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The effects of severe zinc deficiency on protein turnover in muscle 
and thymus 
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1. Measurements have been made of protein turnover, RNA and DNA in thymus and skeletal muscle from 
rats fed on a zinc-deficient diet (ZD) for 10 and 17 d, in pair-fed controls (CI) and in muscle from rats fed on 
the ZD diet for 24 d and then fed on restricted amounts of the deficient diet with (RIZS) or without (RIZD) Zn 
supplementation, for 8 d. 

2. In thymus the ZD diet induced a loss of DNA and protein which was not observed with the CI rats. 
Accumulation of RNA was less affected but protein synthesis was reduced. 

3. In muscle the accumulation ofDNA and protein was slowed by the ZD diet, particularly in glycolytic muscles 
compared with oxidative muscles, and Zn supplementation increased DNA and protein. 

4. Protein synthesis and RNA concentrations were reduced in the ZD rats compared with the CI rats, but Zn 
supplementation at constant restricted food intake did not increase protein synthesis. Muscle protein synthesis 
per unit RNA varied markedly in the ZD rats after 10 d when the characteristic cycling of the food intakes and 
body-weight was most pronounced, the highest values being observed in the anabolic phase of the cycle although 
these were less than values for well-fed controls. The variability was inversely correlated with the plasma Zn levels. 
The extent of the variability was much less after 17 d and was not apparent in the food-restricted ZD animals. 

5. Protein degradation in muscle, assessed as the difference between overall and net protein synthesis, was faster 
in the ZD rats compared with the CI rats and fluctuated considerably, partly accounting for the cyclic changes 
in muscle after 10 d, and was entirely responsible after 17 d. The concentration of muscle-free 3-methylhistidine 
and its urinary excretion rate indicated inconsistent results which could not be satisfactorily interpreted. 

6 .  Plasma insulin was reduced in the ZD rats compared with the CI rats and was insensitive to food intake 
in contrast to urinary corticosterone excretion which was inversely correlated with the cyclic changes in body-weight 
and food intake. Furthermore, adrenalectomized rats exhibited increased mortality and reduced cycling of 
body-weight and food intake. 

7. Thus Zn deficiency impairs growth by a combination of (a) reduced food intake, (b) a reduced anabolic 
response to food due to a reduced capacity for protein synthesis and reduced activation of protein synthesis, 
possibly reflecting impaired insulin secretion, and (c) an increased catabolic response to the reduced intake in which 
corticosterone may play a role. 

All tissues contain many zinc-metalloproteins involved in a wide range of functions and 
adequate dietary Zn is required for optimum growth and development (Underwood, 1977; 
Prasad, 1978). What is not clear is the extent to which dietary Zn directly influences tissue 
growth. Part of the growth failure associated with Zn deficiency involves severe anorexia 
(Todd et al. 1934), which will inhibit growth, and disturb protein synthesis and degradation 
in tissues such as skeletal muscle (Millward & Waterlow, 1978). This dietary response is 
complex with cyclical changes in food intake, body-weight (Mills et al. 1969; Wallwork 
et al. 1981) and muscle mass (Giugliano & Millward, 1984). While the close correlation of 
these cyclical changes in tissue mass with the changes in food intake indicate the importance 
of the Zn-induced changes in appetite in the growth failure, a specific independent 
effect of Zn deficiency on growth inhibition has been demonstrated (Giugliano & Millward, 
1984). The nature of the role of Zn in this regulation of growth and tissue protein balance 
has not been defined. 

A role for Zn in protein metabolism might be expected given the importance of 
Zn-metalloenzymes in nucleic acid metabolism (Vallee & Falchuk, 198 1). Also a regulatory 
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role for Zn in the degradation of nucleic acids (Prasad & Oberleas, 1973) and protein 
(Chvapil et al. 1976) has been proposed, although not confirmed by others (Chesters & Will, 
1978; Dreosti & Record, 1978). However, the overall Zn concentration of muscle does not 
fall during Zn deficiency (O’Leary et al. 1979; Giugliano & Millward, 1984) and in any case 
the relative concentration of Zn in muscle reflects the presence of Zn-metalloenzymes many 
of which (e.g. carbonate dehydratase; EC 4.2.1.1)  are not directly involved in protein 
metabolism. Thus there is no clear indication of the extent to which Zn deficiency might 
directly affect protein metabolism in muscle, although there are several reports of reduced 
rates of amino acid incorporation into tissue proteins (see Wallwork & Duerre, 1985). We 
have therefore attempted to determine the mechanism of the growth failure and cyclic 
changes in muscle protein content in the severely Zn-deficient rat and to identify any changes 
in protein synthesis and degradation which might reflect the Zn deficiency specifically rather 
than the marked alterations in food intake. We have also examined the changes in protein 
metabolism in thymus since although the Zn content of this tissue is maintained in Zn 
deficiency (Giugliano & Millward, 1984) its mass appears to be directly affected by the Zn 
deficiency. 

M A T E R I A L S  A N D  M E T H O D S  

Diet composition, animals and experimental design 
The experiments involved male Sprague-Dawley outbred rats (Charles River UK Ltd, 
Margate, Kent), 25 d old, initial mean weight 60 g. The diet was based on egg albumin (at 
180 g/kg) containing either 0.4p.g Zn/g (Zn-deficient (ZD) diet) or about 55 pg Zn/g 
(Zn-supplemented control diet) ; full details of the diet composition and preparation, animal 
housing and experimental design are described by Giugliano & Millward (1984). 

The measurements described here were made during three experiments, and for the first 
two some of the results (i.e. the characteristics of Zn homeostasis) were previously described 
(as Expt 2,Zn-depletion and Expt 4,Zn-depletion-repletion ; Giugliano & Millward, 1984). 
Expt 1 involved thirty-eight rats separated into five groups: a base-line group (BL, n 6); 
two groups fed on the ZD diet ad lib. for 10 d (ZD 10, n 6) or 17 d (ZD 17, n 13) ; and two 
groups fed on the Zn-supplemented control diet in restricted amounts equal to the 
previously measured intake of Zn-deficient rats (6 g/d) for 10 d (CIIO, n 6) or 17 d (CI17, 
n 7). Expt 2 involved Zn-repletion of Zn-deficient rats, the Zn-repletion being achieved at 
a restricted intake (5 g/d equal to about 0.16 g/g b o d y - ~ e i g h t ~ . ~ ~ ) .  Eight rats were fed on 
the Zn-deficient diet for 24 d and were then divided into two groups: RIZD fed on the 
restricted amount of the Zn-deficient diet and RIZS fed on the same restricted amount of 
the Zn-supplemented diet for 8 d. In each of these experiments measurements were made 
of muscle and thymus (Expt 1) protein turnover and composition, as well as insulin and 
corticosterone status. Expt 3 (not previously described) investigated the effect of 
adrenalectomy on the response to the ZD diet in terms of the cyclic changes in body-weight 
growth and food intake. Twelve rats (mean weight 60 g) were divided into two groups of 
six, one group was adrenalectomized and both groups were then fed on the ZD diet for 
18 d with measurements of daily food intake and growth rate. 

Rats were killed between 08.00 and 11.00 hours with blood collection and tissue removal 
(gastrocnemius, plantaris and soleus muscles, and thymus) as previously described 
(Giugliano & Millward, 1984). 

Protein synthesis 
This was measured in skeletal muscle and thymus using the flooding-dose phenylalanine 
method (Garlick et al. 1980). [3H]phenylalanine was injected into a tail vein (150 mM, 
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50 pCi/ml; 1500 pmollkg body-weight) and the rats killed after 10 min. The rate of protein 
synthesis was calculated from the specific radioactivity of the protein-bound and free 
phenylalanine (the latter value calculated as mean value of the injection solution and tissue 
value). 

Protein degradation 
The primary determination of the rate of degradation involved calculation from the 
synthesis rate and change in muscle protein mass as previously described (Millward et al. 
1975). In these rats, muscle-mass change could be estimated from body-weight change since 
the muscle-mass : body-weight value is constant throughout the cycling (Giugliano & 
Millward, 1984). The calculation of degradation assumes that the rate of protein synthesis 
measured over 10 min is similar to the average rate for the 24 h period over which time 
the growth rate is measured. To examine this we compared the results obtained with the 
flooding dose over 10 min with those obtained during a 6 h infusion with ~-[UJ~C]tyrosine 
(Garlick et al. 1973) into a tail vein (Millward et al. 1975). Both methods were applied to 
a group of rats (mean weight 60 g) and measurements made in muscle and thymus, with 
calculations of protein synthesis based on intracellular and extracellular pools. 

We also made measurements of the concentration of 3-methylhistidine (3MH) in the 
muscle free pool as well as the 24 h urinary 3MH excretion (Young & Munro, 1978). The 
use of skeletal muscle free 3MH concentration as an indicator of muscle myofibrillar protein 
degradation reflects earlier work (Rennie et al. 1981) which suggested that accumulation 
of free 3MH in muscle is a reliable qualitative index of the rate of myofibrillar protein 
degradation at the time of death which therefore could be directly comparable with the 
measured synthesis rate. 

Analytical methods 
Bovine serum albumin, calf thymus DNA, L-tyrosine decarboxylase (EC 4.1 . 1 .25), 
fluorescamine, P-phenylethylamine, 3-methylhistidine, leucylalanine and corticosterone 
were obtained from Sigma Chemical Co. (Poole, Dorset); human insulin standards and 
porcine insulin antibody were obtained from Wellcome Reagents Ltd (Beckenham, Kent) ; 
combined human plasma (for corticosterone assay) was obtained from the Regional 
Transfusion Centre (Edgeware, Middlesex). The radioactive compounds, ~-[4-~H]phenyl- 
alanine, lz5I-iodinated insulin and [ 1, 2, 3, 6, 7-3H]corticosterone, were obtained from 
Amersham International plc (Amersham, Bucks). All other chemicals were obtained from 
British Drug Houses (Poole, Dorset). 

Tissue protein, RNA and DNA were measured as described previously (Millward et al. 
1974) in a tissue homogenate prepared immediately before the analysis by pulverizing the 
frozen tissue between two aluminium blocks pre-cooled in solid carbon dioxide. In order 
to compare the RNA concentration with the fractional rate of protein synthesis, the RNA 
was expressed as RNA:protein value. The specific radioactivity of tissue free and 
protein-bound phenylalanine was measured and the rate of protein synthesis was calculated 
from these values as described by Garlick et al. (1980). 

The concentration of 3MH was measured in muscle and plasma extracts and in urine 
after being hydrolysed overnight with 6 M-hydrochloric acid at 110" by a reverse-phase 
chromatographic method as described previously (Millward & Bates, 1983). Free 3MH 
concentration in muscle and plasma was expressed as nmol/g wet tissue or nmol/ml, and 
as pmo1/24 h per kg body-weight in urine. 

Plasma insulin concentration was measured by coated-charcoal immunoassay (Herbert 
et al. 1965) using 1251-labelled insulin, commercially calibrated insulin standards and porcine 
insulin antibody. 
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Urine corticosteroids were extracted in dichloromethane and measured by a competitive 

protein binding assay modified from the method of Few & Cashmore (1971), using 
dextran-coated charcoal as absorbent for unbound corticosteroids (Kley et al. 1976). Urine 
was collected over 24 h in 1 ml Hibitane (20 ml/l) and HCl(500 ml/l), and stored at -20" 
until analysis. Corticosteroids were extracted in dichloromethane which included an 
alkaline wash (0.1 M-NaOH). The organic extracts were evaporated to dryness at 50". 
Corticosteroids were redissolved in 1.5 ml ethanol (20 ml/lksaline (9 g sodium chloride/l). 
Corticosterone standards (0-1 5 ng/ml in ethanol-saline), quality control (pooled rat 
urine) and samples were assayed in duplicate. Samples (0.5 ml) were mixed with 0.5 ml 
binding reagent containing human plasma (20 ml/l) and 0.1 yCi [3H]corticosterone/ml in 
distilled water, incubated at 45" for 10 min, and cooled on ice. Dextran coated-charcoal 
(0.5 ml; 20 g charcoal, 2 g dextran and 6 g gelatine/l borate buffer (boric acid (8.25 g/l), 
NaOH (2.7 g/l), pH 8.0)) was added, mixed and centrifuged all within 20 min of addition 
of charcoal to the first tube. Portions (1 ml) of the supernatant fraction were removed for 
counting. To account for non-specific binding, three portions of urine (0.25,0.5 and 1 ml) 
were made up to 4 ml with distilled water and analysed. Non-specific binding was calculated 
as the x intercept in a linear regression of measured corticosteroids on urine volume, and 
subtracted from the total measured values. 

Urinary excretion was expressed as pg corticosteroid/24 h per kg body-weight. 
All results are given as means and 1 SE with significance between means (generally only 

assessed between Zn-deficient and the appropriate pair-fed control groups) assessed by 
Student's t test (Bailey, 1981) and with P < 0.05 considered to be significant. 

RESULTS 

The characteristics of Zn deficiency, Zn homeostasis, and tissue and whole-body growth 
in the first two of'these experiments is described in a previous paper (Giugliano & Millward, 
1984). Since the objective of these experiments was to assess any effect of Zn deficiency in 
addition to changes reflecting reduced food intake, comparisons are made primarily with 
the appropriate food-restricted Zn-supplemented controls. 

Tissue protein and nucleic acid contents 
In the thymus, Zn deficiency induced actual losses of DNA and protein compared with 
pair-fed controls (CI) (Table 1). In muscle the accumulation of protein was slower in the 
ZD compared with CI rats after the first 10 d, in both gastrocnemius and soleus muscles, 
and DNA accumulation in the ZD group ceased. The protein: DNA value expanded in both 
muscles over the first 10 d but the changes were small after this time. In both muscles the 
RNA: DNA values were always lower in the ZD rats although the differences were small. 
In summary, the accumulation of protein, DNA and RNA was slowed by the Zn-deficient 
diet in comparison with food restriction. 

In the second experiment (Table 2), whereas Zn supplementation for 8 d enabled 
body-weights to be maintained, the Zn-deficient animals lost weight. Muscle protein and 
DNA contents were lower in the gastrocnemius muscle in the RIZD rats, although no 
differences were observed in the soleus muscle. The composition of the muscle in terms of 
protein: DNA or RNA: DNA values was not significantly different. 

Rates of protein turnover 
In the preliminary experiments the rate of protein synthesis in muscle measured by the 
large-dose method was not significantly different from that based on the infusion of 
tyrosine when the intracellular pool was taken as the precursor (i.e. mean 19.3 (SE 2.1)% /d 
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Table 2. Expt 2. Body-weight (g), total protein (mg), total DNA (mg), protein:DNA value 
(mglmg) and R N A : D N A  value (mglmg) in muscle of 24 d zinc-dejicient (ZD)  rats which were 
then fed on restricted amounts of either the Z D  diet ( R I Z D )  or a Zn-supplemented diet (RIZS) 
for a further 8d 

(Mean values with their standard errors for four animals per group) 

RIZD RIZS 

Mean SE Mean SE 

Body-wt 
Initial 104.0 9.0 109.0 3.0 
Final 95.4 1 .o 109.0** 2.1 

Total protein 250.0 8.1 324.9** 7.3 
Total DNA 0.954 0.04 1.120* 0.076 
Protein:DNA 263.3 18.2 295.4 26.1 
RNA: DNA 1.69 0.09 2.02 0-24 

Gastrocnemius muscle 

Soleus muscle 
Total protein 20.5 1.8 23.7 1-1  
Total DNA 0.128 0.014 0,133 0.004 
Protein:DNA 161.7 3.8 177.4 5.5 
RNA : DNA 1.24 0.08 1.44 0.01 

Mean values for RIZD were significantly different from those for RIZS: * P i 0.05, ** P -= 0.01. 

.~ 

and mean 17.9 (SE 2.1)% /d in gastrocnemius in 60-g rats for the two methods respectively), 
although for thymus the differences were very marked, mean 76.7 (SE 2.8)% /d for the 
large-dose method compared with 91.2 or 26.6% /d for tyrosine with the intracellular 
pool or plasma taken as the precursor. Thus the fact that the value obtained over 10 min 
for muscle appears to be the same as that measured over 6 h, with less variance, together 
with other recent measurements of the small extent of diurnal changes in muscle protein 
synthesis in young rats (Jepson et al. 1986) suggests that there are not minute-by-minute 
continuously fluctuating rates of protein synthesis and that credence can be given to the 
calculated degradation rate (which compares synthesis rate with the 24 h rate of net change). 

Rats fed on the ZD diet for 10 d had a reduced rate of protein in the thymus whereas 
food restriction had no significant effect (Table 3). The reduction resulted from comparably 
small (P > 0.05) reductions in both the RNA capacity and activity compared with the BL 
animals. However, after 17 d there was a fall in protein synthesis in both groups which 
reflected an impairment of translation (indicated by the reduced RNA activity) with no 
change in the RNA:protein value. At this time the only difference between the ZD17 and 
(2117 animals was a lower RNA:protein value in the ZD group. It is apparent, therefore, 
that specific effects of Zn deficiency can be demonstrated in the thymus, particularly as an 
early response, although the effects are rather small. 

In muscle there are reductions in the rate of protein synthesis, RNA :protein value and 
RNA activity with age and with malnutrition (Millward et al. 1975; Millward & Waterlow, 
I978), so the fall in protein synthesis in the food-restricted animals was expected. However 
in each muscle, compared with the CI groups, the synthesis rate was lower in the ZD groups 
after 10 d (P < 0.05) and 17 d (P < 0.01) as a result of a combination of small reductions 
in both RNA:protein value and RNA activity. In the second experiment, where the ZD 
animals were given restricted intakes of the deficient (RIZD) or supplemented (RIZS) diets, 
protein synthesis in gastrocnemius and soleus muscles was similar in each group (Table 4). 
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Table 4. Expt 2. Muscle weight (g) ,  fractional rate of protein synthesis (Ks, % I d ) ,  
RNA:protein value (mglg)  and RNA activity (g  protein synthesizedldper g RNA) in muscle 
from 24 dzinc-dejicient rats which were then fedon restrictedamounts of either the Zn-deficient 
diet (RZZD) or a Zn-supplemented diet (RZZS) for  a further 8 d 

(Mean values with their standard errors for four animals per group) 

Gastrocnemius Soleus 

RIZD RIZS RIZD RIZS 

Mean SE Mean SE Mean SE Mean SE 

Muscle weight 1.47** 0.06 1.85 0.06 0.126** 0.01 1 0.145 0.003 
4 5.49 0.14 5.73 0.23 10.70 I .46 10.26 0.42 
RNA:protein 6.44 0.38 6.86 0.25 7.67 0.90 8.15 0.60 
RNA activity 8.60 0 6 3  8-38 0.30 12.25 0.47 12.27 0-60 

~ _ _ _ _  _._. 

Mean values for R E D  were significantly different from those for RIZS: * P < 0.05, ** P < 0.01. 

Table 5. Rate of growth (% I d ) ,  fractional rate of protein synthesis (Ks, % I d ) ,  RNA activity 
(g protein synthesizedld per g RNA) and RNA :protein value (mglg)  in muscle, and plasma 
zinc levels (ug l l )  in rats given a Zn-dejicient diet for  10 d 

~~ ~. . 

Growth K,  RNA activity RNA:protein Plasma Zn 

+ 3.9 
+ 8.0 
f5.1 
- 1.3 
-4.7 
-1.0 
- 6.0 
- 4.2 
- 3.0 
- 1.5 
- 1.0 
- 7.8 

10.90 
10.66 
9.80 
8.32 
8.19 
7.58 
7.05 
6.18 
4.72 
4.62 
2.61 
2.21 

1 1.45 
9.84 

11.17 
9.0 1 
8.37 
8.71 
7.52 
6.84 
4.85 
4.94 
2.76 
2.27 

9.53 
10.84 
8.77 
9.24 
9.79 
8.70 
9.37 
9.04 
9.74 
9.35 
9.46 
9.75 

- 

40 1 

~ 

456 
686 
__ 
~ 

704 
614 
971 

In this experiment, as a result of the food restriction, no cyclic changes in body-weight 
occurred in the ZD animals and the variability in protein synthesis was much less than that 
in the ad lib.-fed ZD rats. 

This variability in muscle protein synthesis rate was most apparent at  10 d, when the 
characteristic cycling of food intake, body- and muscle weight is greatest (see Giugliano 
& Millward, 1984). If this cycling is associated with changes in muscle protein synthesis, 
then variability in synthesis might be expected between rats studied at different stages of 
the cycle. To examine this possibility, measurements were made in a further group of six 
10-d-old ZD rats, and rates of protein synthesis compared with their growth rates before 
measurement and plasma Zn concentrations in six rats (Table 5). Of the twelve animals, 
three were in a marked positive balance and these exhibited the highest rate of protein 
synthesis (i.e. mean 10.45 (SE 0.33)% Id). Of the remaining nine rats in negative balance, 
the average rate of synthesis was much lower (mean 5.72 (SE 0.77)% Id). Although there 
was not a precise correlation between the negative balance and the suppression of protein 
synthesis, the cyclic changes in muscle mass did to some extent reflect cyclic changes in 

https://doi.org/10.1079/BJN
19870017  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN19870017


Zinc deficiency and muscle protein turnover 147 

Table 6. Fractional rates of protein synthesis (I&, % / d )  and degradation (Kd, / d ) ,  and 
muscle free 3-methylhistidine concentration (nmollg) in gastrocnemius muscle from zinc- 
deficient ( Z D )  and control, food-restricted (CI )  animals after 10 (ZDIO, CIIO) and 17 ( Z D l 7 ,  
CI17) d dietary treatment 

(Mean values with their standaid errors) 

~~ ~~~~ 

Ks Kd 3-Methylhistidine 

n Mean SE Mean SE Mean SE 

Base line 
ZDlO all 

+ ve balance 
- ve balance 

CIIO 
ZD17 all 

+ ve balance 
- ve balance 

CI17 

6 19.29 0.94 
12 6.90* 0.84 
3 10,45** 0.33 
9 5.72 0.17 
6 8.72 0.78 

13 4.78** 0.25 
7 4.55 0.20 
6 5.06 0.49 
6 6.06 0.38 

10.16 
8.05** 
4,75* 
9.14 
4.02 
5.15* 
2,78** 
7.92 
3.48 

~~ 

1.71 5.88 
0.98 8.15 
1.26 5,10* 
1.01 9.16 
0.88 7.71 
0.82 6.29 
0.35 6.48 
0.69 6.08 
0.38 7.06 

~~ - 

0.63 
0.94 
0.91 
1.01 
0.39 
0.44 
0.66 
0.63 
0.33 

Mean values for ZD were significantly different from those for CI and between subgroups of these animals in 
+ve and -ve body-weight balance: * P < 0.05, ** P c 0.01. 

muscle protein synthesis and RNA activity which varied over a five-fold range. The 
RNA:protein value showed no such variability. 

In the two control restricted groups (CIIO and CI17) protein degradation was much lower 
than that in the base-line animals (Table 6), as expected from previous studies (Millward 
et al. 1975), and lower than the mean values of the ZD animals. However there was 
considerable variability amongst the latter groups. It is apparent from an inspection of the 
individual values of growth, synthesis and degradation of muscle protein in the first 
experiment (Fig. 1) that whereas the degradation rates in the ZD groups at 10 and 17 d 
were inversely related to the growth rates, with lower mean values for the animals in positive 
balance (Table 6) ,  rates of protein synthesis were only related to the growth rates at 10 d. 
Thus in these ZD rats fluctuations in protein degradation and protein synthesis for 10 d 
accounted for the cyclic changes in mass while with further Zn deficiency changes in protein 
degradation became a major mechanism. Since the overall rate of protein degradation at 
17 d was lower than that at 10 d (Table 6), this may account for the overall lower amplitude 
of the cyclic changes in body-weight after 17 d. 

In order to gain more information about protein degradation, measurements were also 
made of 3MH concentrations in the muscle pool and urinary excretion rates. In the 
food-restricted animals the fall in protein degradation compared with the BL group was 
not associated with a fall in mean free 3MH concentrations (Table 6). However, in the 
ZDlO animals there was an inverse correlation with the growth rate, with low values 
associated with rats in positive balance in agreement with the calculated rates of protein 
degradation (Fig. 1, Table 6). However, after 17 d there was no correlation with either 
growth or degradation rates, the overall values being very similar to those in the BL, CI I0 
and C117 animals. 

Measurements of daily 3MH excretion rates were made over 5 d periods in two groups 
of six and eight rats killed after 1 1 d and 18 d on the ZD diet and these rates are compared 
with the growth rate in order to gain further insight into the cycling phenomenon (Fig. 2 ) .  
Since renal clearance might be indicated by total urine volume, values for this variable are 
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W 
E 

.4- 

0 :j 2 

BL (n = 6) 

a 
n 

ZDlO(n=12)  C l l O ( n = 6 )  ZD17(n=13)  C117 (n = 7) 

Fig. 1. Expt 1. Body-weight growth, fractional rates of muscle protein synthesis (K , )  and degradation 
(Kd) ,  and intracellular free 3-methylhistidine (3MH) concentration in individual base line (BL), 
zinc-deficient (ZD), and control, food-restricted rats (CI) after 10 (ZD10, CI10) and 17 (ZD17, C117) d 
on the dietary treatments. Values for protein synthesis are those obtained in gastrocnemius (+ plantaris) 
muscle and are shown with individual values arranged in order of increasing body-weight growth rates 
for each group. (a), Values from the ZD rats in the anabolic phase of the body-weight cycle immediately 
before measurement. For details of dietary regimens, see p. 140. 

also shown. There was no identifiable relation between urine volume and 3MH excretion. 
No difference was observed between 3MH excretion during the two periods of study ( 1  1 
and 18 d), i.e. mean 7.87 (SE 0.56) and mean 7.88 (SE 0.45) pmo1/24 h per kg body-weight 
respectively. Furthermore, no correlation was observed between 3MH excretion and growth 
rates over the 4-5 d in individual rats. In some cases (e.g. rat no. 157) excretion fell 
continuously even though growth rate fluctuated markedly. In other animals (e.g. rats nos. 
164 and 166) there was an inverse correlation between growth and 3MH excretion, 
suggesting a causal relation. However the opposite situation was observed in some rats (e.g. 
no. 165). The 3MH excretion @mo1/24 h per kg body-weight) of animals in negative balance 
(mean 8.16 (SE 0.64; n 26)) was slightly higher than that for animals in positive balance 
(mean 7.67 (SE 0.40; n 36)), although this difference did not reach a significant level. 
Statistical analysis of 24 or 48 h 3MH excretion, or  both, and growth in the same interval, 
failed to show a significant correlation assessed by a parametric test (linear regression) or 
a non-parametric test (Spearmans rank correlation coefficient, Snedecor & Cochran, 1967). 
These results indicate that either muscle protein degradation is not systematically related 
to changes in muscle mass, with variable contributions from synthesis and degradation to 
changes in balance in individual animals, or that the 3MH excretion rate is not a good 
indication of skeletal muscle protein degradation in the gastrocnemius muscle. We believe 
that since the calculated degradation rates were systematically (inversely) related to changes 
in the growth rates, the latter conclusion is most likely. 
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mm11111111rTlll11111TllIll 
6 8 1 0 6  8 1 0 6  8 1 0 6  8 1 0 6  8 1 0 6  8 1 0  

Period of experiment (d) 
Rat no. 156 157 158 160 161 163 

- - rn - I T t  m - 
14 16 1814 16 1814 16 1814 16 18 14 16 1814 16 1814 16 1814 16 18 

Period of experiment (d) 

166 167 168 169 170 171 Ratno. 164 165 

Fig. 2. Expt 1. Urinary 24 h 3-methylhistidine (3MH) excretion (m-w), urine volume (0-0) and 
corresponding body-weight growth rates (0-0) in rats after 6 1  1 and 14-18 d on the zinc-deficient 
diet. For details of the diet, see p. 140. 

In the second (Zn repletion) experiment, while the Zn supplementation allowed body- 
weight to be maintained, the restricted intakes of the ZD diet induced loss of body-weight. 
However, as indicated, muscle mass: body-weight values increased so that while the loss of 
body-weight in the RIZD group amounted to about 1 % /d, the net change in muscle mass 
was much more marked. The Zn-supplemented muscle was 25% larger after 8 d indicating 
a difference of about 3%/d in net protein accumulation. This did not reflect increased 
protein synthesis since the rate in the RIZS rats would need to have been 50% higher 
whereas it was not different to the RIZD group. Thus protein degradation was higher in 
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Table 7. Urinary 3-methylhistidine excretion @mo1/24 h per kg body-weight) in zinc-deficient 
rats which were then f ed  on restricted amounts of either the Zn-deficient diet (RIZD)  or a 
Zn-supplemented diet (RIZS)  for  a further 8 d 

(Mean values with their standard errors for four animals per group) 
-. 

RIZD RIZS 

Day Mean SE Mean SE 

6 8.85 4.04 4.70 2.7 
7 11.38 3.99 9.45 3.45 
8 12.40 2.91 8.23 1.52 

Overall mean 1 1 15 0.97 7.68 0.87 

the RIZD group. In this case the change in the calculated rate of degradation was to some 
extent supported by measurements of 3MH excretion rates (Table 7). These indicated 
considerable variation in each rat from day-to-day; while on the second day of the 
collection, there was no significant difference between the groups, on days 1 and 3 3MH 
excretion was clearly higher in RIZD rats. Thus the overall average values for this group 
were over 40% higher than in the RIZS animals, the same order of magnitude as the 
calculated difference in degradation. 

Hormonal changes 
Insight into the mechanism by which the cyclic changes in food intake mediated the changes 
in protein metabolism comes from measurements of plasma insulin and urinary 
corticosterone excretion. 

The differences between the plasma insulin in the BL group and the two treated groups 
were small (Table 1). While this might be thought surprising considering the treated animals 
had very marked reductions in food intake compared with the BL animals, there are 
well-documented increases in insulin concentrations and decreases in sensitivity in well-fed 
rats of this age (Heard & Turner, 1967). However, the ZDlO and ZD17 animals had lower 
plasma insulin levels than the CI group, and this is in line with reduced rates of protein 
synthesis in the ZD animals compared with the CI group. However, plasma insulin levels 
were unresponsive to changes in food intake with no difference between insulin 
concentrations in rats in positive or negative balance. There was also no difference in plasma 
insulin in the two groups of rats in the Zn-repletion experiment (pU/ml): RIZD 23.3 
(SE 2.8), RIZS 20.2 (SE 7). 

Corticosterone status was assessed from the daily 24 h urinary excretion measured for 
3 d, as separate 24 h collections in six ZD animals, with measurements in three rats at 1 1  d 
and in the other three rats at  18 d. There was an inverse correlation between the daily 
excretion and the changes in both food intake and growth. A decrease in both variables 
was always associated with elevated levels of urinary corticosterone and these correlations 
were equally apparent at 11 and 18 d. These results are grouped together in Fig. 3 showing 
the inverse relation between growth rates and corticosterone excretion. 

There was no difference in the corticosterone excretion rates between the two groups in 
the supplementation experiment @g/24 h per kg body-weight; RIZD 7.18 (SE 0.45), RIZS 
6.43 (SE 0.44). However, compared with the ZD ad lib.-fed animals, when there were very 
marked daily changes in the corticosterone excretion rates (coefficient of variation (CV) 
50% ), the RIZD rats exhibited both higher average excretion &g/24 h per kg body-weight; 
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-a -4 0 4 a 12 
Growth rate (%/d) 

Fig. 3. Expt 1. Daily urinary corticosterone excretion rates and corresponding body-weight growth rates 
in rats after 9-1 1 and 1&18 d on the zinc-deficient diet. For details of the diet, seep. 140. Points represent 
individual values from three rats measured daily on days 9, 10 and 11 and three rats measured daily 
on days 16, 17 and 18. 

Table 8. Effect of adrenalectomy on the daily variability in food intake (g /g  
b o d y - ~ e i g h t ~ ' ~ ~ )  and body-weight change ( g l d )  in zinc-de$cient rats 

(Mean values with their standard deviations) 
- 

Intact Adrenalectomized 

n Mean SD Mean SD 

Food intake: 
Days 7-10 16 0.252 0.054 0,238 0.0596 
Days 11-18 32 0.238 0.07 0.210 0.0244 

Days 7-10 16 1.50 3.80 1.41 4.07 
Days 11-18 32 1.74 4.58 0.85 2.49 

Daily wt change: 

7.18 (SE 0.453) v. 4.51 (SE 0.69)) as well as a more constant daily output (CV 20%). This 
is further evidence that corticosterone is closely correlated with the pattern of food intake, 
increasing when it falls. 

If corticosterone participates in mediating the effects of the cyclic change in food intake 
on protein balance and growth, then in the absence of the hormone the cyclic changes in 
body-weight should not be so marked. To test this possibility, six rats were adrenalectomized 
and put on the ZD diet for 18 d and compared with intact ZD rats. Two rats died between 
days 10 and 15 but the rest survived the experiment. However, there were differences, as 
indicated by the changes in food intake and body-weight (Table 8). During the first few 
days after the first marked fall in food intake and growth (at 7 d), the daily variability in 
food intake and growth was not different between the groups, with similar cycling. However, 
after day 10 differences were apparent with only slight fluctuations in daily body-weight 
changes. In addition the fluctuations in food intake fell and eventually ceased completely. 
This markedly reduced cycling is indicated by the halving of the CV of daily food intakes 
and growth rates. 
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DISCUSSION 

Although previous studies have suggested that protein synthesis may be depressed in some 
tissues in ZD rats (e.g. Hsu & Rubenstein, 1982; Suwarnasarn et af. 1982), with the 
exception of one study with reliable measurements of protein synthesis in intestinal mucosa 
of ZD rats (indicating that protein synthesis was not affected (Southon et al. 1985)), the 
methods used mean that neither the qualitative nor quantitative importance of the studies 
can be easily assessed. Zn might be expected to participate in the regulation of the capacity 
for protein synthesis, tissue DNA and RNA content, through its presence in DNA and RNA 
polymerases, and tRNA synthetases (Vallee & Falchuk, 1981). In addition it can have an 
indirect action on the proliferation of satellite cells, the myonuclear precursor cells in 
muscle, through its regulation of somatomedin C concentration (Oner et al. 1984), a primary 
regulator of satellite-cell proliferation (Dodson et al. 1985). Certainly a deficiency of this 
hormone appears to be closely related to the reduced bone growth with Zn deficiency (Oner 
et al. 1984) and could partly account for our observation that in both tissues examined in 
the present study, DNA accumulation was reduced in the ZD animals compared with the 
pair-fed controls. Because of the very high DNA concentration in the thymus (up to 20% 
dry weight) as well as intense mitosis required to maintain the continuous export of cells, 
if Zn is required for DNA synthesis then Zn deficiency would be expected to have an effect 
on organ size and this is what occurred. However these experiments do not indicate the 
mechanism of the effect since although Zn deficiency did have a specific early effect on 
protein synthesis in the thymus, whether this reflected the role of Zn in regulating the 
capacity for protein synthesis is not decisively indicated. From our experiments, since the 
changes in protein synthesis were small and their statistical significance low, we cannot say 
definitively whether a difference in synthesis rather than degradation accounted for the 
reduced thymus weight and total protein in the ZD animals. This is because the overall rate 
of protein synthesis in the thymus is so rapid that a relatively small proportional reduction 
in the synthesis rate could account for a reduction in the rate of accretion of protein. 

In muscle the results confirm a role for Zn in regulating the capacity for protein synthesis 
through the regulation of RNA concentration, which is reinforced by the observation that 
there were no cyclic changes in RNA concentrations (Table 5) .  In meal-fed rats, cyclic 
changes in muscle RNA levels are apparent throughout the day (Millward et al. 1974) 
and RNA is very rapidly lost from muscle in response to undernutrition (Millward & 
Waterlow, 1978). Given the fact that the periodicity of the cyclic changes in food intake 
was several days, changes in the RNA :protein values would have been expected. This 
suggests an inability to replace RNA in the anabolic phase of the cycle. The mechanism 
of this is, however, unknown. Zn concentration does not fall in muscle (Giugliano & 
Millward, 1984) so any Zn-related depletion or abnormality of enzymes involved in RNA 
synthesis (Terhune & Sandstead, 1972) or degradation (see Chesters & Will, 1978) must 
have involved selective and quantitatively small changes. 

In contrast to the lack of response of muscle RNA concentration to changes in food 
intake, the RNA activity was able to respond to the cyclic changes with marked differences 
between the anabolic and catabolic phases of the cycle. However, in no case did the value 
reach that observed in the base-line controls and this might have been expected from our 
previous work. In 30-d malnourished rats refed for 1 d the RNA activity is restored to 
normal values (Millward et al. 1975) and in diabetic rats infused with insulin a similar 
value is observed after 6 h (Odedra et al. 1982). Although it is possible that Zn deficiency 
could directly affect translation since it is present in an elongation factor (Vallee & Falchuk, 
198 l), it would follow from the previously mentioned arguments that selective reductions 
in this Zn-dependent factor would have to occur. Since there was evidence of an inverse 
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correlation between plasma Zn and muscle RNA activity, if muscle free Zn varies with 
plasma Zn then this would suggest that free Zn does not play a direct regulatory role in 
protein synthesis. 

Another alternative is that the inability of the RNA activity to reach the control values 
in the anabolic phase reflected an effect of the Zn deficiency on the hormonal response to 
feeding. Since Zn is required for insulin synthesis, impaired insulin secretion might be 
expected in Zn deficiency. This is a controversial subject, however, with evidence existing 
for (Wolman et al. 1979; Emdin et al. 1980; Robinson & Hurley, 1981) and against 
(Figlewicz et al. 1981) a regulatory role for Zn in insulin secretion. The mean insulin level 
was lower in the ZD rats compared with the pair-fed animals, suggesting that the ZD rats 
had a reduced ability to secrete insulin particularly in the anabolic phase of the feeding- 
body-weight cycle. This would undoubtedly contribute to the inability of the RNA activity 
to reach control levels. However, it would not explain the reductions in RNA activities in 
the catabolic phase. The cyclic changes in corticosterone as indicated by urinary excretion 
(an indication of free corticosterone levels) could well account for the cyclic changes in 
muscle protein synthesis since high levels of corticosterone suppress RNA activity in muscle 
regardless of the circulating levels of insulin (Millward et a/. 1976; Odedra & Millward, 
1982). More importantly in the present context, the response to small increases of insulin 
in the acutely refed-fasted rat is modulated by the extent to which the plasma corticosterone 
falls on refeeding (Millward et al. 1983), indicating that glucocorticoid hormones block the 
stimulus of muscle protein synthesis by insulin. The observation that the adrenalectomized 
rats were less able to survive the Zn restriction and did not show such pronounced cyclic 
changes in body-weight is further support for an important role for corticosterone in 
mediating the changes in muscle protein synthesis. Furthermore, if the cyclic changes in 
food intake are related to the cyclic changes in plasma Zn as it is alternatively released and 
taken up into the tissues following the cyclic changes in tissue protein metabolism, the fact 
that food intake cycling was also reduced supports the conclusion that the changes in tissue 
mass are influenced by adrenal hormones. However, the cyclic changes in muscle mass were 
not completely absent in the initial stages of the Zn deficiency in the adrenalectomized rats, 
demonstrating that corticosterone is not obligatory for the response. In this initial stage 
there may have been sufficient insulin to initiate the cyclic changes without the need for 
amplification from parallel inverse changes in corticosterone. 

In these studies the calculated rates of degradation indicated that changes in muscle 
proteolysis were an important part of the response to Zn deficiency, but this conclusion 
is not entirely supported by the measurements of 3MH concentrations and excretion. There 
are well-documented problems in interpreting 3MH results (Millward & Bates, 1983; 
Rennie & Millward, 1983). The muscle free 3MH levels, which we thought initially might 
prove to be a good qualitative index of muscle degradation (Rennie et al. 1981; Odedra 
& Millward, 1982), subsequently proved to be less satisfactory in other studies (Odedra 
et al. 1982). Presumably changes in the rates of transport out of muscle and in clearance 
influence intracellular concentration as much as rates of actin degradation. 

The rates of urinary 3MH excretion were also difficult to interpret. The variability in 
urinary excretion of 3MH (previously reported by Hsu & Rubenstein, 1982) and incon- 
sistency of correlation of 3MH excretion with changes in muscle mass, together with our 
other measurements of muscle protein degradation, presumably reflect the fact that parallel 
changes in actin degradation in muscle and the extensive non-muscle sources of urinary 
3MH (Millward & Bates, 1983) do not always occur as reported in fasted rats (Cotellesa 
et al. 1983) and in some clinical situations (Rennie & Millward, 1983). Indeed there is 
evidence that within muscle, changes in 3MH release do not always occur in parallel with 
changes in the overall rate of protein degradation (Li & Wassner, 1984; Lowell et al. 1986). 
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The calculated rates of protein degradation did indicate that changes in degradation were 

important at all stages of Zn deficiency in regulating muscle protein mass. Rates were 
generally higher in the ZD rats and in the latter stages of Zn deficiency changes in 
degradation appeared to be the dominant mechanism for changing muscle mass. This 
suggests that Zn deficiency potentiates protein degradation in muscle so that it is more 
susceptible to regulatory influences. The increases in corticosterone in the catabolic phases 
of the cycle could then initiate the changes if such increases have similar effects to large 
doses of exogenous corticosterone which do transiently increase muscle degradation 
(Odedra et al. 1983). This would be consistent with the observations that Zn inhibits protein 
degradation in several tissues (Mego, 1976; Ludwig & Chvapil, 1980) including muscle 
(Lundholm et al. 1981), possibly because lysosomal stability is diminished in response to 
Zn deficiency. However, according to Dreosti & Record (19781, Zn deficiency increases 
rather than decreases lysosomal stability in rat liver. Another possibility is that the low 
insulin levels in the ZD rats result in increased proteolysis, although the evidence supporting 
a role for insulin in the in vivo regulation of muscle proteolysis is not very convincing 
(Millward et al. 1985). Whatever the mechanism in muscle, since the ability of muscle 
protein synthesis to respond to changes in food intake appears to  be to some extent limited 
in the ZD rats, an increased responsiveness of protein degradation is undoubtedly an asset 
if the cyclic changes in muscle mass are important for survival. 

In conclusion, whilst the reduced rate of muscle protein deposition in Zn deficiency is 
explained in part by alteration in tissue protein metabolism, with a reduced capacity for 
protein synthesis (possibly reflecting reduced somatomedin C), and an increased catabolic 
response to reduced food intake, probably mediated by corticosterone, it would appear that 
the inability of the animal to respond to food intake with sufficient insulin to fully activate 
the translational phase of protein synthesis does constitute an important additional reason 
for the impaired growth. 

These studies were supported by the British Council through a scholarship for R. G. 
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