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Effect of zinc deficiency on the weight, cellularity and zinc
concentration of different skeletal muscles in the post-weanling rat*

By MARY J.O'LEARY, C.J. McCLAIN AND P. V.J. HEGARTY
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St Paul, Minnesota 55108 and Veterans Administration Medical Center,
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1. Zinc-deficient (ZD), weight-restricted (WR), pair-fed (PF) and ad /ib.-fed (AL) Sprague-Dawley male
rats were killed after feeding the respective Zn-deficient and Zn-supplemented diets from 3 to 8 weeks of age.
Animals Killed at the start of the experiment served as a baseline control (BC).

2. Four different skeletal muscles — biceps brachii, soleus, plantaris and extensor digitorum longus (EDL)
- were studied for changes in weight, the number and diameter of muscle fibres and Zn concentration,

3. The soleus muscle had the highest concentration of Zn. It was the only muscle to reduce its Zn concen-
tration due to Zn deficiency.

4. There was a loss of muscle fibres during normal growth (groups BC v. AL) in the soleus muscle
(P < 0-05). The estimated length of muscle and the diameter of the muscle fibres in all four muscles in-
creased significantly (P < o-001). Therefore postweanling growth appears to occur as a result of longi-
tudinal and transverse increases in the dimensions of these muscles.

5. The reduction in muscle fibre number in ZD rats compared to BC animals may occur within the range
of expected fibre loss during normal growth. Fibre loss in ZD rats may be more affected by feeding-pattern-
dependent metabolic changes than by a deficiency of Zn per se (groups ZD v. WR). Soleus fibre loss in ZD
rats may be related to the high Zn concentration in this muscle.

6. The effect of Zn deficiency per se on muscle fibre diameter may be inaccurately interpreted by com-
paring the ZD animals with their PF and AL controls. There was no significant difference in fibre diameter in
any of the four muscles when ZD and WF rats were compared.

Zinc is an essential micronutrient necessary for normal growth in animals and humans
(Underwood, 1977). Zn deficiency causes growth retardation which can be reversed with
Zn supplementation. The incidence of human Zn deficiency in the Middle East (reviewed
by Prasad, 1976) and in the United States (reviewed by Hambidge & Walravens, 1976) has
stimulated research concerning the effects of Zn undernutrition upon cellular growth. Zn
deficiency induced inhibition of cellular growth is probably multifactorial in origin. Zn is
required for the synthesis of both nucleic acids and protein (Sandstead, 1973) and Zn
deficiency causes an increase in protein catabolism (reviewed by Hsu & Anthony, 1975).
The growth retardation of Zn deficiency also relates to reduced food consumption (Miller
et al. 1968), and impaired food utilization (Kang et al. 1977), and may be affected by
feeding-pattern-dependent metabolic changes (Florence & Quarterman, 1972).

As the largest single tissue in mammals, skeletal muscle is probably responsible for a
major component of the growth inhibition associated with Zn deficiency. Although the
activities of Zn metalloenzymes in muscles from Zn-deficient rats have been studied (Huber
& Gershoff, 1973; Kirchgessner et al. 1977), the effects of Zn deficiency on muscle fibre
number and size have not been investigated. The purpose of this study was to measure
muscle weight, the number and diameter of muscle fibres and the concentration of Zn in
skeletal muscle during Zn deficiency. Four distinct muscles are measured to determine if
the nutritional stress is similar in all muscles.

* Scientific Journal Series Paper No. 10724, Minnesota Agricultural Experiment Station, University of
Minnesota, St Paul, Minnesota 55108.
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Table 1. Composition (g/kg) of zinc-deficient diet given to post-weanling rats

Egg-white solids 200
Sucrose 310
Maize starch 312
Corn oil 100
Cellulose powder 30
Vitamin premix* S
Salt mixt 40
Choline chloride 3

* Vitamin mixture (g/kg diet): retinyl palmitate 9-24; ergocalciferol 1-604; DL-z-tocopheryl acetate
40-04; menaphthone 1'198; cyanocobalamin 1-815; thiamin mononitrate 4-00; riboflavin 8-00; nicotin-
amide 20-00; D-calcium pantothenate 12-00; pyridoxine hydrochloride 2-00; steroylmonoglutamic acid
0°10; D-biotin 20-00; myo-inositol dihydrate 80-00; maize starch 800-003.

t Bernhart & Tomarelli (1966) salt mixture (g/kg diet); calcium (as carbonate and phosphate) 75:60;
copper (as cupric citrate) 0:046; iron (as ferric citrate) 0-558; magnesium (as oxide) 2-50; manganese (as
citrate) 0-835; potassium (as iodide, dibasic phosphate and sulphate) 14:9007; sodium (as chloride and
phosphate) 5-20; citric acid 0-227; maize starch (in place of zinc citrate) 0-133.

MATERIALS AND METHODS
Animals and diets. Male weanling Sprague-Dawley rats (Bio-Lab, St Paul, Minnesota
55110), weighing from 4o to 55 g were randomly divided into five groups each containing
ten animals. All animals were fed daily a commercially prepared Zn-deficient pelleted diet
(Ziegler Brothers Inc., Gardners, Pa. 17324). This diet contains 0-7 mg Zn/kg and has no
phytate; the nutrient composition is presented in Table 1.

The diet was fed to the weanling rats for a 5-week period with the following between-
group variations. Zn-deficient (ZD) and ad lib. control (AL) rats received the diet ad lib.
Weight-restricted (WR) animals were weight-paired with ZD animals by restricting the
diet so as to maintain a comparable body-weight to the ZD rats. Pair-fed (PF) animals
were given an amount of diet equivalent in weight to that consumed by the ZD animals.
Distilled and deionized water with 30 mg added zinc acetate/l was supplied ad. lib to WR,
PF and AL animals. There was no added Zn in the water of the ZD animals. Animals
killed at the start of the experiment served as the baseline control (BC) group.

The rats were housed individually in stainless-steel wire-bottom cages which were
located in an environmentally controlled room with temperature maintained at 214-2° and
alternate 12 h light and darkness. Zn-deficient pellets were stored at 64-2°, and handled
using plastic gloves, scoop and weighing dishes. Stainless-steel feeders were used with all
groups. Distilled and deionized water was supplied in plastic water bottles with silicone
stoppers. All items in contact with food and water were soaked for 2-4 h in EDTA (10 g/l)
and rinsed three times with distilled and deionized water before use.

Body-weights were determined immediately before killing. The rats were anaesthetized
with methoxyfluorane and exsanguinated by heart puncture. All animals were maintained at
2142° for 4-5 h to allow the muscles to enter rigor mortis in situ before dissection. The
dissection of muscles in rigor mortis results in no loss of weight compared to muscles
dissected immediately post mortem. Muscles in rigor mortis were used because contraction
of muscle fibres in the pre-rigor state results in decreased fibre length and increased fibre
diameter (Heffron & Hegarty, 1974).

Skeletal muscle and bone sampling. The biceps brachii from the forelimb and the soleus,
plantaris and extensor digitorum longus (EDL) from the hind-limb were dissected intact
from origin to insertion, using the description of Greene (1959). All adhering fat and con-
nective tissue were removed from the muscles before weighing. Muscles were fixed individu-
ally in neutralized, buffered formalin (100 ml/l) for at least 10 d. Transverse sections of
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Fig. 1. Growth curves for young rats subjected to different dietary zinc treatments. [J, Control
Zn diet fed ad lib. ;O, Control Zn diet pair-fed to the Zn-deficient group; @, Zn-deficient diet fed
ad lib.; A, Control Zn diet fed at a level that restricted body-weight to that of the Zn-deficient
group; for details of diets, see p. 488 and Table 1.

four skeletal muscles from ten animals in all groups were stained by Masson’s Trichrome
(Lee, 1968), and examined under a light microscope. The lengths of the humerus, tibia and
femur were measured as indirect indicators of the length of the muscles attached to the
bones.

Muscle fibre number and fibre diameter determination. The Coulter Counter technique
as described by Thompson et al. (1979) was used to determine simultaneously total fibre
number and fibre diameter from complete transverse sections of the medial portion of each
muscle. Fibres were isolated by repeated expulsion from an automated syringe under high
pressure onto a nylon-mesh screen. After isolation, the fibres were sized and counted using
a model ZB-Coulter Counter (Coulter Electronics, Hialeah, Florida) equipped with an
accessory Coulter channelizer to determine the volume of approximately spherical particles.
This technique was verified by hand-counting all the fibres in adjacent transverse sections
of muscles previously counted using the Coulter Counter. Deviation between the two
methods was less than 69. This is comparable to observations made in our laboratory
(Layman et al. 1979).

Zn concentration determination. Fresh muscle tissue samples to be assayed for Zn were
placed in tubes previously soaked in EDTA (10 g/l) for 3 h. Glassware used for tissue
preparation was soaked in nitric acid (100 ml/l) for 3 h and rinsed with distilled deionized
water. In addition, glassware used in a muffle oven was bleached by heating to 200° for
8 h in a mixture of 1 vol. concentrated nitric acid and 2 vol. concentrated perchloric acid.
The muscles were dried, weighed and dry ashed in a muftle furnace. The ash was dissolved
in nitric acid (100 ml/l) diluted to desired concentrations for Zn analysis. Zn determinations
were made by atomic absorption spectrophotometry using the Varian Techtron-AA-375
(Varian Associates, 611 Hansen Way, Palo Alto, California 94303).

Statistical methods. The significance of the difference between mean values was deter-
mined by the Student’s 7 test.
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Table 2. Body-weights (g) of zinc-deficient and control ratst

(Mean values with their standard errors)

Group Statistical significance
Treatment Group Mean SE comparisons  of difference between groups
Baseline control BC 51-98 1-37 ZD v. WR NS
Zn-deficient zD 72°00 391 ZD v. PF *Ek
Weight-resticted WR 69:56 317 ZD v. AL * ok
Pair-fed PF 111-33 2'35 BC v. AL *hx

Ad lib. control AL 285-00 1311

NS, not significant.
Significance of difference between mean values: *** P < o-001.
t For details, see p. 489.

Table 3. Muscle weights (mg) of four skeletal muscles from zinc-deficient and control ratst

(Mean values with their standard errors)

Muscle . .. Biceps brachii Soleus Plantaris EDL

A B A ) A ™ A )

Treatment Group Mean SE Mean SE Mean SE Mean SE

Baseline control BC 39°1 21 19°3 13 333 16 239 11

Zn-deficient ZD 654 3'0 254 4 634 57 369 36

Weight-restricted WR 696 38 29-8 1’5 61-8 39 39-8 2:2

Pair-fed PF 105-8 3-8 454 19 1100 44 673 17

Ad 1ib. control AL 1972 96 940 55 288-9 89 1457 62
L_.._,__v__._._J \h.__\(__/ \_.__Y__J L__Y.___J

Statistical significance of difference between groups
Group comparison A

s Rl
ZD v. WR NS * NS NS
ZD v. PF ok *ak *kx >k
7D v. AL *kk ok ook ok
BC v. AL ok >k kk *rk

NS, not significant; EDL, extensor digitorum longus.
Significance of the difference between mean values: * P < 0-05, *** P < 0-00I.
1 For details, see p. 489.

RESULTS AND DISCUSSION

Zn deficiency caused a reduced weight gain (Fig. 1 and Table 2). The mean body-weight
of the ZD rats was 359 less than that of the PF animals (P < o-oo1). This difference is
probably a manifestation of the previously described impairment of nucleic acid and pro-
tein synthesis, increased protein catabolism, and may be affected by impaired food utiliza-
tion. The lower (P < 0-001) mean body-weight of the PF animals compared to the AL
animals can be attributed to the reduced food consumption characteristic of Zn deficiency.
Indeed, Chesters & Quarterman (1970) reported that voluntary food intake of Zn-deficient
rats fell to 709 that of control rats.

Similarities exist between changes in body-weight and changes in muscle weights when
certain groups are compared (Tables 2 and 3). For example, the PF rats increased in body-
weight by a factor of 1-55 compared to the ZD animals. The corresponding increase in the
biceps brachii, soleus, plantaris and EDL was 1-62, 1-79, 174 and 1-82 respectively. These
values suggest that, in this study, the rate of increase in body-weight may be a good
indication of muscle growth.

ssa.ld Assanun sbpuquied Ag suluo paysiiqnd 01710626 LNIG/6£01°01/b10"10p//:sdny


https://doi.org/10.1079/BJN19790140

Zinc deficiency in skeletal muscles 491

Table 4. Zinc concentration (ug/g dry weight) of four skeletal muscles from zinc-deficient and
control rats

(Mean values with their standard errors)

Muscle ... Biceps brachii Soleus Plantaris EDL
F——A_—"\ F_J;'_ﬂ A A
Treatment Mean SE Mean SE Mean SE Mean SE

Baseline control BC 1-36 o015 3:76 0°34 154 013 131 011
Zn-deficient ZD 1-20 o008 339 0-08 1-20 o018 157 0'30
Weight-restricted WR 1-32 o012 420 014 116 009 1-61 022
Pair-fed PF 1'14 005 3-60 013 101 005 1-0§ 0°09
Ad lib. control AL 092 002 361 016 1'58 024 1-09 007

;_W___J k____.w__/ k______Y__,_/ \_____\/__/

Statistical significance of difference between groups
A

Group comparison P ,
ZD v. WR NS *hx NS NS
ZD v. PF NS NS NS NS
ZDv. AL NS NS NS NS
BC v. AL NS NS NS NS

NS, not significant.
Significance of difference between mean values: *** P < ¢-o0l.

During the 5-week period of normal growth (BC group compared to AL group), mean
weights of the four muscles increased significantly (P < o0-001) (Table 3). Mean weights of
muscles from the ZD rats were significantly less than their PF and AL controls (P < 0-001).
With the exception of the soleus (P < 0°05), the weights of the biceps brachii, plantaris and
EDL muscles from the ZD rats were not significantly different from the WR group. This
difference in the weight of the soleus may be related to the high Zn content of the soleus
muscle. The red soleus muscle is composed primarily of slow twitch, oxidative fibres
(Ariano et al. 1973). Red muscle has been reported to contain a 300~700 % higher Zn con-
centration than the primarily fast twitch, glycolytic (white) muscles (Cassens et al. 1967).
The plantaris, EDL and biceps brachii belong to this latter category containing less Zn.
Indeed, when Zn content of the four different muscles was evaluated, the soleus had
significantly higher Zn content than all other muscles and in only the soleus was there a
significant difference in muscle Zn when the ZD group was compared to the WR
group (P < 0-001) (Table 4).

Confusion exists regarding postnatal changes in the cellularity of skeletal muscles during
normal growth and dietary restriction. Although much of the literature concludes that
muscle fibre number remains constant during normal growth (Rowe & Goldspink, 1969;
Burleigh, 1974), several investigators report a post-weanling loss of muscle fibres (Bendall &
Voyle, 1967; Inokuchi ef al. 1975; Rayne & Crawford, 1975; Layman et al. 1979). Muscle
fibre number remains constant in food-restricted mice (Rowe, 1668) and pigs (Strickland
et al. 1975), but is reported to decrease in human infants dying of protein-energy mal-
nutrition (Montgomery, 1962) and in rats after prolonged starvation (Kim & Hegarty, 1978;
Layman, 1978). The results of this investigation support reports showing some fibre loss
during normal growth. Cell number determinations indicated fibre losses of 3 and 119 in
the biceps brachii and plantaris muscles, respectively, and a significant 28 %/ fibre loss
(P < 0-05) in the soleus muscle (BC group compared to AL group) (Table 5). These values
agree with those of Layman et al. (1979) who reported a 12, 20, 26 and 29/ decrease in
muscle fibre number in biceps brachii, soleus, plantaris and EDL muscles respectively
during normal growth between 25 and 53 d of age.
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Table 5. Mean fibre number of four skeletal muscles from zinc-deficient and control rats

(Mean values with their standard errors)

Muscle ... Biceps brachii Soleus Plantaris EDL

f—’A"“ﬁ /—“—A"—“\ f_—”j\_-“\ ﬁ—'Aﬁﬁ
Treatment Group Mean SE Mean SE Mean SE Mean SE

Baseline control BC 8746 539 3024 256 5065 263 3862 285

Zn-deficient ZD 8470 343 2481 263 4208 463 3427 232

Weight-restricted  WR 8920 423 3245 234 4712 242 4428 202

Pair-fed PF 8062 407 2566 175 4545 327 4302 317

Ad lib. control AL 8438 378 2187 130 4502 107 4331 295
L__Vq.__) kﬁ_,Y__) L._Y__J k__.v__,_/

Statistical significance of difference between groups

Group comparison — A N

ZD v. WR NS * NS *

ZD v. PF NS NS NS *

ZDv. AL NS NS NS NS

BCv. ZD NS NS NS NS

BC v. AL NS * NS NS

NS, not significant.
Significance of the difference between mean values: * P < 0-05.

Changes in mean fibre number during Zn deficiency suggest a loss of fibres (BC group v.
ZD group). This apparent loss may, however, be an artifact due to failure to distinguish
between fibres lost during Zn deficiency and fibres lost during the normal process of growth.
The 3, 18, 17 and 11 % loss in the biceps brachii, soleus, plantaris and EDL muscles respec-
tively, observed in group ZD compared to group BC, may occur within the previously
described range of expected fibre loss during normal growth, Indeed, there is no significant
difference in fibre number for any of the muscles when groups ZD and AL are compared.
This can be interpreted to signify that the number of fibres in these skeletal muscles is
unaffected by a deficiency of Zn, and that the reduction in muscle fibre number in ZD
animals is consistent with the loss expected during normal growth.

There is an apparent difference in fibre number in WR animals compared to ZD animals.
The WR rats have 5, 24, 11 and 239, more muscle fibres in the biceps brachii, soleus,
plantaris and EDL muscles respectively. Muscle fibre number is also greater for all muscles
in the WR rats compared to the AL rats. This may be a result of feeding-pattern-dependent
metabolic changes (Florence & Quarterman, 1972). The WR rats were observed to eat their
Zn-supplemented diet very rapidly, and may have developed physiological changes charac-
teristic of meal-eaters in contrast to the nibbling ZD and AL rats.

In the instance of the soleus, the significantly lower fibre number (P < 0-05) in ZD rats
compared to WR animalis may be related to the high Zn content of this muscle. It is only
in the soleus muscle that comparison of ZD and WR rats shows significant changes in
muscle fibre number, weight and Zn concentration.

The variation in fibre number values is similar to that reported recently by Bedi et al.
(1978). The latter workers manually counted the number of fibres in the EDL muscle of the
rat and found an 18%; reduction in fibre number due to partial undernutrition, but this
large difference was not statistically significant. It seems, therefore, that regardless of which
technique is used to determine the number of fibres in the particular muscle, large differences
can be expected in the values obtained within a group of animals due to individual animal
variation.

Muscle fibre diameter increased significantly (P < 0-001) in the four muscles during the
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Table 6. Mean fibre diameter (um) of four skeletal muscles from zinc-deficient and control rats

(Mean values with their standard errors)

Muscle ... Biceps brachii Soleus Plantaris EDL
ﬁ—_k_‘“‘\ . /__/;_’*'\ f—bk__“_\ /—J;—ﬁ
Treatment Group  Mean SE Mean SE Mean SE Mean SE
Baseline control BC 2083 055 23-21 055 2024 062 19-36 020
Zn-deficient zD 2902 1-56 2768 1-52 2575 1'54 26-39 2-06
Weight-restricted WR 2795 096 28-69 162 27°53 146 24°10 098
Pair-fed PF 32°67 097 3796 o-80 3562 135 3023 o078
Ad lib. control AL 4184 1°42 4819 1-18 5075 090 3950 116
b e S . - S —

Statistical significance of difference between groups
Group comparison \

ZD v. WR NS NS NS NS
ZD v. PF NS Ak Rk NS
ZD v. AL *Hk ok *kk ok

NS, not significant.
Significance of the difference between mean values: *** P < 0-00l.

Table 7. Bone lengths (cm) of femur, tibia and humerus from zinc-deficient and control rats

(Mean values with their standard errors)

Bone ... Femur Tibia Humerus
P —" — ey
Treatment Group Mean SE Mean SE Mean SE
Baseline control BC 1-82 002 2:23 002 1-59 003
Zn-deficient ZD 2:39 005 2:85 005 1-94 004
Weight-restricted WR 2:46 003 291 005 1-97 002
Pair-fed PF 279 009 323 003 214 0-02
Ad lib. control AL 334 002 3-85 0'04 259 0-03
L \f"_'—'/ L _“V_'—/ M V__/

Statistical significance of difference between groups

Group comparison — AL -
ZD v. WR NS NS NS
ZD v. PF *okk P e
ZD v. AL wok ok ko T

NS, not significant.
Significance of the difference between mean values: *** P < o-001I.

5-week period of normal growth (groups BC v. AL) (Table 6). Muscle lengths also increased
as indicated by the significantly longer (P < 0-001) mean lengths of the femur, tibia and
humerus bones (Table 7). Since muscle weight increased significantly (£ < o-001) during
this period (Table 3) and muscle fibre number apparently decreased (Table 5) post-weanling
growth must occur entirely as a result of longitudinal and transverse increases in the
dimensions of muscle fibres.

The effect of Zn deficiency per se on muscle fibre diameter (groups ZD v. WR) may be
inaccurately interpreted by comparing the ZD animals with their PF and AL controls
{Table 6). The comparison of groups ZD v. AL indicates a significant inhibition (P < 0-001)
of fibre growth in diameter of all muscles during Zn deficiency. Muscle fibre diameter is also
reduced in all muscles of the ZD rats compared to their PF rats, and the difference is
significant in the soleus and plantaris muscles (P < o-oor1). This is consistent with the
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observations of Layman et al. (1979) of more rapid muscle development in the soleus and
plantaris compared to the biceps brachii and EDL with regard to increase in fibre diameter.
Comparisons of groups ZD v. AL and ZD v. PF interpret these results to signify that there
is inhibition of growth in fibre diameter during Zn deficiency. However, when the ZD
animals are compared with their WR controls, there is no significant difference in fibre
diameter in any of the four muscles, suggesting that Zn deficiency per se has no significant
effect on muscle diameter. Similar intergroup differences are seen in comparisons of muscle
weight (except soleus) (Table 3), and muscle length (Table 7). Thus, in the interpretation of
changes in these measures of muscle growth, it seems important to separate the effect of a
deficiency of Zn per se (groups ZD v. WR), from the total effect of Zn deficiency (groups
ZD v. AL) and the effect of altered food efficiency and intake (groups ZD v. PF) produced
by a deficiency of dietary Zn.

This study confirms that Zn deficiency causes severe growth retardation, and that ZD
rats are markedly growth retarded even when compared to their PF controls. The effects
of Zn deficiency seem to be most marked on the red (soleus) muscle which contains a high
concentration of Zn. The soleus muscle weighed less, had a lower fibre number, and con-
tained less Zn when ZD rats were compared to WR controls and this was the only muscle
to demonstrate such an effect.

Given this, muscle fibre number and diameter remain relatively unaffected by a deficiency
of Zn per se (groups ZD v. WR). The change in mean fibre number seen during Zn de-
ficiency may have occurred within the range of expected fibre loss during normal growth
(groups BC v. AL), and may have been more affected by feeding-pattern-dependent meta-
bolic changes than by Zn deficiency per se. Similarly, when muscles were evaluated by
light microscopy, no apparent structural changes were noted in ZD rats compared to all
other groups. There were no significant changes in fibre diameter in any of the muscles
when ZD and WR rats were compared.

The possible effect of Zn deficiency on skeletal muscle cellularity during more rapid
periods of growth such as pregnancy and lactation has yet to be evalnated.
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