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INTRODUCTION

It is unclear whether androstenedione (A4)
increases muscle mass and strength similar to tes-
tosterone or whether it produces primarily cata-
bolic effects on muscle-like estrogen (Rasmussen
et al., 2000). Summers et al. (2014) observed
two populations of cows that exhibit either high
(>40 ng/mL; High A4) or low (<20 ng/mL; Low
A4) concentrations of A4 within the fluid of the
dominant follicle just prior to ovulation. High A4
cows had decreased reproductive rates and shorter
times before falling out of the herd, but those that
did produce calves weaned them ~10-kg heavier
than their low A4 counterparts (Summers et al.,
2014). It appears that the difference in weights is
due to faster growing and more efficient skeletal
muscle. High A4 cows share many characteris-
tics with women suffering from polycystic ovary
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syndrome (PCOS), whose high levels of circulat-
ing androgens are associated with changes in body
composition (Kirchengast and Huber, 2001).
Skeletal muscle growth is mostly impacted by
the functional capacity of muscle stem cells known
as myoblasts (Cadaret et al., 2017a). Myoblast func-
tion can be divided into two distinct processes of
proliferation and differentiation. Both processes
occur through a carefully orchestrated progression
controlled by myogenic regulatory factors (MRF)
that are each expressed at specific time points of
cellular changes (Molkentin and Olson, 1996).
Myogenic determining factor 1 is expressed primar-
ily when myoblasts are actively proliferating in order
to expand their numbers (Gillespie et al., 2009).
Myogenin expression is the hallmark MRF bio-
marker of myoblasts that have exited the cell cycle
and begun to differentiate (Hawke and Garry, 2001).
As the differentiation process progresses, myoblasts
begin to express desmin and continue to do so until
fusing with existing muscle fibers to facilitate hyper-
trophic growth (Ludolph and Konieczny, 1995). The
objective of this study was to determine whether
differences in myoblast function, specifically prolif-
eration and differentiation, exist between High A4
and Low A4 cows that might explain the greater
growth rates of their offspring between birth and
weaning. Moreover, we sought to determine whether
any changes in functional capacity were related to
altered responsiveness to tumor necrosis factor
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alpha (TNNFa) and/or testosterone, two known regula-
tors of myoblast function and muscle growth.

MATERIALS AND METHODS

Animals and Experimental Design

The following experiments were approved by
the Institutional Animal Care and Use Committee
at the University of Nebraska-Lincoln, which is
accredited by AAALAC International. A sub-
set of mature commercial beef cows from the
University of Nebraska Agricultural Research and
Development Center were used in these studies. This
herd consists of approximately 230 composite beef
cows that are 75% Red Angus. Cows were classified
as High A4 or Low A4 by human A4 ELISA kit
(Alpha Diagnostics International). High A4 cows
(n = 10) exhibited >40 ng/mL A4 within the fluid of
their dominant follicle just prior to ovulation, and
Low A4 cows (n = 10) had <20 ng/mL A4 within
their follicular fluid. Myoblasts were isolated from
external oblique muscle biopsies collected from ran-
domly selected cows from each classification during
ovariectomies for other studies. The biopsy (~5 g)
was collected from the incision site, washed in cold
PBS, and then finely minced for myoblasts isolation.
Myoblasts were liberated via protease digestion and
isolated through serial centrifugation as described
previously (Yates et al., 2014). Isolates were purified
by multiple preplate incubations until >95% pure
(pax7-positive).

Myoblast Proliferation

Myoblasts were plated on fibronectin-coated
six-well plates at a density of 5,000 cells per well
and grown in complete growth media (Dulbecco’s
Modified Eagle’s Medium [DMEM] [Gibco Life
Technologies] + 20% fetal bovine serum [FBS,
Atlas Biologicals]) for 3 d (media was changed at
day 2), and then incubated in treatment-spiked
growth media for 24 h. Treatment-spiked growth
media contained no additive (basal), TNFa (20 ng/
mL), or testosterone (10 nM). After 24-h treatment,
myoblasts were pulsed with EAU for 2 h, cooled on
ice, and fixed in suspension with 4% PFA. Cells
were then stained in suspension via Click-iT EAU
Staining kit (ThermoFisher) according to manu-
facturer recommendations. Click-iT EdU cock-
tail was added at 50 pM and incubated for 2 h at
37 °C. Myoblasts undergoing replication during

the pulse period were identified with AlexaFluor
555 and counted via flow cytometry (zEPI; Orflo
Technologies).

Myoblast Differentiation

Myoblasts were plated on fibronectin-coated
plates at a density of 30,000 cells per well, grown
in complete growth media overnight, and differ-
entiated in treatment-spiked differentiation media
(DMEM + 2% FBS) for 4 d (media was changed at
day 2) that contained no additive (basal) or TNFa
(20 ng/mL). After 4 d, myoblasts were cooled on
ice, lifted from the plate with Accutase, washed, and
fixed in 4% PFA. Fixed myoblasts were incubated
for 1 h at room temperature with primary antibodies
against myogenin (1:200; Abcam) or desmin (1:50;
GeneTex). Myoblasts were then washed and incu-
bated with PE Conjugate anti-Mouse secondary
(1:250; Cell Signaling) for 1 h at room temperature.
Percentages of myogenin-positive and desmin-pos-
itive myoblasts were determined by flow cytometry.

Statistical Analysis

Values are expressed as mean percentages +
SEM. Cow is the experimental unit. Two replicates
per incubation condition were performed for each
fetus and averaged. Data were analyzed for effects
due to A4 classification, incubation condition, and
their interaction using the Mixed procedure in SAS
(SAS Institute, Cary, NC) with culture condition as
a repeated variable.

RESULTS

Proliferation

No interactions were observed between A4 clas-
sification and incubation conditions for proliferation
rates (Figure 1). Proliferation rates were ~9% less
(P < 0.05) in myoblasts isolated from High A4 cows
compared with their Low A4 counterparts regardless
of incubation condition. Incubation of myoblasts
from all cows in growth media containing TNFa
decreased (P < 0.05) proliferation rates by ~3.5%
compared with basal media. Conversely, incubation
of myoblasts from all cows in media containing testos-
terone had no significant effect on proliferation rates.

Differentiation

No interactions were observed between A4 clas-
sification and incubation conditions for percentages
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Figure 1. Proliferation rates of myoblasts from High A4 and Low
A4 cows during a 2-h EdU pulse. Differences were observed between
High A4 and Low A4 cows (A) and among basal, tumor necrosis fac-
tor alpha-spiked, and testosterone-spiked growth media (B). a,b,c rep-
resent means with different superscripts differ (P < 0.05).

of myogenin-positive or desmin-positive myoblasts
after 4-d differentiation. The percentage of myo-
genin-positive cells was ~25% greater (P < 0.05) in
myoblasts isolated from High A4 cows compared
with Low A4 cows (Figure 2) regardless of incu-
bation conditions. Likewise, the percentage of
desmin-positive cells was ~15% greater (P < 0.05)
in myoblasts isolated from High A4 cows compared
with Low A4 cows, regardless of incubation con-
ditions (Figure 3). Unlike proliferation rates, the
percentages of myoblasts that were positive for
myogenin or desmin did not differ between basal
media and TNFa-spiked media.

DISCUSSION

In this study, we show that cows with high A4
concentrations in their follicular fluid also exhibit
intrinsic reductions in myoblast proliferative cap-
acity but greater expression of major myoblast
differentiation markers. This indicates that condi-
tions responsible for the increase in follicular fluid
A4 are also causing precocious differentiation in
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Figure 2. Percent of myoblasts expressing myogenin after 4
d. Differences were observed between High A4 and Low A4 cows (A)
and among basal and tumor necrosis factor alpha-spiked growth media
(B). a,b,c represent means with different superscripts differ (P < 0.05).

TNFa

myoblasts. This may be due simply to impaired
proliferation rates that push cells to differenti-
ate because they have exited the cell cycle or due
to an unidentified stimulator of differentiation.
Regardless, this intrinsic deficit in myoblast func-
tion ultimately slows the rate-limiting step and pre-
sumably restricts muscle growth potential. Because
calves born to High A4 cows are of normal size
at birth but heavier by weaning, it is reasonable to
postulate that exposure to the unidentified con-
ditions of this “High A4” environment in utero
reduces their responsiveness to impediments of
myoblast function, allowing greater muscle growth
from birth to weaning.

Our somewhat surprising observation that tes-
tosterone had no effect on myoblast proliferation
rates in any cows leads us to believe that A4 (a pre-
sumed analog) does not elicit anabolic effects by
enhancing myoblast proliferation. Of course, we
cannot rule out the potential for different outcomes
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Figure 3. Percent of myoblasts expressing desmin after 4
d. Differences were observed between High A4 and Low A4 cows (A)
and among basal and TNFa-spiked growth media (B). a,b,c represent
means with different superscripts differ (P < 0.05).

with different media concentrations than the one
used in this study. Many other studies have shown
that testosterone works to increase muscle prolif-
eration and muscle protein synthesis (Sinha-Hikim
et al., 2003; Kadi, 2008). The small effect of TNFa
on proliferation and lack of effect on differentiation
were also unexpected compared with findings by
(Cadaret et al., 2017b), although the fact that these
myoblasts were from mature rather than growing
animals could have contributed to these results.

IMPLICATIONS

The decrease in proliferation and increase in
differentiation rates indicates that High A4 cows
have intrinsic myoblast dysfunction. As myoblast
function serves as the rate-limiting step for mus-
cle growth, this does not explain greater birth-to-
weaning growth rates in calves from these High A4
cows. Rather, their calves likely develop a reduced

responsiveness to myoblast-restricting conditions
of the High A4 cows in utero, which would explain
their increased growth between birth and weaning.

LITERATURE CITED

Cadaret, C. N., K. Beede, E. Merrick, T. Barnes, J. Loy, and
D. Yates. 2017a. Maternal inflammation at mid-gestation
in pregnant rats impairs fetal muscle growth and develop-
ment at term. Transl. Anim. Sci. 1(supplement 1):202-206.

Cadaret, C. N., K. A. Beede, H. E. Riley, and D. T. Yates.
2017b. Acute exposure of primary rat soleus muscle to zil-
paterol HCI (32 adrenergic agonist), TNFa, or IL-6 in cul-
ture increases glucose oxidation rates independent of the
impact on insulin signaling or glucose uptake. Cytokine
96:107-113. doi:10.1016/j.cyt0.2017.03.014

Gillespie, M. A., F. Le Grand, A. Scim¢, S. Kuang, J. von
Maltzahn, V. Seale, A. Cuenda, J. A. Ranish, and M.
A. Rudnicki. 2009. P38-{gamma}-dependent gene
silencing restricts entry into the myogenic differentiation
program. J. Cell Biol. 187(7):991-1005. doi:10.1083/
jcb.200907037

Hawke, T. J., and D. J. Garry. 2001. Myogenic satellite cells:
physiology to molecular biology. J. Appl. Physiol. (1985).
91(2):534-551. doi:10.1152/jappl.2001.91.2.534

Kadi, F. 2008. Cellular and molecular mechanisms respon-
sible for the action of testosterone on human skeletal
muscle. A basis for illegal performance enhancement. Br.
J. Pharmacol. 154(3):522-528. doi:10.1038/bjp.2008.118

Kirchengast, S., and J. Huber. 2001. Body composition charac-
teristics and body fat distribution in lean women with pol-
yeystic ovary syndrome. Hum. Reprod. 16(6):1255-1260.
doi:10.1093/humrep/16.6.1255

Ludolph, D. C., and S. F. Konieczny. 1995. Transcription factor
families: muscling in on the myogenic program. FASEB J.
9(15):1595-1604. doi:10.1096/fasebj.9.15.8529839

Molkentin, J. D., and E. N. Olson. 1996. Defining the regula-
tory networks for muscle development. Curr. Opin. Genet.
Dev. 6(4):445-453. doi:10.1016/S0959-437X(96)80066-9

Rasmussen, B. B., E. Volpi, D. C. Gore, and R. R. Wolfe. 2000.
Androstenedione does not stimulate muscle protein anab-
olism in young healthy men. J. Clin. Endocrinol. Metab.
85(1):55-59. doi:10.1210/jcem.85.1.6322

Sinha-Hikim, 1., S. M. Roth, M. I. Lee, and S. Bhasin. 2003.
Testosterone-induced muscle hypertrophy is associated
with an increase in satellite cell number in healthy, young
men. Am. J. Physiol. Endocrinol. Metab. 285(1):E197—
E205. doi:10.1152/ajpendo.00370.2002

Summers, A. F., W. E. Pohlmeier, K. M. Sargent, B. D. Cole,
R. J. Vinton, S. G. Kurz, R. M. McFee, R. A. Cushman,
A. S. Cupp, and J. R. Wood. 2014. Altered theca and
cumulus oocyte complex gene expression, follicular arrest
and reduced fertility in cows with dominant follicle fol-
licular fluid androgen excess. PLoS One 9(10):e110683.
doi:10.1371/journal.pone.0110683

Yates, D. T., D. S. Clarke, A. R. Macko, M. J. Anderson, L.
A. Shelton, M. Nearing, R. E. Allen, R. P. Rhoads,
and S. W. Limesand. 2014. Myoblasts from intrauter-
ine growth-restricted sheep fetuses exhibit intrinsic
deficiencies in proliferation that contribute to smaller
semitendinosus myofibres. J. Physiol. 592(14):3113-3125.
doi:10.1113/jphysiol.2014.272591

Translate basic science to industry innovation



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	4-14-2018

	Impaired muscle stem cell function in cows with high concentrations of androstenedione in their follicular fluid
	Taylor L. Barnes
	Kiristen A. Beede
	Elena M. Merrick
	Caitlin N. Cadaret
	Andrea S. Cupp
	See next page for additional authors
	Authors


	tmp.1567188475.pdf.l15ce

