
Effects of Dietary Isoflavones on Proliferation and DNA Integrity
of Myoblasts Derived from Newborn Piglets

MARCUS MAU, CLAUDIA KALBE, TORSTEN VIERGUTZ, GERD NÜRNBERG, AND CHARLOTTE REHFELDT
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ABSTRACT: Soy-based formulas are consumed by growing num-
bers of infants and used as regular food supplements in livestock
production. Moreover, constituent dietary phytoestrogens may com-
pete with endogenous estrogens and affect individual growth. This
study aimed to investigate the in vitro effects of isoflavones in
comparison with estrogens on the proliferation of porcine satellite
cells derived from neonatal muscle. After 7 h of exposure in serum-
free medium, 17�-estradiol (1 nM, 1 �M), estrone (1 �M), and
daidzein (1, 100 �M) slightly decreased whereas 100 �M genistein
substantially lowered DNA synthesis. Declines in DNA amount were
observed with genistein (1, 100 �M) and daidzein (100 �M). After
26 h of exposure, 100 �M genistein reduced DNA synthesis, whereas
it was increased by 10 �M genistein and 10 and 100 �M daidzein. In
the case of 10 �M genistein and 100 �M daidzein, these increases
apparently resulted from the repair of damaged DNA. Genistein and
daidzein (100 �M) reduced protein synthesis, caused a G2/M phase
block, and decreased DNA amount in association with higher rates of
cell death partially resulting from apoptosis. Conclusively, isofla-
vones at concentrations of greater than 1 �M act as inhibitors of
porcine skeletal muscle cell proliferation. (Pediatr Res 63: 39–45,
2008)

Plant-derived steroid-like dietary compounds such as isofla-
vones display estrogenic activity in humans and animals

and thus are referred to as phytoestrogens (1). Generally,
phytoestrogens are comprised of two major classes, the lig-
nans and the flavonoids (2). In addition to isoflavans and
coumestans, the flavonoids include the isoflavones, such as
genistein and daidzein, which reach high concentrations in
legumes, especially soy (0.2–1.6 mg/g dry weight) (3), which
is widely used in human nutrition and one of the most
important food supplements in livestock production.

Isoflavones have been shown to exhibit multibiologic prop-
erties (2). First, they were demonstrated to exert estrogenic
and anti-estrogenic effects, acting as estrogen receptor ago-
nists or antagonists and thereby influencing cellular metabo-
lism (4,5). Second, isoflavonic phytoestrogens, especially
genistein, are indicated to have inhibitory effects on protein
tyrosine kinases (5,6). Third, genistein has been shown to
influence cell cycle progression in cultures of various growing
cancer cell lines by blocking the cells during G2/M phase

(7–9) and is therefore a significant inhibitor of in vitro cell
growth (8,10). At high concentrations, genistein may also
induce apoptosis (11) and cause DNA damage by directly
influencing topoisomerase II activity (12).

However, the consumption of soy isoflavones is mainly
considered to afford beneficial health properties, especially
during human menopause and for cancer prevention (5,13). As
with human nutrition, soy is a commonly used food supple-
ment in pig production, and therefore constituent phytoestro-
gens could influence pig growth performance (14). In this
context, isoflavones have been shown to stimulate the growth
of weanling pigs (Cook, dissertation, 1998, Iowa State Uni-
versity). Contradictory results were obtained on the influence
of maternal daidzein on birth weight of the offspring (15,16).
When various cell lines have been directly exposed to isofla-
vones in culture, cellular growth or genetic stability was found
to be adversely affected in most cases (8,13,17). Genistein or
daidzein also reduced the growth or differentiation of rodent
skeletal muscle cell lines (10,18,19) in a dose-dependent
manner. The concentration of genistein required to inhibit in
vitro cell growth was shown to be high, usually 10 �M or
greater. In comparison, plasma concentrations of isoflavones
in adult pigs fed a typical soy-based diet reached approxi-
mately 1 �M (14). However, piglets fed soy supplements in
amounts typical for soy-infant formulas showed a serum
concentration of genistein of 2.36 � 2.26 �M on average,
which was nearly identical to the mean serum concentration of
2.53 � 1.64 �M in human infants (20). The piglet likely
mimics the human infant’s physiology and therefore repre-
sents a good model to investigate the effects of dietary isofla-
vones on the development of cells, tissues, and organs both in
vivo and in vitro. So far, the impact of isoflavones and
estrogens on the growth and metabolism of porcine skeletal
muscle has received very little attention. Only recently have
the estrogen receptors � and � (ER�, ER�), potential targets
for estrogenic and isoflavonic actions, been shown to be
expressed in porcine skeletal muscle (21).

This in vitro study aimed to investigate the direct effects of
genistein and daidzein in comparison with estrogens on pro-
liferating satellite cell cultures derived from neonatal pig
skeletal muscle. We hypothesized that isoflavones at high
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concentrations would adversely affect muscle cell growth and
at low concentrations would promote proliferation. The ap-
plied dosages mimicked regular isoflavone concentrations of
soy-based diets and included isoflavone concentrations that
have been measured in serum after the consumption of soy-
infant formulas or porcine forage crops.

METHODS

Muscle primary cell culture. This study was approved according to the
regulations of the FBN Dummerstorf. The right and left semimembranosus
muscles from nine (5 male, 4 female) newborn German Landrace piglets were
excised and trimmed of visible connective tissue. Digestion of tissue to release
myogenic cells was carried out according to a modification of a protocol based on
Harper et al. (22). Satellite cells were enriched by using a Percoll (Sigma
Chemical Co., St. Louis, MO) gradient (90, 40, 25% in phosphate-buffered saline)
according to the method of Roe et al. (23). To obtain a uniform stock of cells for
various experiments, a pool was established from all cells collected during several
preparation procedures, as described previously (21). The percentage of muscle
satellite cells was determined by immunostaining for desmin and subsequent flow
cytometry (Beckman Coulter, Fullerton, CA) (21). Fluorescence analysis yielded
95% desmin-positive cells.

DNA and protein synthesis. Cells were seeded in gelatin-coated 96-well
microplates at approximately 5 � 103 cells per well and grown for 1 d in
minimum essential medium � (MEM�):MCDB 110 (medium complete with
trace elements, 4:1) plus 10% fetal calf serum and 10% horse serum. In DNA
synthesis experiments, cells were treated with 17�-estradiol (E2; Sigma
Chemical Co.), estrone (E1; Sigma Chemical Co.), genistein, and daidzein
(Sigma Chemical Co.) in serum-free growth medium (SFGM) consisting of
MEM� (phenol red-free):MCDB 110 (4:1) supplemented according to the
method of Doumit et al. (24) for 7 h (short-term exposure) or 26 h (long-term
exposure). In each of two to four independent experiments, a total of eight
wells spread over two plates were used for each concentration of E2 (0.1 nM;
1 nM; 1 �M), E1 (1 nM; 1 �M), and of genistein and daidzein (0.1 �M; 1
�M; 10 �M; 100 �M). In protein synthesis experiments, the effects of
selected concentrations of genistein and daidzein were tested over 26 h in two
experiments (each with a total of eight wells per concentration). Both DNA
and protein synthesis were measured during the last 6 h of the incubation
period. To measure DNA synthesis rate, the monolayers were labeled with 10
�L medium per well containing 7.4 kBq (0.2 �Ci) [3H]-thymidine (50.0
Ci/mM, Amersham Biosciences, Little Chalfont, UK). In some experiments,
[3H]-thymidine incorporation was blocked by supplementing the medium
with 1 �M cytosine arabinoside (CA; Sigma Chemical Co.). To measure
protein synthesis rate, the monolayers were labeled with 20 �L medium per
well containing 148 kBq (4 �Ci) L-[2,6-3H]-phenylalanine (56.0 Ci/mM,
batch 94, Amersham Biosciences). In both experimental types, the medium
was removed after 6 h. Combined assays of radioactivity as well as DNA or
protein contents in monolayers were carried out as described previously (25).

Cell cycle analysis. Cell cycle analysis of porcine muscle satellite cells
seeded at 5 � 104 cells in gelatin-coated 24-well plates was performed by
flow cytometry (26) after 26 h of exposure to 10 and 100 �M of genistein and
daidzein in SFGM.

Measurement of lactate dehydrogenase activity. Cells were incubated
with 1 �M E2 and 10 and 100 �M genistein or daidzein for 26 h, respectively,
in three repeated experiments. Lactate dehydrogenase (LDH) activity was
measured in cell culture supernatants according to the method of Legrand et
al. (27) using a Spectramax 250 plate reader (Molecular Devices Corporation,
Sunnyvale, CA). LDH activity was expressed as International Unit per
milliliter of supernatant, the enzyme activity, which converts 1 �M NADH/
min/mL to NAD at 25°C.

Measurement of apoptosis. Cells were plated at 5 � 103 cells per well in
gelatin-coated 96-well cell culture plates and grown for 24 h, followed by a
26-h treatment with genistein and daidzein (10, 100 �M). Caspase-3 activity
in muscle cells was measured using the fluorometric NucView 488 caspase-3
substrate assay (Biotium, Inc., Hayward, CA).

Comet assay. In two replicates, 105 cells were grown in gelatin-coated 35
mm dishes for 24 h and then treated with genistein and daidzein (10, 100 �M)
in SFGM for 26 h. Cells of the first replicate were harvested using a rubber
policeman. Cells of the second replicate were grown for additional 7 h in
SFGM without isoflavones before harvest. All following steps were per-
formed in accordance with the manufacturer’s instructions (Trevigen Comet
assay Kit TA800, Gaithersburg, MD), and 600 to 800 cells per treatment were
counted. The Comets were classified by the grade of damage (Fig. 1) using the
image analysis system IMAGE C (Imtronic GmbH, Berlin, Germany).

Statistical analysis. Data were subjected to analyses of variance using the
GLM or MIXED procedure of SAS (version 9.1, SAS Institute, Inc., Cary,
NC) with treatment and replicate as fixed factors and plate as random factor,
if applicable. Data given in the graphs are least squares means. Significance
of differences between least squares means was tested by the Tukey test
(p � 0.05).

RESULTS

DNA synthesis rate and accumulation. After 7 h of expo-
sure, DNA synthesis was slightly decreased by E2 (1 nM; 1
�M) and E1 (1 �M) and by 1 and 100 �M of daidzein (Fig.
2A and B). DNA synthesis was substantially lowered (�74%)
with 100 �M genistein. The decreases in DNA synthesis rate
were accompanied by a reduction in DNA under the influence
of both genistein (1, 100 �M) and daidzein (100 �M), with
the highest decreases observed at 100 �M (Fig. 2D). Estro-
gens did not affect the DNA amount (Fig. 2C).

In response to long-time exposure (26 h), changes in DNA
synthesis and DNA amount were observed neither with E1 nor
with E2 (Fig. 3A and C). The effects of 100 �M genistein on
DNA synthesis (�89%) and DNA amount (�31%) were
again highly negative (Fig. 3B and D). In contrast, significant
increases in DNA synthesis were observed with 10 �M
genistein (�106%) and 10 and 100 �M daidzein (�31%,
�79%) (Fig. 3B). Surprisingly, the increases in DNA synthe-
sis were accompanied by significant decreases in DNA
amount in the case of 10 �M genistein and 100 �M daidzein,
and with 10 �M daidzein the DNA amount was unchanged
(Fig. 3D). To further elucidate these conflicting results, we
blocked DNA synthesis rate with CA. After the addition of 1
�M CA to the cell culture medium, the increase in DNA
synthesis under the influence of genistein (10 �M) and daid-
zein (10, 100 �M) was specifically inhibited during the 26 h
of treatment (Fig. 4A). According to the effect of CA to
prevent the cells from DNA synthesis, no differences in DNA
amount were observed among CA-blocked cultures of control,
10 �M genistein, and daidzein (Fig. 4B). Even a decrease was
seen in CA-blocked cultures with 100 �M daidzein, which is
indicative of cell loss. In comparing the unblocked cultures
with the corresponding CA-blocked cultures, almost equal
increases in DNA amount occurred in the control culture and
the culture treated with 10 �M daidzein during the 26-h
treatment period. No additional DNA accumulated with 10
�M genistein and 100 �M daidzein within this period. There-
fore, surprisingly, the increased rates of DNA synthesis were
not associated with increases in DNA content, suggesting that
the effects may not be caused by increased cell proliferation.

Figure 1. Classification of DNA damage in porcine skeletal myoblasts using
the Comet assay (1). Class 1, no damage; (2–4); classes 2 to 4: intermediate
(slight, medium, and high) damage; (5) class 5, severe damage.
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Protein synthesis rate. If DNA synthesis under the influ-
ence of 10 �M genistein and 10 and 100 �M daidzein
increased as a result of real de novo synthesis caused by

proliferation, protein synthesis should also be stimulated.
Conversely, after 26 h of incubation, both 100 �M genistein
(�32%) and daidzein (�36%) dramatically reduced whereas

Figure 2. Short-term effects (7 h) of dif-
ferent concentrations of E2, E1, genistein,
and daidzein on porcine myoblast prolifer-
ation measured as [3H]-thymidine incorpo-
ration (A, B) and DNA amount (C, D).
Values are least squares means. (A, C) n �
32; (B, D) n � 24. Bars without common
symbols differ significantly (p � 0.05).

Figure 3. Long-term effects (26 h) of dif-
ferent concentrations of E2, E1, genistein,
and daidzein on porcine myoblast prolifer-
ation measured as [3H]-thymidine incorpo-
ration (A, B) and DNA amount (C, D).
Values are least squares means. (A, C) n �
24; (B, D) n � 16. Bars without common
symbols differ significantly (p � 0.05).
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10 �M genistein or daidzein did not change protein synthesis
(data not shown). Also, protein amount was reduced by
genistein (10, 100 �M) and daidzein (100 �M).

Cell cycle analysis. To further unravel possible reasons for
the observed discrepancy between lower DNA amounts and
higher DNA synthesis rates, the cell cycle of the adherent cells
was analyzed after 26 h of exposure to 10 and 100 �M of
daidzein and genistein (Fig. 5). At a concentration of 10 �M,
daidzein did not change cell cycle processes, whereas under
the influence of 10 �M genistein, the number of S-phase cells
was reduced from 14 to 11% (p � 0.05). At a concentration of
100 �M, genistein obviously caused a G2/M-phase block in
cell cycle and a slight increase in S-phase cells (p � 0.05),
whereas with 100 �M daidzein, a tendency for the G2/M block
was observed (p � 0.10). Cell cycle analysis did not reveal
increases in the proportion of S-phase cells for those isofla-
vone concentrations (10, 100 �M daidzein, 10 �M genistein)
that induced higher DNA synthesis rates.

Cell death and DNA damage and repair. Lower DNA
amounts imply that the cultured porcine muscle cells are
damaged or dying under the influence of isoflavones. There-
fore, LDH activity was measured in the cell culture superna-
tants after exposure to selected effector concentrations as a
marker for cell death (27). Both genistein and daidzein did not
change LDH activity compared with the untreated control at a
concentration of 10 �M. However, 100 �M daidzein approx-
imately doubled LDH activity compared with the control,
whereas the exposure to 100 �M genistein resulted in a
2.5-fold increase of LDH activity (Fig. 6). To elucidate
whether cell death was caused by apoptosis, the monolayers
were tested for caspase-3 activity. With use of daidzein at
concentrations of 10 and 100 �M and genistein at 10 �M, no
caspase-3 activity was observed. After 26 h of exposure to 100
�M genistein, up to 20 single cells per 1 mm2 were detected
to react positively to caspase-3 activity, indicating apoptosis
(not shown).

Figure 5. Effects of 26 h exposure to 10 and 100 �M genistein (G) or
daidzein (D) on the cell cycle of porcine myoblasts. Values are the percentage
of the cell population in G0/G1 (e), G2/M ( ), and S phase (�) of cell cycle,
n � 5. *p � 0.05, �p � 0.10 for differences to control.

Figure 6. Viability of porcine semimembranosus myoblasts after 26 h of
exposure to selected concentrations of E2, genistein, and daidzein. Bars
represent the least squares means for LDH activity, n � 42–45. Bars bearing
common symbols differ significantly (p � 0.05).

Figure 4. [3H]-thymidine incorporation (A) and DNA amount (B) of porcine
semimembranosus myoblasts exposed to selected concentrations of genistein
and daidzein in the absence or presence of 1 �M cytosine arabinoside (CA)
for 26 h. Least squares means are reported for each treatment, n � 6. Values
in a panel without common symbols differ significantly (p � 0.05).
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The Comet assay was used to reveal the occurrence of DNA
damage that could cause the activation of different DNA repair
mechanisms, which are supposed to cause higher thymidine
incorporation. Figure 7 shows the relative frequency of dif-
ferent classes of DNA damage measured after 26 h of incu-
bation with isoflavones and after an additional 7 h in isofla-
vone-free medium. After 26 h of exposure (Fig. 7A), the
numbers of slightly damaged (class 2) and nondamaged cells
(class 1) were not different with any of the isoflavone concen-
trations used when compared with the control. With 100 �M
daidzein, the proportion of highly damaged cells (class 3) was
increased compared with control cells (p � 0.08). With 10
�M genistein, the number of highly damaged cells (classes
3–5) was also numerically higher than in control cultures (8.8
vs 4.6%). The low proportion of highly damaged cells in the

samples that were exposed to 100 �M genistein results ap-
parently from preceding cell loss.

After an additional 7 h in isoflavone-free medium (Fig. 7B),
DNA repair was measured as an increase in the number of
undamaged cells (class 1) and an associated decrease in the
number of damaged cells. DNA repair was observed in the
control by tendencies (p � 0.12–0.16) for increases of un-
damaged cells and decreases of damaged cells in classes 2 and
3. The number of highly affected cells (class 3) was also
numerically reduced in the samples treated before with 10 �M
genistein (to one third; p � 0.04 with the more liberal t test)
and significantly lower in the samples treated before with 100
�M daidzein (p � 0.05), those concentrations that caused a
doubling in DNA synthesis rates (Fig. 3B). DNA damage in
isoflavone-treated cells tended to be repaired more slowly or
less effectively compared with control cells. No significant
repair activity was detected after removal of 10 �M daidzein
and 100 �M genistein.

DISCUSSION

Growing numbers of infants consume soy-based products
and consequently are exposed to high concentrations of isofla-
vones (20). However, little attention has been directed toward
possible effects of genistein and daidzein on postnatal growth
performance or skeletal muscle development. By the estab-
lishment of a satellite cell culture derived from semimembra-
nosus muscle of newborn piglets, we provided an appropriate
in vitro model to study skeletal muscle cell growth and
differentiation under the influence of dietary isoflavonic phy-
toestrogens and any other bioactive compounds.

In the pig, estrogens are generally not considered to effec-
tively enhance muscle growth (28). From our findings, we
conclude that estrogens exhibit almost no effects on in vitro
porcine skeletal muscle cell proliferation at physiologic con-
centrations. Nevertheless, at supraphysiologic concentrations,
estrogens temporarily inhibited DNA synthesis in porcine
skeletal muscle cells, which is in agreement with findings that
demonstrated E2 to reduce L6 skeletal muscle cell growth at a
supraphysiologic concentration of 2.5 �M (18). We therefore
conclude that neither estrogens nor isoflavones are able to
stimulate proliferation of porcine myoblasts by way of the
estrogenic pathway. In contrast, inhibitory effects on prolifer-
ation cannot be excluded.

Indeed, our findings suggest that genistein beyond 1 �M
and daidzein beyond 10 �M act as toxins and inhibitors of
porcine muscle cell growth. However, because there was no
increased cell damage or cell death but an increase in DNA
synthesis with 10 �M daidzein, we suggest that at this con-
centration, daidzein exerts no negative effects on the prolifer-
ation of porcine skeletal muscle cells. Consistent with our
results, a 24 h exposure to 3.7 �M genistein was demonstrated
to cause an increase in thymidine incorporation into the DNA
of human CaCo2-BBe cells, although an increase in cell
number has not been observed (7). In addition, at concentra-
tions of 26 to 111 �M, genistein decreased thymidine incor-
poration, and cell number dropped by 40% after the exposure
to 111 �M genistein (7). With respect to skeletal muscle,

Figure 7. DNA damage induced by genistein and daidzein in porcine satellite
cell cultures measured by the Comet assay. Columns show the relative
frequency (based on least squares means) of different classes of DNA damage
( class 1; class 2; e class 3; class 4; class 5) measured (A) after 26 h
of incubation with isoflavones and (B) after additional 7 h in isoflavone-free
medium to evaluate DNA repair activity. Cell counts are based on 600–800
cells per group. �p � 0.10 indicates differences between treatment group and
control. 3, difference in class 3 within treatment between 26 h and 26 � 7 h
(p � 0.05).
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genistein blocked cell proliferation at concentrations of 1 to 10
�M in L6 and L8 rat myoblasts (10,18). In agreement with our
results, the effects of daidzein were less pronounced than those
of genistein (18).

Evidence for negative effects of genistein on DNA integrity
have been found in miscellaneous cancer cell lines (17). To
ensure the integrity of the cell and its genetic material, cell
cycle events must follow a well-defined sequence, which is
guaranteed by special checkpoint signaling pathways (29).
The G2 checkpoint is activated by the inhibition of topoisom-
erase II in response either to DNA damage or incomplete
DNA replication (30). Generally, checkpoints halt the cell
cycle machinery and allow time for a process such as DNA
replication or repair to be completed (29). In this context, we
observed high concentrations of both genistein and daidzein to
cause cell cycle arrest in G2/M phase and cell death, with
greater effects seen with genistein. The Comet assay revealed
high-grade DNA damage and subsequent repair apparently to
occur in response to 10 �M genistein and 100 �M daidzein.
Consequently, the compensation of high-grade DNA damage
instead of de novo DNA synthesis is concluded to be the cause
of the increased DNA synthesis rates observed with these
concentrations. Importantly, increased DNA synthesis rate is
not adequate evidence of increased cell proliferation in the
presence of isoflavones.

Concerning cell cycle control, genistein has been demon-
strated not only to inhibit topoisomerase II activity (11,12) but
also receptor tyrosine kinases such as epidermal growth fac-
tor-receptor (EGFR) (6,31) or insulin-like growth factor-
receptor type 1 (32). Bai et al. (33) showed that genistein at a
concentration of 10 �M down-regulated gene expression of
the EGFR signaling pathway in Panc 1 cell lines. Because
high concentrations of genistein were shown to inhibit cell
growth of both estrogen-dependent and estrogen-independent
cells (34), the antiproliferative effect of genistein is suggested
to mainly originate from the inhibition of tyrosine kinase
activity (8). Interestingly, the inhibition of topoisomerase II
and receptor tyrosine kinases has been found to be essential
for the induction of DNA damage (35) and apoptosis (8,32).
However, the removal of genistein from cell culture medium
facilitated the cells reentering the cell cycle (9).

In summary, novel knowledge on the influence of dietary
isoflavones on porcine skeletal muscle growth can be derived
from this study. The results suggest that isoflavonic phy-
toestrogens directly affect in vitro porcine muscle cell growth,
with the effects being dose and time dependent. Contrary with
our hypothesis, low isoflavone concentrations of 0.1 and 1 �M
did not affect muscle cell proliferation in vitro, although they
were discussed previously to promote postnatal growth in
piglets (Cook, dissertation, 1998, Iowa State University).
However, positive effects in vivo could also result from indi-
rect systemic actions of isoflavones. On the other hand, isofla-
vones could have anabolic actions in protein metabolism in
differentiated muscle, which remains to be investigated. In
light of the results of this in vitro study, it is not surprising that
no significant effects on skeletal muscle were apparent after
supplementing sows during gestation with pure daidzein (16)
in a concentration contained in typical soy-based diets result-

ing in circulating concentrations of approximately 1 �M (14).
In general, inhibition of proliferation was observed with
isoflavone concentrations between 10 and 100 �M, which
correspond to the maximum daily uptake by infants fed soy-
based diets or to isoflavone concentrations often used in
cancer prevention studies. Using both genistein and daidzein
within identical experiments, we were able to show that
genistein has a stronger potential to inhibit porcine muscle cell
growth. Growth inhibition mostly resulted from DNA damage
and cell death. Finally, the DNA damaging effects observed
appear to be partially reversible, as demonstrated by the
occurrence of DNA repair. In conclusion, the detrimental
effects of isoflavones on skeletal muscle cell growth are to be
expected at circulating concentrations of greater than1 �M,
provided that these are identical with those concentrations
reaching the target tissue.
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