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Synopsis:

We studied the effects of sex steroids on muscle weight and oxidative
capacity of rat plantaris muscles subjected to functional overload by
removal of synergistic muscles. Ten weeks after bilateral synergist
removal, plantaris muscles were strikingly hypertrophic compared with
unoperated controls. After this period there were selective alteratiors
in the ability of the muscles to oxidize threc substrates of oxidative
metabolism. Thus, glucose [6—14C] oxidation did not change on the basis
of total activity (nmols 1“C0,/muSc]e/hnnr). while on a specific activity
basis (nmols !QCUzlmg non-collagen protein/hour) it was significantly
reduced. Oxidation of E-hydroxybutyrate (3—14C) was not altered on the
basis of either total or specific activity. The oxidation of pyruvate

14C] was increased in overloaded muscle as total activity, but was

(2=
not altered as specific activity. Succinate dehydrogenase specific
activity was decreasec in overloaded muscle while total activity was not
altered. There was no effect of sex hormone status on any of these
parameterc. Finally functional overload did not influence cvtosolic

androgen receptor binding. These results are not consistent with the

idea of synergistic effects of sex steroids and muscle usage.
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INTRODUCTION

Anabolic steroids currently enjoy widespread use as concomitants of
physical training programs under the assumption that such use will enhance
muscle bulk and strength. This assumption, “owever, is not generally
supported by clinical studies in man (30). To date, few animal experiments
have been conducted regarding weight-bearing. A commonly employed experi-
mental model for weight-bearing and excessive use is compensatory over-
load of muscle, produced by surgical ablation of synergists. As noted
by Baldwin et al. (1), the terms compensatory hypertrophy and functional
overload are not specific. The terms simply imply that passive and active
mechanical forces provide physical stress to the muscle (1, 29). Our
initial study of oxidative metabolism in this model was made on male rats
(8); most subsequent studies have employed females (1-3, 29). Ianuzzo
and Chen (18) found no differences between males and females in degree
of hypertrophy or in the activities of a number of enzymes at 30-day
post-synergist removal. In the present report, we compare results on
rats of both sexes, and on male rats subjected to bilateral orchiectomy
and hormone replacement. The experiments to be described revealed no
effects of hormone status; and thus they do not support the hypothesis
that anabolic steroids provide beneficial effects on overloaded muscle.
Ir addition, we found no effect of functional overload of muscle on
cytosolic androgen receptor binding, further suggesting lack of syner-
gistic effects of anabolic steroids and increased muscle usage. The
data do suggest, however, that selective adaptions in muscle enzyme sys-

tems accompany muscle hypertrophy following functional overload.
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METHODS

Experimental protocol. We used 50 male and 10 female rats of the

CD strain (Charles River Breeding Labs, Wilmington, MA), initially weigh-
ing about 200 g anc provided with food and water ad libitum. Males were
assigned to one of 5 groups: (I) intact gonads, no overload (i.e.,
synergist removal), no testosterone-propionate (TP) treatment; (II)

intact gonads, overload, no TP; (III) orchiectomized (GDX), overload,

no TP; (IV) intact gonads, overload, TP-treated; (V) CDX, overload, TP-
treated. Females were assigned to one of 2 groups of 5 rats: (VI) intact
gonads, nov overload; and (VII) intact gonads, overload. The compositions
of these groups are summarized in Table I.

Surgical procedures and hormone administration. Rats were anes-

thetized with chloral hydrate (400 mg/kg, i.p.). Removal of gastrocnemius
and soleus muscles was performed bilaterally as described by Baldwin
et _al. (1). The rats were studied 10 weeks after surgery. We used the
bilateral approach because it resulted in a greater hypzrtrophic response
rather than the unilateral one used in our earlier stuay (8).
Testosterone propivnate (Sigma) was administered by subcutaneous
implantation of 62.5 mm lengths of Dow-Corning Silastic medical grade
tubing (outer diameter, 0.125 inches; inner diameter, 0.062 inches)
filled with crystalline hormone. This procedure results in delivery of
2.5 mg hormone/day (5). Control rats received similar Silastic implants
conta! «ug cholesterol.
Bilateral orchiectomy (GDX) was carried out via the abdominal route
under ether anesthesla.
tochemical Determinations

Substrate oxidation and succinate dehydrogenase. Rats were decapitated,
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and muscles were removed, trimmed of extraneous tissues, minced with scis-
sors, and homogenized by hand at 0-4°¢ with 15 strokes of a TenBroeck homo-
genizer (1:20, w/v) in ice-cold Chappell-Perry medium (9), which comprises

100 mM KC1, 100 mM Tris-HC1 (pH 7.4 at 20°C), 5 mM MgSO,, 1 mM EDTA, and

4
1 mM ATP.

For measurement of substrate oxidation, incubation was carried out
as described (27) in 16 x 100 mm biosilicate glass test tubes using 200 ul
homogenate and 250 pl of [laC-Z] pyruvate, [6—14C] glucose, or [3-14C]
B-hydroxybutyrate in a medium modified from that of Beatty et al. (4),
consisting of 70 mM KCl, 1 mM ATP, ! mM ADP, 4 mM CoA, 0.5 mM EDTA, mM
NADP, 0.5 mM NAD, 60 mM sucrose, and 100 mM Tris-HC1 (pH 7.4 at 20°C).
Glucose was employed at a concentration of & mM B-hydroxybutyrate at 10 mM,
and pyruvate at 5 mM. Incubations with pyruvate also contained 0.1 mM
malate (3). About 2 x 105 dpm of labeled substrate were emploved. Tubes
were sealed with serum caps fitted with hanging center wells containing
a fluted filter paper soaked with 300 ul hvamine hydroxide and were in-
cubated at 37°C in a Dubnoff shaking water bath for 30 min. The reaction
was terminated by injecting 200 ul of 10%Z TCA. The tubes were then in-
cubated for an additional 45 min at 37°C. Center wells were severed
directly into scintillition vials and counted in a liquid scintillation
spectrometer at approximately 847 efficiency. The production of 14CO2
from [6-1AC] glucose, [IAC-Z] pyruvate and [IAC-3] gB-hydroxybutyrate was
linear with respect to time and protein concentration within the ranges
employed in this study (cf. 13). The release of 14C02 frcm these sub-
strates was inhibited bv 0.02 M NaCN.

Succinate dehvdrogenase was assaved in a 400 x g supernatant prepared

from an aliquant of the above homogenates bv the method of Bonner (6).
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The 16CO2 production and succinate dehydrogenase data are expressed
using 2 reference bases. The first is total muscle activity. This mode
of expressiun is commonly employed in situations in which a tissue 1is
undergoing weight changes; the results are not influenced by hypertrophy.
The second means of expressing the data is as specific activity, i.e.,
with respect to non-collagen protein (20), determined as described (26),
using the method of Lowry (21).

Cytosolic androgen receptor binding. Plantares from separate groups
of rats were employed. These muscles were removed from decapitated rats,
dissected free of extraneous tissues, minced, and frozen in liquid NZ'
The frozen pieces of muscle were pulverized using a mortar and pestle
cooled with liquid nitrogen. The powder was then homogenized (1:2, w/v)
in buffer comprising 0.05 mM Tris, 0.1 mM EDTA, and 0.25 mM dithiothreitol,
pH 7.4 at 20°C, using 3 5-sec. bursts with a Polytron homogenizer at
setting #5. The homgenate was centrifuged at 110,000 x g in a Sorvall
OTD-50 preparative ultracentrifuge. The supernatant fraction (cytosol)
was used for determination of specific binding of [3H] methyltrienolone
(New England Nuclear) with inclusion of triamcinolone acetonide (16, 33).
The pellet was used for DNA assay (7). Specific methyltrienolone binding
was determined as described in detail in (23) and (24), except that bound
and unbound ligand were separated on columns of Sephaiex G-=75. Scatchard
analysis (not shown) revealed binding parameters identical to those pre-
viously published from this laboratory (23).

For the studies described herein we used a "one-point'" assay at a
saturating concentration of [3H] methyltrienolone (8 nM). This was
necessary because paucity of muscle material precluded determination of

a full binding isotherm. Specific binding of this synthetic androgen

is expressed as fmoles/my DNA, determined according to Burton (7).
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Statistical determinations. These were made using a t-test or a

one-way analysis of variance.

RESULTS

Muscle wet weight and non-collagen protein (NCP). Muscle wet weight

was normalized to per cent body weight to avoid subtle influences of small

body weight variations. As seen in Table II, all hypertrophy groups,
irrespective of hormone status (i.e., intact gonads, GDX or TP-treated)
showed striking increases in muscle wet weight compared with intact gonads,
no overload, no hormone-treatment controls. It can be seen that TP treat-
ment had no significant effect on muscle wet weight in any group, and
males and females did not respond differently (Table III). However, total
NCP content (per muscle) was influenced by the presence of TP (Table III).
There was no effect in these same animals on NCP concentration (i.e.,
mg NCP/gram wet weight). Again there was no significant difference be-
tween males and females {(Table III).

The experimental treatments did not result in a uniform change in
the pattern of oxidation of the 3 substrates. Thus, [6—1aC] glucose
oxidation, when expressed as total activity, either did not change or was
somewhat diminished among the various treatment groups (Table 1V).
[3-14C] B-hydroxybutyrate oxidation behaved differently; there were no
significant differences among any of the groups, either in terms of
total activity or specific activity (Table V). [Z—IAC] pyvruvate oxidation
(total activity) was increased as a function of overload compared with
unoperated controls, although there was no difference in this increase
between males and females (+33% in males and +33% in females). On a
specific activity basis there were no significant differences in [2-14C]

pvruvate oxidation (Table V1),
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Succinate dehydrogenase specific activity (Table VI1) was significantly

decreased in the 2 TP-treatment groups compared with intact or GDX animals
without hormone.

Finally, the overload paradigm had no effect on the specific cytosolic
androgen receptor binding in plantaris muscles (Table VIII). As reported
by us (25) and by others (10), the level of receptors increased following
gonadectomy and returned to control levels following androgen repletion.
These changes were uninfluenced by synergist removal.

DISCUSSION

The data described above confirm and extend the findings on oxidative
metabolism of hypertrophic muscle from this laboratory (8) and of others
(1-3; 18). In the present work we employed the bilateral surgical proceduve
of Baldwin et al. (1) rather than the unilateral approach we previously
employed (8). 1Indeed, the bilateral approach and the longer time-course
resulted in doubling of muscle wet weight. Values reported from other
studies range from +40% (1) to double (29). Most studies were done in
female rats. We employed males and females in the present study; we found
no differences in response to synergist removal.

Our results on substrate oxidation are different from those we orig-
inally reported, probably owing to the bilateral operation and the longer
time-course studied. Thus, on a total activity basis oxidation of [6-14C]
glucose was decreased, that of [3-1401 B-hydroxybutyrate was unchanged,
while oxidation of [2-1401 pyruvate was increased. The conclusion of our
early work on short-term overload (8) was that the mitochondrial function
was diluted in relation to other fractions during compensatory growth.
This conclusion is supported, to a certain extent by Baldwin et al. (1, 3)
who further sugpested that selective changes might occur independent of

muscle enlargement (1, 3). Our new data argue for selective changes
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atter long-term hypertrophy.

It has been asserted (3) that oxidation of [6-16C] glucose may be
independent of mitochondrial function and that the decrease noted earlier
(8), and hence in the present case, may reflect reported decreases in
glycolytic enzyme activities (3). However, the maximum capacity of the
glycolytic enzymes exceeds by 10-100 fold the levels noted for basal
glycolysis (31). Therefore, small chaages in glycolytic enzymes (1) may
make little impact on the flux of glucose through glycolysis; oxidation
of [6—14C] glucose therefore reflects mitochondrial activity.

Succinate dehydrogenase was not different from control in overloaded
plantaris muscles (with or without alterations of hormone status) (Table
VII). This is of interest in view of reports tnat mitochcrdrial density
is increased in hypertrophic muscles (22, 23).

The major result of this study, however, concerns the lack of bene-
ficial effect of sex-hormone status on the process of hypertrophy and on
the biochemical changes in overloaded muscle. Testosterone propionate
had no effect on muscle weight gain or cutstrate metabolism 10 weeks
after synergist removal in male or female rats. The lack of sex dif-
ference is in agreement with the result of lanuzzo and Chen (18), whose
experiments were performed 30 days after synergist removal. TP did,
however, increase total NCP per muscle (Table III), but not protein con-
centration. Excepting a few small changes, neither GDX nor TP therapy
altered the response of oxidative activity to functional overload.

The lack of effect of TP on muscle weight is curious in view of the
well kuown anabolic effects of androgens (15), and in view of the report
by Evans and lvy (l14) that TP had a significant effect in increasing the
size of muscles underpoing atrophy secondary to limb immobilization. The

result of Evans and Ivy (14) mav be attributable to inhibitory cifects
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of TP on muscle protease activities (11, 12), as well as to stimulation
of protein synthesis. Such effects were apparently nct manifested in the
present study.

Finally, we measured cytosolic androgen receptor binding in muscles
undergoing conpensatory hypertrophy. We saw no effect of synergist re-
moval on receptor binding. This lack ¢f an enhancement of receptors may
be related to the poor responses noted above. Rogozkin (28) reported an
increase in the number of cytosolic androgen receptors ‘i muscle from
rats subjected to endurance training. Our discrepant result may be re-

lated to differences between these models of muscle usage.
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TABLE 1

Susmary of Treatments

Group Sex GDX Overload TP
1 Male =) (=) =)

I1 Male (=) +) (=)
III Male (+) (+) (=)
v Male (=) +) (+)

v Male +) +) +)
VI Female -) () =)
VIl Female (-) +) =)

14,

ot

.
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TABLE I1I
Wet Weight and Non-Collagen Protein Content
of Hypertrophic Plantaris Muscles i
i
|
Muscle Weight Non-Collagen Protein 1
Group n (% body wt.) (mg/muscle) (mg/gram wet wt.) ;
(1) intact gonads, no overload 5 0.12 + 0.03 54.30 + 5.25 0.13 + 0.01 E
(I11) orchiectomv, overload 4 0.24 * 0.02% 73.30 * 3.56 0.096 *+ 0.01 i
(Lv) intact gonads, overload, TP 6 0.26 * 0.02% 98.20 + 12.88¢ 0.13 ¢ 0.01 !
(V) orchiectomy, overload, TP 5 0.22 *+ 0.01% 93.00 * 5.21% 0.15 # 0.01

*Significantiy different from control, p < 0.05. GSignificantly different from groups I and

111, p <0.05. Data are means * SEM, Experimental procedures are described in the text. i
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TABLE III

Wet Weight and Non-Collagen Protein Content of Hypertrophic

Plantaris Muscles from Male and Female Rats

16.

S —

Muscle Weight Non-Collagen Protein
Group (2 body wt.) (mg/muscle) (mg/gram wet wt.)
(1) males, no overload 0.10 ¢ 0.002 36.34 £ 3.75 0.15 ¢ 0.01
(I1) males, overload 0.25 * 0.005% 75.96 * 2.37% 0.13 ¢ 0.01
(V1) females, no overload 0.10 ¢ 0.002 40.96 + 1.44 0.15 = 0.01
(VII) females, overload 0.26 t 0.002* 82.04 % 5.31%* 0.13 * 0,01

Data are means * SEM of 5 determinations.

of the same sex, p < 0.05.

Experimental procedures are described in the text.

*Significantly different from controls
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TABLE 1V

Oxidation of |6-14c| Glucose by

Hypertrophic Plantaris Muscles from Male Rats

Specific Activity Total Activity

(nmols/mg NCP/ (nmols/muscle/
Group n 30 min.) 30 min.)
(1) intact gonads, no overload 5 0.79 + 0.08 42.39 * 4.84
(111) orchiectomy, overload 4 0.49 £ 0.08% 33.37 * 4,98
(1v) intact gonads, overload, TP 6 0.27 * 0.07%* 24.02 £ 5.68
W) orchiectomy, overload, TP 5 0.35 * 0.04%% 32.36 + 2.55

*Significantly different from group I, p < 0.025, **p < 0.0025. Data are means * SEM.

Experimental procedures are described in the text.
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TABLE V

Oxidation of |3-1‘C| g-hydroxybutyrate Hypertrophic

Plantaris Muscles from Male Rats

Specific Activity Total Activity ,::

(nmols/mg NCP/ (nmols/muscle/ .

Group n 30 min.) 30 min.) :’

(1) intact gonads, no overload 5 0.59 ¢ 0.12 30.43 ¢ 7.18 ;}‘:
(I11) orchiectomy, overload 4 0.54 ¢ 0.18 38.73 ¢ 10.20 F‘é
(1v) intact gonads, overload, TP 6 0.56 £ 0.16 43.36 * 3.36 fg
w) archiectomy, overload, TP 5 0.40  0.08 36.83 ¢ 5.23 %

Data are means * SEM. Experimental procedures are described in the text.
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TABLE VI
Oxidation of |2-1‘g| Pyruvate by Hypertrophic Plentaris

Muscles of Male and Female Rats

Specific Activity Total Activity

(nmole/mg NCP/ (nmols/muscle/
Group n 30 min.) 30 min.)
(1) males, no overload 5 38.96 + 3.26 1484 * 178
(11) males, overload 5 27.70 = 2.15 2231 % 156%
(V1) females, no overload 5 44.75 ¢ 3.16 1813 + 105 .
(VII) females, overload 5 32,10 = 3.28 2614 = 285% 2

*Significantly different from control, p < 0.05. Data are means * SEM, Experimental

procedures are described in the text.




TABLE VI1

Succinate Activity of rtrophic

Plantaris Muscles from Male Rats

Specific Activity

20.

Total Activity

( 0.D./min/
Group n mg NCP) ( 0.D./min/muscle)
(1) intact gonads, overload 5 0.02 ¢ 0.04 0.58 ¢ 0.08
(I11) orchiectomy, overload 6 0.007 ¢ 0.0013 0.54 ¢ 0.09
(1v) intact gonads, overload, TP 4 0.005 ¢ 0.0003* 0.43 ¢ 0.06
v) orch.2ctomy, overload, TP 5 0.005 ¢ 0.0007* 0.45 ¢ 0.05
Data are means : SEM. Experimental procedures are described in the text. *Significantly

different from group I, p < 0.025.
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TABLE VIII

o080l tor B

of Hypertrophic Plantaris Muscles from Male Rats

[3H] Methyltrienolone

Specific Binding

Group fmols/mg prot. fmols/mg DNA

(1) intact gonads, no overload 1.14 £ 0.10 68.1 ¢ 14.4
(11) intact gonads, overload 0.93 £ 0.06 53.5 ¢ 3.3

(I11) orchiectomy, overload 1.27 £ 0.07% 79.7 £ 4.4%
w) orchiectomy, overload, TP 0.95 ¢ 0.08 59.9 £ 4.7

Data are means ¢ SEM of 5 determinations. *Different from groups II and V,
p <.01, cdifforcnt from group I, p < .05. Experimental procedures are described

in the text.
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