

concentrations that were significantiy lower man mice fed a 18.5 % protein diet Zinc 

supplementation of 165 ug Zn per gram of feed did not improve the low serurn Zn concentration 

associated with the 1.7% protein diet (Filteau and Woodward, 1982). The authors stated that the 

degree of serurn Zn suppression observed in the 1.7% protein mice was similar to that of mice 



fed a Zn defiaent diet for 2 weeks in previous experirnents conduded in mir laborsitory. In the 

present study, the degree of semm Zn suppression observeci in the P rats was also similar to the 

Zn defiaent rats. Wapnir et al. (1985) repoFted that young rats (74 g) fed a 4% protein diet for 4 
* 

weeks had plasma Zn conœntratims that were 48% of the control group fed a 23% protein diet 

The authors called this phenornena 'relative hypozincemia'. The diets fed tu the two groups only 

differed in protein content. The objective of the Wapnir et al. (1985) study was to explore if the 

intestines of PEM rats absorbed Zn in the presenœ of low molecular weight ligands differently 

from well-fed rats. The authors indicated that the PEM appeared to reduce the effiaency of Zn 

absorption compared to the well-fed controt group. In future studies it would be interesting to 

examine if intestinal Zn absorption is reduced by protein deficiency alone and if changes in 

intestinal absorption could explain the development of relative hypozincemia during protein 

deficiency . 

Interestingly, the double deficient ZP group did not have lower senim or femur Zn 

concentrations than the P and Z groups (Figures 21 and 22). The Zn status of the Z and P groups 

was impaired by Zn and protein deficiency, respecüvely. lnstead of having a negative synergetic 

effed on senim and femur Zn concentrations, the double defiaency appeared to have a positive 

one. Bettger (1 985) fasted young (1 00 g) rats for 24 hows and fed one group a single meal that 

was e.1 pprn Zn and 20% protein. Sixteen hours later the plasma Zn concentration of this group of 

rats was significantly less than a group rats fasted and fed a < lppm Zn and 5% protein meal. 

Bettger (1985) stated that higher dietary protein content was the factor that led to the rapid faIl in 

plasma Zn concentrations. Wallwork et al. (1983) obsenred an inverse relationship between 

plasma Zn concentration and dietary protein level in rats fed a 6 ppm Zn diet for 30 days. As the 

protein content of the diet was increased from 6% to 11.3% and 1 Sa!, the plasma Zn 

concentration decreased. The studies by Bettger (1985) and Wallwork et al. (1983) and the 

present study indicate that the ratio of dietary protein to dietary Zn was a determinate of semm Zn 

concentration. 

The E group had a serum Zn concentration that was significantly greater than the C group 

(Figure 21). Head et al. (1 977) reporied that rats with restrided feed intakes had higher 



hemoglobin and plasma mœntraüons than ad libitum controls. Aithough water was readiiy 

availabie. the authors suggested that fesd restrided rats suffared ftom some degree of 

dehydration. In a study by Schneeman et al. (1986) e group of young rats ( 6 S 5  g) were pair fed 

to a Zn defiaent group. Ail groups were fasted ovemight before termination as part of the 

experirnental protocol. The pair fed group had a semm Zn concentration t b t  was 1 .  i times 

greater that the Zn adequate confrol group. In the present study the E group also had an elevated 

serurn albumin concentration (1.1 times greater than cont1-04). This raises the question of 

hydration status of the E group. Future pair feeding studies should indude an assessrnent of 

hydration status to determine if the devateci serum Zn and albumin concentrations observecl in 

the present study were due tu the e-mental diet or due to dehydration. 

Protein Staais 
The protein status of the ZP and P groups was corrfirmed through the assessrneni of Iiver 

Iipid and semm albumin concentrations, and inguinal fat pad weight. At the end of the deficiency 

phase, only the ZP and P groups had significantiy depressed serum aibumin and elevated liver 

Iipid concentrations cornpared to the C group (Figures 19 8 20). A comprehensive study by Lunn 

and Austin (1 983) examining the affects of dietaiy pmtein and energy on rat pfasma albumin 

concentrations reported that hypoalbuminemia occurred Men 0.5% to 6% protein diets were fed 

ad libitum. The ZP and P rats in this study also exhibited a significant decrease in serum albumin 

with ad libitum fesding of a 2% pmtein diet. The protein deficient rats in this study also had 

significantly elevateâ liver lipid concentrations (hepatic steatosis). Jawbs et al. (1 984) fed 227 g 

rats a 0.03% protein diet for 37 days and reported hepatic steatosis secondary ta dietary protein 

defiaency. It is also important to note that the ZP and P were able to maintain their inguinal fat 

pad mass during the deficiency phase (Figure 18). A less severe wasting or maintenance of 

subartaneaus adipose tissue is a feature of protein malnutrition (Mciaren, i 981 ; Latham, 1990). 

These changes in Iiver lipid and semm albumin concentrations and maintenance af fat mass 

demonstrate that the ZP and P were pmtein defiaent ai the end of defiaency phase. By the end 

of the m v e r y  phase, the senm albumin and Iiver Iipid #incentrations of the ZP and P groups 

were similar to the C group. The inguinal fat pads of the P group fully recovered, but those of the 



fP group were stilf significantfy less than control. The reason for the diierent degrees of adipose 

recovery is not dear. In ligM of the incomplete recovery of inguinal fat pad mass in the Z group, 

one migM suspect that the incomplet8 recovery of in the ZP group was due to the 

superimposition of Zn defiaency on protein malnutrition. An assessrnent of wtiole body 

composition via carcass analysis or magnetic image resonance would be helpful in assessing any 

potential effects of Zn defiàency on whole body adipose stores. 

Energy Status 
Both the Z and E groups exhibited charaderistics of energy malnutrition at the end of the 

deficiency phase. The same parameters used to identify protein malnutrition were used to define 

energy defiaency. One might have expeded the Z and E groups to exhibit signs of protein 

deficiency since both groups had low feed intakes (thereby low protein intakes) during the 

deficiency phase. However, the semm albumin and liver lipid concentrations of the Z and E 

groups were similar to that of the C gmup at the end of the deficiency phase (Figures 19 and 20). 

The E group had a slightly elevated serum albumin concentration, which has been associated 

with energy restriction (Lunn and Austin, 1983). The most striking sign of energy malnutrition at 

the end of the deficiency was the changes in inguinal fat pad mass (Figure 18). The inguinal fat 

mass of the Z group was slightly (though not significantly) lighter than those of the W group and 

no inguinal fat pads could be excised from the E group. The Lunn and Austin (1 983) study found 

that energy restriction was associated with decreased fat mass as assessed by total body water 

measurements. Wasting of fat tissue is a primary characteristic of marasmus, a severe forrn of 

energy malnutrition (McLaren, 19û1 and Latham, 1990). After the recovery phase, the inguinal fat 

mass of the E group fully recovered, but the Z group inguinal fat mass was significantly less than 

cantrol. As mentioned before, the rnechanism behind the incomplete recclvery of the Zn deficient 

groups' body composition is undear. 

Body Composition 
The literature review highlighted several studies that documented the changes in body 

composition during PEM and the incomplete recovery of body composition in 'rehabilitated' 

children and rats. For this study, the gastrocnemius muscle and inguinal fat pad weights were 



utilized to represent body composition. At the end of the defiuency phase, the defiaent rats had 

gastrocnemius rnusde and inguinal fat pad masses that were significantly Iess than the C grwp 

(Figures 18 and 26). The protein deficient groups had the lowest musde weights and were able to 

maintain their inguinal fat pad mas. The preferentiaf waçting of the gasbocnemius musde 

refleded the cannibaliion of skeîetal muscle mass to mwt essential protein requirernents 

during protein defiaency. As mentimec! before, the wasting of skeietal muscle mass along with 

the maintenance of adipose stores are dinical features of kwashiorkor, a severe fom of protein 

defiamcy (Mclaren, 1981 ). Since the protein defitient groups did not exhibit signs of frank 

energy defiaency, one m l d  assume that the growth of the ZP and P was Iimited primarily by the 

lack of dietary protein. The gastrmemius musdes of the Z and E groups were significantly less 

than the C gmup, but were not as severely wasted as the protein defitient groups. However, the 

inguinal fat pads of aie Z and E groups more were severely catabolized to meet the energy needs 

of the energy deficient rats. The Z and E fats mobilized their fat stores in order to fuel a level of 

growth that was greater than protein defiaent rats. 

By the end of the recovery phase, none of the defiaent groups had gastrocnemius 

muscle masses sirniiar to the C group (Figure 26). The ZP and P groups still had the lowest 

gastrocnemius muscle mass. The Z group had a gastrocnemius muscle mass that was 

significantly greater than the E group. After the recovery phase, the P and E groups had 

experienced full recovery of üieir inguinal fat mass along with an incornplete recovery of their 

gastrocnernius muscle mass. Although the P and E rats did not have the excessive fat mass 

accxetion documented in recovereâ PEM children (Graham et al., f 969; MacLean and Graham, 

1980), they still had campensatory growth that favored the synttiesis adipose tissue over skeletal 

muscle. The incomplete recovery of skeletal muscle mass of the P and E groups also extended to 

the skeletal muscle histology. The tP and Z gmups experienced a full recovery of muscle 

histology, but had inamplete recovery of inguinal fat pad and gastrocnemius muscle mas- 

Previous Zn status appeared to have a unique influence on gastrmemius mass and histology 

recovery. 



In summary, the body composition of the rats refteded the type of malnutrition expected 

from the feeding of the experirnental diets. The rnacronutrient status of the rats after the 

deficiency phase, was a more infiuential fadar on the m a s  of the gastrocnemius and inguinal fat 

weights than the micronutrient status. Zinc status did not appear to have a significant 

independent effed of the body composition of the 6-week-old Muent  rats. After the recovery 

phase, only the P and E groups were able to completely r8covery their inguinal fat mass and 

none of the deficient groups were able to completely recovery of their gastrocnemius muscle 

mass. Previous Zn status appeared to have a unique effed on the recovery of gastracnemius 

muscle histology. Gastrocnemius muscle mass and histology will be disaissed further in a later 

section. 

Femur Calcium and Phosphate Concentration 
In Iight of the effects of Zn deficient diets on femur Zn concentration (Lepage, 1997; 

8ossuyt, 1998). it was interesting to examine the effects of the experimental diets on the two 

major components of skeletal bone Ca and P (Figures 23 8 24). Zn status alone did not appear to 

be a significant factor influencing the Ca and P concentrations in the femur. As with the linear 

grawth results (Figures 10 & f 1), the femur Ca and P concentrations were more adversely 

effected by the protein defiaency than by energy defiaency. The fernur Ca and P results add to 

the biochemical profile of Zn, protein and energy defia'enaes. 

Since protein status appeareâ to be a primary factor of the femur Ca and P 

concentrations, it is prudent to note that collagen and noncollagenous proteins make up 30% of 

bon8 mass (Green, 1994). According to Green (1994), it is the organizational interrelationship 

between the bone protein matrix and the inorganic minerais (Ca and P) that determine the 

mechanical integrity of skefetal bone. It would be interesting in future studies to examine if the 

types of deficiency produced in this study would alter the organizational structure and stnidurat 

integrity of rat femun. It would also be interesting to determine femur IGF-1 concentration, as 

IGF-1 is an important factor in bone development (Spencer et al., 1991). 



Insulin-like Gmwtb Factor4 Status 
This study was conduded with the hypothesis that the poor racovery of musde rnass and 

histology observed in PEM marnmals was related to low IGF-1 camttab'ons çecondary to suô- 

optimal Zn sbhts. IGF-I status was monitored via m m  IGF-1 cancentrations. At #e end of the 

defiaency phase, the defiaent rats had senim IGF-7 concentrations that were significantly less 

than the C group (Figure 25). The semm IGF-1 concentrations of the Z and E gmps dropped 

significantly from baseline. The ZP group was able to maintain semm IGF-1 concentrations at 

baseline. Meanwhile, the s e m  IGF-1 concentration of the P group incxeased signifimntly from 

baseline. Sinœ the Z and E grwps exhibited similar signs of en- malnutrition it would appear 

thaf energy defiaency had the most detrimental affect on cirwlating IGF-1 concentrations. The 

semm IGF-1 concentrations of the ZP and P groups did not respond in the same dramatic and 

negative fashion as in the energy defiuent groups. Thus, protein defiaency appeared to have a 

les potent affect on serum IGF-1 concentrations. Prewitt et al. (1 982) also found that dietary 

energy and protein influenced serurn IGF-1 concentrations of 6 to 12-week old male rats. The 

authors stated that dietary protein appeared to be the more iduential factor. In the present study, 

energy defiaency and not protein deficiency appeared to be the more infiuential variable on 

serum IGF-1 concentrations. 

The different effeds of macronutrient deficiency on serum IGF-1 concentrations muld be 

due to tbe di ient  &eds of protein and energy deficiency on the transcription and translation of 

the IGF-1 gene. As mentioned in the literature review, there are different lengths or species of 

IGF-1 mRNk Straus (1 994) briefly highlighted h m  energy and protein deficiency altered the 

expression of liver IGF-1 mRNA Straus and Taskemoto (1 991 ) reported that 4 week old rats fed 

a 20% protein diet at 50% of ad libitum control group intakes for 10 days had a total liver IGF-1 

mRNA expression level that was 20% of the control value. The three species of liver IGF-1 mRNA 

( 8 . M ,  1 .O-kb and 1 .Wb) were decreased to a similar degree (1 9% to 25% of the control graup 

value). Thissen et al. (1991 b) reporteci that 4 week old rats fed a 5% protein diet for 7 days had a 

liver IGF-1 mRNA expression level that was 47% of the conhl group fed a 20% protein diet The 

expression of the 8 . W  IGF-1 mRNA was 45% of the control value Mile mat of the 1 ,W and 



1 -8-kb species was 63% of the conûol value. Utiiiing a similar study pro tml  as Thissen et al. 

(1 9% b), Thissen and Underwood (1991) examined the translational status of liver IGF-1 mRNA 

in the protein defiaent rat. The auaiors reported that there was a redudion in the nurnber of 

mRNAs associated with ribosomes and that th& could deaease translation eniaency. nie above 

mentioned studies only describe changes in initial steps of 1GF-1 peptide production. How 

different types of malnutrition can influence IGF-1 produdion has not k e n  fully eluadated. Since 

protein and energy deficiency appear to have different effects on the eariy stages of IGF-1 

production in the liver, one cwld speailate that the protein and energy deficiency could have 

difFerent effeds on the latter steps of IGF-1 produdion resulting in dierent serum IGF-1 

concentrations. Future studies on how IGF-1 gene expression can be altered during differe~t 

types of rnahutriüon would help to eluadate the mechanisms of dietary deficiency induced growth 

retardation. 

As mentioned in the Iiterature review, the majonty of IGF-1 in serum and tissues is bound 

to its binding proteins and these binding proteins can infiuence the bioavailability of IGF-1 (Elgin 

et al., 1987, Pimentai, 1 994). Six different binding proteins have be identified (Straus, 1994; 

Thissen et al.. 1994). Therefore, the detected quantity of IGF-1 does not fully reflect IGF-1 status 

and anabolic potential. The concentrations of the binding proteins, like IGF-1, are regulated by 

nutrition (Clernmons and Underwood, 1991; Straus, 1994). For example, IGF binding protein 3 

has been found to prolong the haff-life and the actions of IGF-1 in circulation (Clemmons and 

Underwood, 1991). Prolonged protein deficiency has been assoaated with decreased IGF 

binding protein 3 amcentrations and increased IGF-1 dearance from circulation to the tissues 

(Thissen et al., 19%). 1GF binding proteins 1 and 2 are though to assist in IGF-1 transportation to 

tissues and are up-regulated during ctironic nutritional defiaency (Thissen et al., 1994). The 

nutritional regufation and function of the four other binding proteins have not k e n  fully eluadated. 

IGF-1 binding proteins 4 through 6 could potentially inhibit IGF-1 availability (Pimental, 1944; 

Straus. 1994; Thissen et al., 1994). In short, IGF-1 staus is a cornplex phamacokinetic 

interaction between the IGF-1 peptide and its six different binding proteins. Since the fundion and 

regulation of the IGF binding p te ins  has not been fully clarified, the actual peptide concentration 



is one of the more readily detectabie and understd  facets of IGF-1 status. it woutd be very 

interesh'ng in Mure studies to examine how Zn defiaency might ifluence IGF-1 binding protein 

produdion and metabolisrn, 

This study also sought to examine the affects of Zn defiaency on amlating IGF-1 

concentration. The superimposition of Zn defiaency on protein deficiency held serum IGF-1 at 

basefine concentrations. In protein defiaency alone, the semm IGF-1 concentration increased 

from basefine and was significantly greater than the of ï P  group at the end of the deficiency 

phase. Zinc deficiency alone was almost an independent factor of serurn IGF-1 amcentration. 

The least squares means cornparison between the Z and E groups had P value of 0.08. However, 

the serum concentration of IGF-1 appeared to be more strongly infTuenced by the mamonutrient 

&tus of the rats than the micronutrient status. 

As explained in the literature review, pair feeding in Zn defiaency studies is done in order 

tu account for the rnarked redudion in feed intake in Zn deficient animais. Domp et al. (1 991) 

argued that pair feeding results in the semi-starvation of the pair-fed group and disproportionate 

caloric intake in relation to body mass. Roth and Kirchgepner (1 994) were able to examine the 

effeds of Zn defitiency on smm IGF-1 a)nœntratims without the confounding effeds of 

disproportionate calorie intake by force feeding the Zn defiaent and control groups. The 2 groups 

of young rats (1 08 g) received the same quantity of feed (1 1.6 g DWratlday) and were fed four 

times per day for 12 days. The Zn deficient rats received a 1.3 pprn Zn diet and the control group 

was fed a 25 pprn Zn diet fhe Zn defcient rats had significantly lower senim IGF-1 and serurn 

and femur Zn concentrations. The serum IGF-1 concentration of the Zn defiaent gmup was 72% 

of the control group value. The Roth and Kirchgepner (1 994) study dernonstrated that Zn 

deficiency alone was able 10 significantly reduce serum IGF-1 amcentration. Interestingly, the 

reduction in semm IGF-1 concentration obsewed in the Roth and Kirehgeaner (t994) study was 

not as great as that seen in the present study. The Z group had a sewm IGF-1 conmtfation that 

was 25% of the C group. This difference ma* due to the secondary energy defiaency induced 

by the Zn deticient diet Energy deficiency alone (the E group) resulted in a semm IGF-1 

concentration that was 51 % of the C group. If the effed of energy deficiency were mathematically 



removed from the senrm IGF-1 conceritration of the Z group, Zn deficiency alone would have 

resulted in a serum IGF-I concentration of 76% of the C grwp. This calculated value is similar to 

the results reportecl in Roth and Kirchgepner (1994)- In the present study primary Zn deficiency 

was acoompanied by secondary energy defiaency. ln ligM of the Roth and KirchgePner (1994) 

study, it would appear that the combined effects of Zn and energy defiaency produced the 

mark4 redudion in m m  IGF-1 concentration observed in the Z group. 

By the end of the reçovery phase, the serum IGF-1 concentrations of al1 the deficient rats 

recovered to values similar to that of the C group. However, the full remvery of senim IGF-1 

concentrations was not aanmpanied by full remvery of gastrocnemius mass and histology. 

Gastrocnemius Muscle Mass and Histology 

The gastrocnemius muscle biopsy allowed for the assessment of effects of the experimental diets 

on gastrocnemius mass and histology. However, the study did not indude an assessment of 

hydration status or a regular exercise program. 00th hydration and exercise can influence the 

size of muscle cells (Keeton and Gould, 19s; Oldfors and Sourander, 1985) and in tum influence 

skelebl muscle mass and fiber diameter. In general, all rats drank readiiy ftom the water bottles. 

Only two rats (one from the E group and another from the C group) had problems in the first few 

days of the study adjusting to the sipper-tube arrangement. The E group was more active during 

the defiaency phase cornpared to the othet groups as they habitualiy stood up on their hid legs to 

rattle the cage. 

Deficiericy phase 
The Zn, protein, energy and cornbined Zn and protein deficiencies had significantly 

dÏfferent effects an the weight and histology of the gastrocnemius muscle in ywng growing rats. 

At the end of the deficiency phase, the gastrocnemius muscie mass appeared to be more 

adversely affected by protein deficiency than by energy defiaency. Zinc status did not appear to 

have signifmnt independent effed on gastrocnemius mass. As with the semm IGF-1 

concentrations, mamonutrient status produced significant differences in gastrocnemius mass 

cornpared to micronutrient status. 



The nuûiüonal status of the defiaent rats infiuanced the muscle histology. The T1MFD in 

the ZP, P and Z gmups failed to increase beyond basefine measurements by the end of the 

defiaency phase. The E group had a Tl-MFD that was significantiy greater than that observed in 

the Z group. Aithough the E group was more active (cage-rattling) group, the larger TI-MFD is 

unlikely to be due to exercise induced hypertrophy as it is the T2-MFD that readily refleds 

changes in physical acüvity (Samat, 1983). This differenœ between the Z and E groups could 

represent a unique affect of Zn deficiency on musde hisblogy. But this difference can not be 

explained by the m m  IGF-1 concentrations. Both the E and Z groups exhibited signs of energy 

malnutrition and had sirnilar gastrocnemius weights. The only significant difference between the 

hvo groups was their Zn status. The Z group was Zn deficient as assessed by semm and femur 

Zn concentrations Mile the E group was not Hswever, this differenœ between the Z and E 

groups does not appear to be explained by serum IGF-1 concentration. As mentioned eariier, the 

serurn IGF-1 concentration was almost a significantly diffetent factor between the Z and E groups 

(P=0.08). McNali et al. (1995) reported tbat rats fed a Zn defitient diet (0.5 mg M g  diet) for 14 

days had a semm IGF-1 concentration that was significantly less than the pair-fed group 

(Pc0.05). if significant difFerences between the 2 and E semm IGF-1 concentrations were seen in 

this study as in the McNall et al. (1995) study, then one could associate low serum IGF-1 

concentrations and Zn deficiency with poor T l  -MFD development. 

In the present study, there were significant differences in serum IGF-1 concentration 

between the ZP and P group however TI-MFD was similar for these two groups. This muld be 

due to the dominant affect of protein deficiency on muscle physiology as seen in the 

gastrocnemius muscle weight data. The arrested Tl-MFO development of the ZP and P groups 

can be explained by their protein deficient nutritional status. Otfors et al. (1983) also found that 

the type 1 muscîe fibers of the EDL muscfe of 6-weekald rats fed a 1.5 % protein diet for 19 

weeks faiied to grow. The EDL musde like oie gastrmemius muscle is predorninately made up 

of type 2 muscle fibers (Glore and Layman, 1983). 

The type 2 musde fibers of the protein deficient groups also failed to grow during the 

defiaency phase. Type 2 muscle fibers refiect changes in nutrition and physical acüvity more 



readily than type 1 muscle fibers (Samat, 1983). The E grwp T2-MFD increased signifïcantiy 

from baseline, but was still signitScanUy smaller than the C group measurements. Zinc deficiency 

alone had an intermediate Med on T24F D. The Z grwp M-MFD was sirnilar to that of the E 

and pmtein defiaent groups. As with the gastrocnemius muscle mass data, protein status 

appeared to have a more detrimental affect on T2-MFD than energy or Zn defiaency alone. As 

with the TI-MFD data, the serurn IGF-1 concentration data did not parallel the T2-MFD data. 

As mentioned in the fiterature review, semm IGF-1 concentrations do not always refiect 

tissue IGF-1 status due to the localizeà production and adions of IGF-1 (D'€mole et ai. 1984; 

Orfowski and Chernausek. 4988; Daughaday and Rotwein, 1989). The determination of 

gastrocnernius IGF-1 concentrations would have altowed for better analysis of muscle physiology 

and histology in relation to nutritional and IGF-1 status. Unfortunately, attempts to detennine 

gastrocnemius IGF-1 concentrations using the serum IGF-1 RIA kit were not successful. 

Currently, there are no cornmercially available rat tissue IGF-? RIA kits. Various tissue 

preparation and extradion procedures induding pulverization in liquid nitrogen and altenng the 

extradion and centrifugation times were ûied, but none were successful. 

Recovery phase 
The 3-week recovery period resulted in signifiant increases in the serum IGF-1 

concentrations, gastrocnemius muscle weights and muscle fiber diameters. The serum IGF-1 

concentrations of the deficient rats fully recovered, but there was variable recovery of 

gastrocnernius muscle fiber diameter and incomplete recovery of gastrocnernius mas.  During 

the recovery phase al1 rats had adjusted to the sipper-tube arrangement and the cage-rattling of 

the E group stopped. 

The Tl -MFD and 72-MFD of the ZP and Z groups compietely recovered, but the MFD of 

the P and E groups did not. The P group Tl and T2-MFD were still significantly l e s  than the C 

group after the recovery phase. The Tl  MFD of the E group was also significantly less than that 

of the C group after the recovery phase. Muscle fiber recovery Born Zn deficiency appeared to be 

more thorough even when it was combined with protein deficiency. The serial serum samples in 

the Donip et al. (1 991) study revealed that serurn Zn and IGF-1 concentration peaked and 



tmughed in parallel throughout rehabilitation from Zn defiaency in young rats. Serial 

measurements of semm Zn and IGF-1 concentrations throughout the recovery phase of this 

expriment rnight have shed some light on the divergent recovecy patterns of the Zn, protein and 

energy defiuent rats. 

As mentioned in the literature review, Montgomery (1962) and HansenSmith et al. 

(1 979) both reporteci that children who had achieved their expeded weight for height or age 

following nutritional rehabilitation from PEM still had significant defiats in musde fiber mss-  

sectional area. Glore and Layrnan (1987) meated a model of prolonged malnutrition by limiting 

the feed intake of nursing dams to 50% of the control dam inîakes and by Iimiting the feed intakes 

of the weaned pups to 40% of control pup intakes until120 days of age. At 120 days of age the 

feed restncted rats had significantly a smaller soleus muscte fiber diameter (81 % of the control 

group value) compared to the well-fed control group. The feed restrided rats were recovered on a 

20% protein and 62% cabohydrate nutritional complete diet for 196 days. At 31 6 days of age, the 

soleus muscle fiber of the feed restnded rats remained significantly less than the control group 

(92% of the control group value, W0.05). As mentioned previously, the type of malnutrition the 

feed restrided rats suffered from in the Glore and Layrnan (1987) study was not confinned. If one 

assumes that the rats were suffering from PEM, the results of the present study support the 

results of the Glore and Layrnan (9987) study as the muscle histology of the P and E groups did 

not fully recover following the recovery period. 

In the recovery phase, the defiaent rats had unfettered access to a nutritionally complete 

diet, but none of the deficient rats wuld make up the musde tissue deficit acaued during the 

deficiency phase. The deficient groups still had the signifimntly smaller gastrocnemius rnusde 

mass after the recovery phase. It is not clear if this deficit was due to the lingering detrimental 

affects of protein and energy deficiency or due to the signifimntly lower feed intakes of the 

defiaent groups during the remvery phase. It is possible that the defiaent rats were unable to 

consume enough feed to achieve muscle weights sirnilar to that of the C group. lncreasing the 

length of the recovery period might have resulted in irnproved recovery of gastromemius muscle 

weight, but increasing length of nutritional rehabilitation in the research, dinical or field setting is 



not always feasible or practical. Pmaps the 30 ppm Zn control diet (designad for normal grm'ng 

rats) was unable to rneet the nutritional requirernents for full gastmcnemius remvery during 

compensatory growth. Studies by Simmer et al. (1987) and Morgan et al. (1 988) reported that Zn , 

supplementation of 1 O mg Zn/ kg body weight for diildren and a 40 ppm Zn diet for mice during 

recovery, respedively, resulted in improved rates of weight gain and recovery of lean tissue 

mass. In Mure studies, it would be interesting to examine if increasing the Zn content of the 

recovery diet alone would result in improved muscle mass recovery in the present models of 

nutritional deficiency and rehabilitation. 

Overall Rewvery 
At first glance the Zn defiaent groups would appear to have the poorest degree of overail 

recovery compared to the P and E groups at the end of the recovery phase. If the recovery of the 

deficient rats is looked at in t a n s  of cellular levels of organization, the remvery of #e ZP and Z 

can be seen as more organized mile that of the P and E groups as disorganized. An individual 

organism can be brokendown into interrelated groups of specialized systems, organs, tissues, 

cells and biochemical readions (Keeton and Gould, 1986; Gylys and Wedding, 1995). The P and 

E groups recovered biochemically frorn protein and energy defiaency, but did not complete the 

histological recovery of the gastrocnemius muscle and had an unbalanced recovery of inguinal fat 

mass in relation to gastrocnemius musde mass. The ZP and Z group had full biochemical and 

muscle histology recovery as well as balanced incomplete recovery of inguinal fat and 

gastrocnemius muscle tissues. The Zn deficient rats were recovering in an organized and 

balanced fashion frorn the biochemical to the cellular (muscle histology) and tissue (muscle and 

fat mass) levels. The P and E groups had a more disorganized and unbalanced recuvery as the 

inguinal fat tissue recovered mi le  the cellular and tissue recovery of the gastrocnemius muscle 

was incomplete. None of the deficient rats were able to achieve body weights similar to the C 

group. Other than achieving expected weight for height, the PEM children studied by Hansen- 

Smith (1 979), MacLean and Graham (1 980) and Golden and Golden (1 981 a) experienced the 

same incomplete and disorganized recovefy of adipose and muscle tissue and muscle histology 

seen in the P and E rats. Montgomery (1962) and Hansen-Smith (1979) reported that the muscle 



fiber aosssectio~l  area of apparently remvered PEM children ( ~ 5 0  days of nutntional 

rehabilitation) were stiil signficantly smaller than age and sex matctied controls. Brooke and 

Wheeler (1976) and Maclean and Graham (1980) stated that much of the weigM gaineâ by PEM 

children during compensatory growth was fat. The studies by Golden and Golden (1 981 b 8 1992) 

found that additional Zn in the recovery diet (5-10 mg W kg diet) decreassd the energy cost of 

growth, favored lean body mass ac#etiwi and impmved nitrogen retention. Morgan et al. (1 988) 

reported that malnounshed mouse pups rehabilitated on a diet that contained 40 ug Znlg of diet 

resulted in body weights and compositions that were similar to well-fed controi mice. The present 

study did not irtciude Zn supplementation of the recavery diet It would be interesthg to 

investigate if Zn supplementation of the recovery diet would favor a more organized recovew in 

protein and energy detïcient rats. 



VI. Conclusions 

Growth during the deficiency and recovery phases 
> The defiaency phase of the study dernonstrateci that Zn, energy and protein 

deficienaes result in retarded growth and development on the biochemicaf, cellular, 

tissue and mo le  body levels. 

The 30 pprn Zn controf diet produced compensatory growth in the deficient rats, but 

full recovery did not occur equally on al1 levels of cellular organization. 

Type of malnutrition and Zn status 
The 2% protein diet produced hepatic steatosis and hypoalbuminemia in the ZP and 

P groups. These are characteristics of protein malnutrition. 

> The 4 ppm in diets produced hypozinœmia and reduced femur Zn concentration in 

the ZP and Z groups. These are characteristics of Zn âeficiency. 

3- The P group also had decreased serurn and femur Zn concentrations at the end of 

the deficiency phase. Pnmary protein deficiency was associated with the 

characteristics of Zn deficiency. 

3. The Z and E groups had similar liver lipid and serurn albumin concentrations and 

inguinal fat weights. The Z group exhibited characteristics of energy malnutrition. 

Body Composition 
> The Som protein diets (ZP and P) impeded gastrocnemius tissue accretion more 

severely than energy defiaency. 

3 Energy defiaency in the Z and E groups resulted in a rnarked wasting of inguinal fat 

pad mass. 

P Recovery from protein and energy deficienaes was associated with full recovery of 

adipose tissue and incornplete recovery of muscle tissue. 

2 Recovery from Zn deficiency and combined Zn +protein deficiency was acçompanied 

by incornplete recovery of adipose and muscle tissue. 



IGF-1 Status 
3. Serum IGF-1 concentration was most adversely efrected by energy deficiency as 

seen in the Z and E groups. 

). No significant independent effeds of Zn status on serum tGF-1 concentrations were 

identified. 

Muscle Mass and Histology 
"r This study demonstrated that Zn, energy and protein deficiencies have divergent 

negative effeds on muscle mass, muscle fiber diameter and semm IGF-1 

concentration. 

> Zn, protein and combined Zn + protein deficiency arrested Tl & T2hrlFD growth at 

baseline measurements. 

3. The ZP and Z groups experienced full recovery of 71 8 T2- MFD while the P and E 

groups did not. 

3- The recovery data indicated that previous nutritional status and not senirn IGF-1 

status was the pn'mary factor detemining the degree of muscle mass and muscle 

fiber recovery. 

Overall Conclusion - Hypothesis 
> The hypothesis of the study stated that the full recovery of muscle fiber diameter 

would be dependent on the full recavery of sewm IGF-1 concentration and Zn status. 

The results of the study showed that the complete recovery of serum IGF-1 

concentration and in status was associated with full recovery of muscie fiber 

diarneter in the Z and ZP groups, but not in the P and E groups. Previous nutritional 

status was the primary factor detemining the degree of muscle fiber diameter 



Implications 

SeveraI suggestions for Mure research were menüoned throughout the discussion. The 

rnost important implication for Mure research ttiat this study presents is the need to examine the 

effeds of dietary manipulation (deficiency or supplementation) on al1 levels of cellular 

ofganization. if the examination of the effeds of Zn, protein, energy and combined Zn + protein 

defiaency had stoppeâ at the tissue level, the influence of previous Zn status on the recovery of 

muscle MF0 woutd have remained unknown. 

This study reiterates the need to develop better nubitional rehabilitation protacols that will 

ensure a full recovery from PEM on al1 levels of cellular organization. Childhood PEM is a 

preventable disease. Until the political and social will of the world successfully eradicates this 

disease, researctiers must amtinue to find ways of rnaxirnizing the recovery from PEM. Dietary 

Zn and Zn status appear to be important factors in the recovery of muscle mass and histology 

after PEM. The mechanism of this improved recovery is unknown, This rnectianism must be 

identified in order to ensure that every child suffering from PEM is able to fully recover and rive full 

lives unhampered by the effects of ctiildhood PEM. 
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Key to tables 

Table 1. WeekJy weights (in grams) during the defiaency (day O - week 3) and recovery 

(week 4 - week 6) phases. 

Table 2. Weight gain (loss) during the deficiency phase defiaency (&y O - week 3) and 

recavery (week 4 - week 6) phases. 

Table 3. WeeWy feed intakes (in grams) during the defiaency phase deficiency (day O - week 

3) and recovery (week 4 - week 6) phases. 

Table 4. Changes in weekly feed intakes (in grams) during the deficiency phase deficiency 

(week 1 - week 3) and recovery (week 4 - week 6) phases. 

Table 5. Cumulative feed intake and feed efficiency during the deficiency and recovery 

phases. 

Table 6. Body and tail lerigth before and alter the defiaency and recovery phases. 

Table 7. Organ weights (in grarns) and organ to body weigM ratios at the end of the 

deficiency phase. 

Table 8. Organ weights (in grams) and organ to body weight ratios at the end of the recovery 

phase. 

O. Table 9. Civer lipid concentration before and aRer the deficiency and remvery phases. 

1 1. Table 10. Serum concentrations of albumin, zinc and IGF-1 at the end of the defiaency and 

recovery phases. 

12. Table 14. Femur concentrations of zinc, calcium and phosphorws and the calcium: 

phosphorous ratio before and Mer the defiaency and recovery phases. 

13. Table 12. Inguinal fat pad weight. gastrocnemius weight and type 1 & 2 muscle fiber 

diameters befm and der  the deficiency and recovery phases. 



The values presanted in the following tables are the grarp means +/- SEM. The number of rats . 
per gmup is equal to 8 unless oaienivise indicated in the table footnotes. The weekly values with 

different lower case letters are significantiy dïerent (Pe0.05) as detemineci by repeated 

rneasures testing. Values M o r e  and Mer the defiaency and recovery phases with dflerent lower 

case Mers are significantly different (Pc0.05) as determinecf by Duncan's multiple range test. 

The lower case letters indicating significance are located under the SEM. 

The foilowing codes were used to identify the dirent  experimental grwps: 

W= Baseline 

ZP= Zinc + protein defiaency 

P= Protein defiaency 

Z= Zinc defiaency 

E= Energy deficiency 

C= Controi 

Please note that the baseline data (W) colledecl on day O is presented along side the data 

colledeci at the end of the 3-week deficiency phase for easy comparisons. 



Table 1. Weekly weights (in gram) during the deficiency 
(day Week 3) and recovery (week dweak 6)  phases 

- - 

Group 
ZP P Z E C 

DAY O 49.475 48.238 48.413 48.738 49.850 
+/- SEM 0-5126 0.509 0.488 0.545 1.135 

a a a a a 

Week 1 46.03û 45.475 54.913 57.825 70.000 
+/- SEM 0.624 0.446 1.902 2.283 5.380 

c c b b a 

Week 2 46.188 45.775 63.888 75.838 114.550 
+1- SEM 0.649 0.617 1.865 1-769 5.686 

Week 3 46.813 46.1 13 69.1 13 77.225 138.700 
+/- SEM 0.797 0.686 2.028 1.625 7.024 

c c b b a 

Week 4 97.425 139.263 94.725 l43.Ol3 203.163 
+/-SEM 0.924 6.052 3.1 89 6.193 9.041 

c c b b a 

Week 5 149.1 00 l82.550 142.000 185.61 3 250.663 
+/- SEM 2.181 4.520 3 -636 6.857 6.363 

c c b b a 

Week 6 192.475 223.01 3 183.538 216.538 278.61 3 
+/- SEM 3.939 5.198 4.1 11 7.503 7.971 

c c b b a 



Table 2 Weight gain (loss) during the deficiency (day O - week 3) and nacavery (week 4 - week 6 )  phases 

-- - - 

ZP P Z E C 
Day O 0.000 0.000 0-000 0.000 0.000 

W-k 1 -3.075 -2.15 12.075 13.975 30.525 
+/- SEM 0.189 0.3% 1.208 3.245 5.318 

c c b b a 

Week 2 -0.0375 0.6875 15.3125 18.375 43.3375 
+/- SEM 0.238 0.297 3.344 2.845 1.637 

Week 3 0.05 0.8125 11 -225 6.1 38.6375 
+/- SEM 0.350 0.402 3.631 4.710 8,080 

Week 4 Sl.i875 47.0875 52,6375 56-01 25 42.75 
+/- SEM 1.074 2.767 1.932 1.695 5.921 

ab ab ab a b 

Week 5 51.675 47.275 43.2875 42.6 47.5 
+/-SEM 1.551 3.540 2.832 1.857 3.954 

Week 6 43.375 41 S375 40.4625 30.925 27.95 
+/- SEM 1.965 2.250 3.122 2.260 5.451 

a a a b b 



Table 3. WeeWy feed intakes (in grams) during the deficiency 
(week 1- week 3) and recovery (week 4- week 6) 

Group 
ZP P Z E C 

Week 1 36.2992 50.7136 37.5991 36.6121 61 .l8W 
+I- SEM 1.701 4.4688 0.9492 0.8827 5.7897 

Week 2 40.2752 46.6746 49.0623 46.3372 97.9881 
+I- SEM 2.3898 3.4265 2.9421 2.0734 3.9767 

b b b b a 

Week 3 32.4625 39.7096 51.5508 51.2127 1OS.1766 
+1- SEM 1.6205 2.4465 4.077 9 4.9371 5.21 22 

c c b b a 

Week4 75.663 7ï.2128 102-5752 97.8621 127.2117 
+/- SEM 4.2602 5.9927 4.8202 4.8237 5.439 

c c b b a 

Week 5 95.6382 98-31 36 1 18.1 1 1 106.8753 134-6247 
+/- SEM 2.5025 3.2249 13.0508 4.3687 4.741 1 

bc bc ab bc a 

Week 6 1 18.4505 11 3.1627 122.2256 1 12.2135 139.1 593 
+/- SEM 5.0981 3.8535 4.0579 3.41 11 7.8841 

b b b b a 



Table 4. Changes in weekiy feed intakes (In gr-) during the 
deficiency (weeki - week 3) and recovery (week 4 - week 6)  

phases- 

Week 1 0.000 0.000 0.000 0.000 0.000 
+/-SEM 0.000 0.000 0.000 0,000 0.000 

a a a a a 

W ~ k 2  3.9758 4.0373 11.4624 9.725 367999 
+I- SEM 2.5336 2,3683 2,7097 2.2404 3.1362 

b c b b a 

Week 3 -7.8129 -6.9665 2.4875 4.8747 10.1873 
+/-SEM 1.5125 1.0655 1.6126 3.1022 5.2376 

b b a a a 

W& 4 43.2008 37.5792 51.0248 46.65 19.0375 
+/- SEM 4.187 5.1415 2.545 2.7314 4.5874 

ab b a ab c 

Week 5 19.9749 21.1 15.5375 9.0125 7.4125 
+/- SEM 3.2088 4.6844 8,7156 1.8251 3.0306 

a a a a a 

Week6 22.8123 14.85 4.1124 5.3375 4.5341 
+f- SEM 3.1249 1.8472 1 1.4072 1.826 7.1649 

a a a a a 



Table 5. Cumulative feeâ intake and feed efficiency during the 
deficiency and mcovery phases. 

Group 
ZP P 2 E C 

Cumulative feed intake (g) 
Deficiency 
+/- SEM 

Recovery 408.050 425.1 40 484.100 448.21 0 667.650 
+/- SEM 14.995 56.333 74.687 52.396 64.572 

c c d cd e 

Feed efficiency 
Defciency 2.368 2.765 1.770 1.517 1.740 
+f- SEM 0.085 0.133 0.035 0.028 0.056 

b a d e de 

Recovery 2.1 39 2.308 2.170 2 . m  2.408 
+/- SEM 0.1 O0 0.111 0.081 0.043 0.074 

c bc bc c b 



Table 6. M y  and tail length before and &ter the deficiency and recovery 
phases 

Sody length (cm) 
Deficiency 11.975 12.800 12.850 14.100 14.838 18.025 
+/- SEM 0.1359 0.2179 0.0845 0.1991 0.0625 0.3331 

a b b c d e 

Recovery 19.150 19.662 20.037 19.850 21 -275 
+/- SEM 0.231 0.185 0.063 0.204 0.296 

f f 9 9 h 

Tail length (cm) 
Deficiency 8.945 10.350 10.150 11.888 11.675 14.213 
+/- SEM 0.082 0.143 0.169 0.194 0.151 0.315 

a b b c c d 

Recovery 
+/- SEM 



Table 7. Organ weights (in gram) and organ to body weïght ratios at aie end of 
the deficiency phase 

Group 
W ZP P Z E C 

Liver 2.125 2.128 2.133 2-69  2.769 5.600 

Kidney 
+/-SEM 

Spleen 0.213 0.104 0.431 0.141 0.156 0.343 
+/-SEM 0.013 0.003 0.036 0.010 0,010 0.033 

b a a ab ab c 

S pleen/Body 0.004 0.002 0.003 0.002 0.002 0.003 
+/-SEM 0.0002 0.0001 0.0007 0.0001 0.0001 0.0001 

a bcd bcd cd d bcd 



Table 8. Ongn migM ( in gram) and ogan weight to body weight 
ratios at the end of the m v e  y phase 

Group 
ze P Z E C 

Liver 10.015 8.944 11.353 10.671 12.650 
+/-SEM 0.535 0.401 0.580 0,802 0.469 

LiverBody 0.052 0.048 0,051 0.049 0.046 
+/-SEM 0.002 0.002 0.002 0.002 0.001 

f def ef def cd 

Kidney 1.948 '1.814 2.244 2.124 2.653 
+/-SEM 0.102 0.054 0.091 0.1 00 0.082 

de d f ef 9 

Kidne y/Bod y 0.010 0.0098 0.0101 0.W98 0.00960 
+/-SEM 0.0004 0.0002 0.0004 0.0003 O.Oûû2 

b b b b b 

Spleen 0.588 0.538 0.504 0.538 0.599 
+/-SEM 0.037 0.023 0.020 0.039 0.032 

e de d de e 

SpleenJBody 0.003 0.003 0.002 0.003 0.002 
+/-SEM 0.0002 0.0001 0.0001 0.0002 0.0001 

b bc bcd bcd cd 



Table 9. Liver lipid concentration More  and after the deficiency and 
recovery phases ' 

Group 
w ZP e z E c 

Deficiency 0.033 0.099 0.094 0,033 0.034 0.041 
+/- SEM O. 002 0.01 1 0.020 0.001 0.001 0.002 

b a a b b b 

Recovery 
+l- SEM 

1 The above values represent the group mean 4- SEM with n = 5. 



Table qO, Semm concentrations of albumin, zinc and IGF4 at the end of the - 
deficiency and recovery phases. 

Group 
W ZP P Z E C 

Aibumin (gidL) ' 
Deficiency 3.51 1 2-04? 1.91 1 4.71 4 5.269 4.71 5 
+/- SEM 0.178 o.on o. 1 53 0.298 0.400 0.345 

a b b c c c 

Recovery 4.428 4.353 4.752 4.458 4.987 
+/- SEM 0.520 0.203 0.326 0.234 0.305 

d d d d d 

zinc (uglml) ' 
Deficiency Y .202 0.422 0.586 O. 36 1 1.901 1 -626 
+/- SEM O. 056 0.043 0.054 0.061 O. 179 0.060 

b a a a d c 

Recovery 
+/- SEM 

I G M  (nglml) ' 
Deficiency 476.864 477.438 664.727 1 19.356 245.088 1 129.480 
+/- SEM 60.708 60.568 68.585 17.377 53.100 89,362 

Recovery 131 9.924 1359.023 1384.401 1348.859 1462.986 
+/- SEM 44.866 34.236 33.1 49 36.903 14.430 

e e e e e 

The above values represent the group mean +/- SEM. n= 8. except for the W group 
(n= 6) and the ZP group (n= 7) at the end of the deficiency phase. 

The above values represent the group mean +/- SEM, n= 8. except for the C group at 
the end of the recovery phase. 

'~he above values represent the group m a n  +/- SEM. n= 8, except for the C (n= 7). ZP 
(n= 6) and E (n= 7) groups after the deficiency phase. 



Table 11. Femur concentan'oris of zinc. calcium and phosphornus and the 
calcium: phosphorous ratio befom and mer the deficiency and rs«wery phases 

. 
W ZP P Z E C 

Femur zinc 
Deficiency 3.408 2.894 2.203 1.672 5.261 4.766 
+/- SEM 0.319 0.398 0 . M  0.218 0.540 0.319 

Recovery 
+/- SEM 

Femur calcium 
Deficiency 3204.800 3458.300 3447.700 3809.000 4024.200 4323.000 
+/- SEM 167.040 85.754 43.521 32.1 02 77.483 58.454 

a b b c d e 

Recovery 
+/- SEM 

Femur phosphorous 
Deficiency 241 8.91 2391 -73 2482.07 2648.9 2967.96 321 9.94 
+/- SEM 129.4745 67.1025 30.51 42 28.61 41 61 -0492 43.41 77 

a a a b c d 

Recovery 
+1- SEM 

Calcium: 
phosphonis ratio 

Deficiency 1.328 1.448 1.389 1.440 1.356 1.343 
+/- SEM 0.009 0.010 0.009 0.009 0.006 0.006 

9 a cd a ef fg 

Recovery 1.448 1.415 1.404 1.378 1.385 
+/- SEM 0.008 0.014 0.004 0.009 0.006 

a b bc de cd 



Table 42.  Inguinal fat pad weight, gastrocnemius weight and type 1 & 2 muscle 
fiber diamaters before and after the deficiency and recovery phases. 

Group 
W ZP P 2 E C 

lnguinal fat pad weight (g) 
Deficiency 0.300 0.681 0.710 0.280 0.000 1.744 
+/- SEM 0.078 0.054 0.058 0.068 0,000 0.208 

ab b b ab a c 

Recovery 
+/- SEM 

Gasbocnemius weight (g) 
Deficiency nia' 0.267 0.330 0.468 0.498 0.841 
+/- SEM nla ' 0.013 0.043 0.068 0.057 0.052 

Recovery 
+/- SEM 

Type 1 MF0 (um) ' 
Deficiency 23.562 25.728 25.368 25.473 31 A65 31 -535 
+/- SEM 0.835 1.405 0.499 0.823 0.856 0.993 

Recovery 33.730 31.035 34.458 33.370 36.777 
+/- SEM 1.475 1.058 1.987 1.429 0.320 

bcd b cd bc d 

Type 2 MFD (um) ' 
Deficiency 27.240 îî.425 21.363 24.395 26.927 31.763 
+/- SEM 1.230 1.247 0.753 1.250 0.985 f -213 

Rewvery 37.833 33.885 38.725 37.657 39.665 
+/- SEM 2.030 1.208 1.777 1.462 1.758 

d c d d d 

i nia = not assessed 

The above values represent the group mean +/- SEM. n e .  
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