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Summary. The anabolic androgenic steroid nandrolone
decanoate has minimal androgenic effects and, thus, is
widely used to induce muscle hypertrophy in both
patients and athletes. Although increases in satellite cell
numbers and satellite cells giving rise to new myonuclei
are associated with hypertrophy in many experimental
models, the relationship between nandrolone and
satellite cells is poorly understood. Here we test the
hypothesis that nandrolone administration is associated
with an increase in satellite cell numbers in muscle.
Nandrolone was injected at weekly intervals for four
weeks into the right pectoralis muscle of female white
leghorn chickens aged 63 days post hatch. Age/size/sex
matched control birds received saline injections. The
contralateral pectoralis was excised for study from each
control and nandrolone treated bird. An antibody against
Pax7 and immunocytochemical techniques were used to
identify satellite cells. Nandrolone significantly
increased mean pectoralis mass by approximately 22%,
and mean fiber diameter by about 24%. All satellite cell
indices that were quantified increased significantly in
chicken pectoralis with administration of nandrolone.
Nandrolone injected birds had on average higher satellite
cell frequencies (#SC nuclei/all nuclei within basal
lamina), number of satellite cells per millimeter of fiber,
and satellite cell concentrations (closer together).
Myonuclei were further apart (less concentrated) in
nandrolone injected muscle. However, an overall
increase in myonuclear numbers was revealed by a
significantly greater mean number of myonuclei per
millimeter of fiber in nandrolone injected muscle. Our
results suggest that satellite cells may be key cellular

vectors for nandrolone induced muscle fiber
hypertrophy.
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Introduction

Nandrolone decanoate (also called Deca-Durabolin
or 19-nortestosterone) is a commonly used anabolic
androgenic steroid (Kuhn, 2002; Kicman, 2008).
Anabolic steroids exert their actions on muscle in a
complex fashion, via several diverse mechanisms. These
mechanisms include directly binding to androgen
receptors, which then undergo conformational changes
and translocation into the nucleus to bind to DNA and/or
interact with other proteins to regulate transcription
(Wiegel and Moore, 2007). Other mechanisms include
an anti-catabolic effect due to interference with
glucocorticoid receptor expression, and by activating
pathways in the CNS which result in behavioural
changes (Kicman, 2008). Nandrolone has a higher
affinity for androgen receptors than does testosterone
(Saartok et al., 1984; Bergink et al., 1985). In androgenic
tissue, testosterone is converted to a more potent
metabolite than is nandrolone (Toth and Zakar, 1982;
Sundaram et al., 1995). Consequently, nandrolone has
higher anabolic and lower androgenic effects than
testosterone (Shahidi, 2001). Nandrolone has been used
to restore muscle mass in patients afflicted with a wide
variety of clinical conditions, such as chronic obstructive
pulmonary disease (Schols et al., 1995; Creutzberg et al.,
2003), osteoporosis (Flicker et al., 1997; Frisoli et al.,
2005), chronic renal failure (Johansen et al., 2006) and
acquired immune deficiency syndrome (Dudgeon et al.,
2006; Gold et al., 2006). Nandrolone is also the most
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widespread anabolic steroid used to increase muscle
mass by athletes and, especially, bodybuilders (Lenehan,
2003; Van Marken Lichtenbelt et al., 2004). Despite its
widespread use, however, the effects and mechanisms of
action of nandrolone at the cellular level are poorly
understood.

Satellite cells are mononuclear stem cells located
between plasmalemma and basal lamina of the skeletal
muscle fiber (Zammit et al., 2006; Figeac et al., 2007).
Satellite cells have the ability to become active,
proliferate and differentiate into new myonuclei during
the postnatal maintenance, growth, regeneration or repair
of muscle fibers (Kuang and Rudnicki, 2008). Satellite
cell entry into the cell cycle can be stimulated by a
variety of influences including mechanical stressors,
such as exercise or stretch, growth factors and hormones
(Anderson, 2006; Brack and Rando, 2007). It is thought
that satellite cells differentiating into myonuclei will
maintain the ratio between cytoplasmic volume and
number of myonuclei (Alway and Sui, 2008). The
administration of testosterone, the most widely studied
anabolic androgenic steroid, has been shown to increase
satellite cell numbers in muscle. Joubert et al. (1994)
applied ultrastructural techniques to study rat levator ani
muscle, and showed a positive correlation between
testosterone levels and an increase in the number of
satellite cells (total number of satellite cell nuclei/total
number of fiber cross-sectional profiles) of males at
puberty and females treated with testosterone.
Subsequently, by incorporating autoradiographic
techniques, Joubert and Tobin (1995) deduced that
testosterone induced satellite cell proliferation in female
rat levator ani muscle. Sinha-Hikim et al. (2003)
employed ultrastructural techniques to study human
male vastus lateralis muscle, and demonstrated that
testosterone supplementation produced an increase in
satellite cell numbers (mean number of satellite cells per
unit length of muscle fiber). Using the same
experimental model with immunocytochemical and
immunoelectron microscopy methods, Sinha-Hikim
(2004) showed that satellite cells were the predominant
site of androgen receptor expression. By comparison,
however, the relationship between nandrolone
administration and satellite cell numbers is poorly
understood.

This current study tests the hypothesis that
nandrolone administration is associated with an increase
in satellite cell numbers in muscle. Robust morphometric
methods applied in our previous works (Allouh et al.,
2008; Kirkpatrick et al., 2008) were used to quantify
parameters associated with satellite cell and myonuclear
numbers. The experimental model used is the superficial
region of the pectoralis (breast) muscle of the chicken, as
it consists exclusively of one fiber type (fast-twitch
glygolytic; Rosser et al., 1996; Bandman and Rosser,
2000) and has been shown to respond to anabolic
androgenic steroids (Lone et al., 1995; Lin and Hsu,
2002). Some of the preliminary findings of this study
have been presented as a conference abstract (Allouh
and Rosser, 2007).

Materials and methods
Experimental model

Female White Leghorn chickens (Gallus gallus; Hy-
Line W-36, Clark Hy-Line, Brandon, Canada) were
hatched at the same time and raised under identical
conditions at the University of Saskatchewan, College of
Veterinary Medicine. Hens were utilized to avoid the
influences of the comparatively higher levels of
endogenous testosterone found in roosters. The birds
were fed ad libitum and raised in a large room with
aspen shaving bedding on the floor. They were exposed
to 24 hours light for the first three days and then kept at
12 hours light and 12 hours dark cycle. Initial room
temperature was 35°C. Subsequently, it was decreased
2.5°C at weekly intervals until 20°C was reached when
the birds were 42 days old. At age 63 days, injections
into the right pectoralis (M. pectoralis pars
sternobrachialis and pars thoracobrachialis; Vanden
Berge and Zweers, 1993) muscle of each bird were
begun. There were four birds in the control group, and
four birds in the nandrolone group. Each bird received
one injection per week, at weekly intervals, for four
weeks. Each of the four animals in the control group
received 300 ml normal saline per injection, while each
of the four in the nandrolone group received 300 ml (30
mg) nandrolone decanoate (Organon Int., Oss, Holland)
per injection. As the four birds in the nandrolone group
weighed on average 839g (26, SE) at 63 days, a dosage
of 30 mg per week was somewhat comparable with
levels administered intramuscularly to rats by other
researchers (Carson et al, 2002; Cunha et al. 2005).
Also, pilot studies (unpublished) in which we injected 5,
10, 20 or 30 mg of nandrolone/week for four weeks
showed that the highest dosage yielded the greatest
pectoralis weights. Four control birds were size matched
to the nandolone group, weighing on average 847 g
(x18, SE) at 63 days. The control group accounted for
continued growth of the birds that would normally occur
during the ensuing four weeks of injection. Following
the Canadian Council on Animal Care Guidelines, and
with the approval of the University of Saskatchewan
Committee on Animal Care and Supply, the four birds
from each group were killed by cervical dislocation at
the age of 91 days post-hatch.

Tissue preparation and sectioning

The left pectoralis muscle of each bird was dissected
free and weighed. Several samples, each approximately
0.5x0.5x2-4 cm, were excised from the cranial half of
the superficial region of the main part (pars
sternobrachialis) of the muscle of each bird. This region
of the muscle consists exclusively of fast-twitch
glycolytic fibers (Rosser et al., 1996; Bandman and
Rosser, 2000). Our pilot study (unpublished) confirmed
that this was the case for the nandrolone treated birds.
Each sample was coated with Tissue-Tek OCT
Compound (Sakura Finetek USA Inc., Torrance,
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California) and immediately frozen in isopentane cooled
via liquid nitrogen (Dubowitz and Sewry, 2007).
Samples were stored at -80°C. Serial cross sections of
samples from each chicken were cut at 10 microns
thickness using a cryostat at 20°C. Tissue sections were
placed on ProbeOn Plus charged microscope slides
(Fisher Scientific Ltd., Nepean, Canada) and stored at
-20°C.

Immunohistochemistry

Immunohistochemical labeling was performed using
slides from each muscle, according to our previously
published methodologies (Allouh et al., 2008;
Kirkpatrick et al., 2008). Briefly, the blocking solution
consisted of 5% goat serum, 1% bovine serum albumin
and 5mM ethylenediaminetetraacetic acid in phosphate-
buffered saline (PBS; 0.02 M sodium phosphate buffer,
0.15 M sodium chloride, pH 7.2). Satellite cells are
routinely identified by immunolabelling methods that
localize the expression of Pax7 (Zammit et al., 2006;
Day et al., 2007). The primary antibody anti-Pax7
(Developmental Studies Hybridoma Bank, Iowa City,
Towa), a mouse monoclonal, was used to label satellite
cells. Anti-laminin (L9393, Sigma Chemical Co., St.
Louis, Missouri), a rabbit polyclonal, labeled basal
laminae. The primary labeling cocktail, consisting of
1:200 anti-laminin and 1:100 anti-Pax7 in block
solution, was applied overnight in the dark at 4°C.

Alexa Fluor 488 goat anti-mouse IgG (A-11001,
Invitrogen Corporation, Carlsbad, California) was used
to label anti-Pax7 green, and Alexa Fluor 546 goat anti-
rabbit IgG (A-11010, Invitrogen Corp.) anti-laminin red
when viewed with epifluorescent microscopy. The
secondary labeling cocktail, containing both secondary
antibodies each diluted 1:200 in PBS at pH 7.2, was
applied to each slide for 30 minutes at room temperature
in the dark. Hoechst 33258 (Bisbenzimide; Sigma
Chemical Co., St. Louis, Missouri) was applied to each
slide for 5 minutes at a dilution of 1:1,500,000 in PBS to
label the DNA in nuclei blue under epifluorescent
microscopy. Slides were fixed in 4% formaldehyde, and
then mounted in Geltol (Thermo Scientific, Pittsburgh,
Pennsylvania) and stored at 4°C in the dark.

Imaging and Analyses

Images of cross-sections were captured using a Sony
digital still camera (Sony Corporation, Tokyo, Japan)
attached to a Zeiss microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped for epifluorescence.
The different coloured fluorescent images from each
field of view were superimposed and their contrast
improved using Adobe Photoshop (Adobe System Inc.,
San Jose, California).

These images were used to identify and count the
number of satellite cells and myonuclei per muscle fiber.
Two hundred adjacent extrafusal fibers from each
sample were analyzed in this way. The ellipse minor
axes of these fibers were determined using Scion Image

1.63 (developed by US National Institute of Health and
available on the internet by anonymous FTP from
Zippy.nimh.nih.gov, Frederick, Maryland). Ellipse minor
axis is identical to lesser fiber diameter (Rosser et al.,
2000). Lesser fiber diameter is defined as the maximum
aspect across the lesser aspect of a fiber, and is routinely
used to overcome distortion that may result when a
muscle fiber is cut obliquely rather than transversely
(Dubowitz and Sewry, 2007).

Calculations and statistics

Values for each of the following parameters, were
obtained from the fibers of the left pectoralis each of the
eight birds (four control and four nandrolone) studied.
The mean frequency of satellite cells was calculated
using the average number of satellite cell nuclei (SCN)
and myonuclei (MN) per fiber, and the formula SCN
frequency = (SCN/([SCN + MN]) x 100% (Schmalbruch
and Hellhammer, 1977). The mean number of SCN or
MN per unit length (Z) was determined using the
formula Z = NxL/(d + I) where N = number of nuclear
profiles (SCN or MN) per fiber profile, L = unit length
of fiber (1mm), d = section thickness (10 microns), and |
= average SCN or MN length (Schmalbruch and
Hellhammer, 1977). The average lengths of satellite cell
nuclei and myonuclei used for these calculations were
10.28 and 10.58 microns, respectively, based upon our
previous studies. We had shown a uniform length of
10.28 microns for satellite cell nuclei (Allouh et al.,
2008) and 10.58 microns for myonuclei (Rosser et al.,
2002) throughout the posthatch development of the
pectoralis of the same strain of white leghorn chickens
used in the current study. The mean concentration or
surface area of sarcolemma per satellite cell (S) was
calculated using the formula S = nEL / Z¢, where E =
mean ellipse minor axis, L = unit length o? fiber (Imm),
and Z.~ = number of satellite cell per unit length of
fiber. %(ﬁe mean cross sectional area (C) was quantified
according to the formula C = m(E/2)> where E = mean
ellipse minor axis of fiber. The mean volume of
sarcoplasm per myonucleus (myonuclear domain; V)
was calculated using the formula V = CxL / Z, ;, where
C = mean cross sectional area of fiber, L = unithength of
fiber (1 mm), and Z, ;,; = number of MN per unit length
of fiber (Rosser et al., 2002).

Data for each parameter measured were blocked into
two groups; control vs. nandrolone. Levene’s test for
equality of variances was first applied to determine the
homogeneity of variance. Data were then evaluated by
independent sample t-tests at the 5% level of
significance. Statistical analyses were performed using
SPSS program (standard version 12.0.0, SPSS Inc.,
Chicago, Illinois).

Results
The immunohistochemical labeling obtained is

entirely consistent with our previous work on the same
muscle and strain of chicken (Halevy et al., 2004;
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Allouh et al., 2008). Muscle fiber basal laminae are
outlined by an antibody against laminin, which is
labelled red by a fluorescent secondary antibody (Fig.
1A-D). Fibers are the large, red, round to oval-shaped
outlines (Halevy et al., 2004; Allouh et al., 2008). Nuclei
within these outlines are either myonuclei or satellite cell
nuclei. While both myonuclei and satellite cell nuclei are
labelled blue by Hoechst 33258 (Fig. 1A,C), only
satellite cell nuclei are also labelled green by a
fluorescent secondary antibody against the Pax7
antibody (Fig. 1B,D). Fibers in the nandrolone injected
pectoralis (Fig. 1C,D) appear larger than those in control
pectoralis (Fig. 1A,B). All numeric results are
summarized in Table 1.

Table 1. Nandrolone versus control group.

Body weight at the end of the experiment was not
significantly (p=0.9775) different between nandrolone
treated and control groups; ranging from 1110 to 1300
grams in nandrolone birds and 1088 to 1302 g in
controls. The pectoralis muscle was significantly
(p=0.0002) heavier by about 22% in the nandrolone
treated than control birds. Wet muscle weights ranged
from 63.74 to 67.76 g in the nandrolone group, and from
52.14 to 57.06 g in controls. Similarly, muscle fibers
were also significantly (p=0.0047) larger in the
nandrolone treated than control birds. Mean ellipse
minor axis of the fibers ranged from 36.39 to 42.32
microns and was approximately 24% larger in the
nandrolone group than the controls, which ranged from

Mean Body Mean Weight Mean Fiber Mean Frequency Mean Number Mean Area Mean Number MeanVolume
Weight Pectoralis Diameter Satellite Satellite Cells per Sarcolemma per Satellite =~ Myonuclei per Sarcoplasm per
(grams) (grams) (microns) Cells (percent) millimeter of fiber Cell (microns?) millimeter of fiber Myonucleus (microns®)
Control (n=4) 1209+78 53.80+1.13 31.59+0.82 6.36+0.29 5.61+0.31 17,778+622 81.51+2.30 9623+355
Nandrolone (n=4) 120790 65.50+0.93*  39.28+1.56" 8.15+0.49* 8.32+0.50* 14,931+£764* 95.24+3.40" 12743+696*

*: significant (p<0.05; see text for more detailed p-values) difference between Nandrolone and Control Groups. Values are expressed as mean + SE

(standard error)

Fig. 1. Immunohistochemical
labeling of cross-sections of
pectoralis. Control (A, B) and
nandrolone injected (C, D). A
and B are one cross-section,
as are C and D. In all images,
laminin is coloured red. In A
and C, all nuclei are coloured
blue. In B and D, nuclei
expressing Pax7 are green.
Within basal laminae of
muscle fibers, nuclei that are
blue (in A or C) but not green
(in B or D) are myonuclei.
Nuclei within basal laminae
that are both blue (in A or C)
and green (in B or D) are
satellite cells. Scale bars: 30
um.
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30.70 to 34.04 microns.

Satellite cell frequency in the pectoralis was on
average about 28% and significantly (p=0.0199) greater
in the nandrolone treated than control birds. Mean
satellite cell frequency in the nandrolone group ranged
from 7.16 to 9.01%, and from 5.50 to 6.82% in the
controls. The mean number of satellite cells per
millimeter of fiber was on average nearly 50% and
significantly (p=0.0038) higher in the nandrolone treated
than control birds. Values in nandrolone birds ranged
from 7.15 to 9.62 satellite cells per millimeter of fiber,
and controls from 4.93 to 6.41. The area of sarcolemma
per satellite cell was approximately 16% and
significantly (p=0.0276) less in the nandrolone birds.
Mean area of sarcolemma per satellite cell ranged from
13,588 to 16,333 square microns in the nandrolone
treated animals, and from 16,674 to 19,518 square
microns in controls.

Myonuclei per mm of fiber length was significantly
(p=0.0156) different between nandrolone and control
birds. Values averaged from 87.46 to 103.98 myonuclei
per mm of fiber length in nandrolone injected animals,
and from 75.80 to 86.49 in controls. Myonuclear domain
size, determined by calculating the average amount of
sarcoplasm per myonucleus, was about 33% and
significantly (p=0.0071) larger in the nandrolone group.
Mean volume of sarcoplasm per myonucleus ranged
from 11,085 to 14,199 cubic microns in the nandrolone
birds, but from 8,824 to 10,517 in the controls.

Discussion

Increased muscle mass via nandrolone
administration has been a goal of both physicians and
athletes. In concurrence with studies of mammalian
muscle, we demonstrate that nandrolone administration
increases the mass of an avian muscle. The chicken
pectoralis consists almost entirely of fast-twitch fibers
(Rosser et al., 1996; Bandman and Rosser, 2000). We
show that nandrolone injection increases the mean
diameter of these fast-twitch fibers. Testosterone
injections increased the size of both slow (type 1) and
fast (type 2) contracting fibers in the vastus lateralis
muscle of healthy young men (Sinha-Hikim et al., 2002)
and the trapezius muscle of trained power lifters (Kadi et
al., 1999). Nandrolone injection, however, did not affect
lesser fiber diameter in either slow or fast contracting
fibers of the deltoid muscle of male strength-trained
atheletes (Hartgens et al., 2002). Alternatively
nandrolone administration did increase the cross-
sectional areas of the fast, but not slow, contracting
fibers of the diaphragm muscle of female rats (Lewis et
al., 2002). McClung et al. (2005) and Thompson et al.
(2006) found that nandrolone administration increased
the frequency of larger (>5000 or >4800 square
microns), but not smaller (<500 square microns), fibers
in the soleus (slow contracting) muscles of, respectively,
young and older rats. However, neither of the preceding
two works studying the effects of nandrolone on rat

soleus showed a change in mean fiber diameter. The
literature indicates that nandrolone administration may
differentially affect fast and slow contracting fibers
(Joumma and Leoty, 2001; Bouhlel et al., 2003).
Furthermore, like testosterone (Bhasin et al., 2001;
Sinha-Hikim et al., 2002; Chen et al., 2005), the effects
of nandrolone on skeletal muscle may be dose
dependent. Earlier studies of the effects of nandrolone on
fiber diameter may have produced contradictory or
mixed findings due to the different dosages
administered.

Ours’ is the first work to show that nandrolone
administration is associated with an increase in satellite
cell numbers. All satellite cell indices (frequency,
number per millimeter of fiber, and concentration)
quantified were higher in the chicken pectoralis with the
administration of nandrolone. Whereas substantive
evidence demonstrates that testosterone administration
increases satellite cell numbers (Joubert et al., 1994,
Joubert and Tobin, 1995; Sinha Hikim et al., 2003, 2004;
Chen et al., 2005), to date comparable results have not
been obtained from studies of nandrolone. An earlier
study of rat soleus found that while nandrolone treatment
of functionally overloaded muscle appeared to increase
satellite cell activity, there was no increase in satellite
cell activity between control and non-overloaded
nandrolone treated animals (McClung et al., 2005).
Bovine muscle cell cultures responded to nandrolone
treatment by increasing the expression of androgen
receptors (Lee et al. 2007), and satellite cells are the
predominant site of androgen receptor expression
(Sinha-Hikim et al. 2004).

It is held that satellite cells in mature muscle are
converted to myonuclei to maintain the ratio between
cytoplasmic volume and number of myonuclei (Allen et
al., 1999; Alway and Sui, 2008). This concept has been
challenged by others who indicate that constant
myonuclear domains are displayed only under certain
circumstances, and that the more typical condition is a
loose association between cytoplasmic volume and
myonuclear numbers (Gundersen and Bruusgaard,
2008). Both views may be accurate, as whether the mean
size of the myonuclear domain is maintained appears to
depend upon the experimental model employed (Hikida,
2007). Testosterone administration to humans produced
muscle fiber hypertrophy and an increase in the size of
myonuclear domains (Eriksson et al., 2005). Our results
show that nandrolone injection also yields fiber
hypertrophy and an increase in myonuclear domain size.
An increase in myonuclear domain size suggests that no
new myonuclei are added to the muscle during
hypertrophy. However, we also demonstrated that
nandrolone treated muscle showed a significant increase
in the mean number of myonuclei per millimeter of fiber.
Thus, new myonuclei must have been added to the fibers
of nandrolone treated muscles. Presumably the source
for these new myonuclei was the increased numbers of
satellite cells that we also quantified.

Whether satellite cells are required for hypertrophy
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of mature muscle is a point of contention in the literature
(Rehfeldt et al., 2007). Whereas some researchers have
determined that the generation of new myonuclei by
satellite cells is necessary for this hypertrophy
(Rosenblatt and Parry, 1992; Kadi and Thornhill, 2000;
O’Connor and Pavlath, 2007; Hyatt et al., 2008), others
have contended that satellite cell activity is not always a
prerequisite (Nash et al., 1994; Lowe and Alway, 1999;
McCarthy and Esser, 2007). The role that satellite cells
play in the hypertrophy of post-natal muscle may depend
upon the type of stimulus used to induce the
hypertrophy, the magnitude of the growth response, the
muscle studied, the age of the animal, the species
studied, and when the muscle is sampled after the
applied stimulus (O’Connor et al., 2007). It is,
nonetheless, widely held that testosterone enhances
satellite cell proliferation as a prelude to an increase in
myonuclear numbers and muscle hypertrophy (Joubert
and Tobin, 1995; Kadi, 2000; Chen et al., 2005). We
demonstrate that nandrolone induced hypertrophy is
associated with increases in satellite cell and myonuclear
numbers.

In conclusion, our results suggest that satellite cells
may be key cellular vectors for nandrolone induced
muscle fiber hypertrophy. Administration of nandrolone
can lead to increased muscle mass and muscle fiber
hypertrophy. These increases appear to be dependent
upon the activation of satellite cells, some of which
differentiate into new myonuclei. The new myonuclei
are most probably required for increased protein
synthesis associated with muscle hypertrophy (Allen et
al., 1999). The mechanisms and effects of nandrolone
injection into skeletal muscle appear similar to those of
testosterone treatment. Androgen receptors located
primarily on satellite cells seem to be the means by
which both testosterone (Sinha-Hikim et al., 2004; Chen
et al., 2005) and nandrolone (Lee et al., 2007) effect
changes in muscle. An alternate explanation for our
results, however, is that nandrolone indirectly affects
satellite cells by initiating protein synthesis and fiber
hypertrophy which then signal satellite cell activation.
Additional research is needed to further discern whether
nandrolone acts directly or indirectly on satellite cells,
the dose dependent relationships, differences in fiber
type responses and the mechanism(s) of satellite cell
activation in nandrolone induced hypertrophy.
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