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Abstract: In fibrotic skeletal muscles, excessive extracellular matrix (ECM) deposition is a
result of increased activation and decreased apoptosis of myofibroblasts. The aim of this
study is to investigate whether treatment with quercetin, kaempferol or capsaicin can reduce
the transforming growth factor-beta 1 (TGF-f1)-induced myofibroblast differentiation and
fibrotic ECM expression in differentiated C2C12 cells. Two-day-differentiated C2C12
cells were treated with TGF-(1 for 48 h to induce myofibroblast differentiation. Twenty-
four hours before (pre-treatment) and for forty-eight hours with (co-treatment) TGF-31
treatment, cells were exposed to quercetin (25, 50 uM), kaempferol (10, 25, 50 uM) or
capsaicin (25, 50 uM). The immunofluorescence intensity of alpha smooth muscle actin
(«SMA) and collagen type I/III gene expression were assessed as myofibroblast markers.
MyoD immunofluorescence intensity was measured as a myogenic marker. Co-treatment
of TGF-B1 with the phytochemicals was most effective, resulting in a decreased number
of aSMA-positive cells (all three compounds), decreased collagen type I (kaempferol,
capsaicin) and type III (kaempferol) gene expression, and increased MyoD (kaempferol,
capsaicin) protein expression compared to TGE-f31 treatment. This study demonstrates that
treatment with quercetin, kaempferol or capsaicin can reduce myofibroblast markers. This
suggests a possible anti-fibrotic effect of the phytochemicals in skeletal muscle.

Keywords: quercetin; kaempferol; capsaicin; myofibroblast differentiation; myogenic
differentiation; extracellular matrix

1. Introduction

Aging is associated with a gradual decline in skeletal muscle mass and strength, a
condition known as sarcopenia, and an increase in fibrotic muscle tissue. This leads to
decreased physical function, which could potentially lead to disability, increased risk of
nursing home admission and a higher mortality risk in older adults [1,2]. Between 2010
and 2023, sarcopenia affected 10 to 16% of the global elderly population [3]. The preva-
lence was even higher in specific patient groups, ranging from 18% in individuals with
diabetes to 66% in patients with advanced esophageal cancer [3]. Furthermore, it has been
estimated that the number of sarcopenic individuals in Europe will dramatically increase
by 63.8 to 72.4% between 2016 and 2045 due to the increasing elderly population [4]. Aging
skeletal muscles exhibit a reduced number of functional muscle stem cells and a dimin-
ished capacity to regenerate damaged muscle tissue compared to younger individuals [5,6].
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Both intrinsic (e.g., changes in epigenetics, cellular senescence and apoptosis) and extrinsic
changes, including increased local inflammation, contribute to the development of sarcope-
nia. Moreover, alterations in extracellular matrix (ECM) composition and growth factors
within the muscle stem cell niche further impair skeletal muscle function [7]. Chronic local
inflammation in aged skeletal muscle leads to an increased and persistent presence of trans-
forming growth factor beta 1 (TGF-f31). Anti-inflammatory macrophages primarily mediate
the release of TGF-f31, which promotes the differentiation of fibro-adipogenic progenitors,
fibroblasts and myoblasts into myofibroblasts [8,9]. When TGF-31 binds to its receptor,
SMAD?2/3 proteins are phosphorylated, forming a complex with SMADA4 that translocates
to the nucleus. This SMAD complex functions as a transcription factor, upregulating the
expression of alpha smooth muscle actin (xSMA), a contractile stress fiber abundantly
present in myofibroblasts [8,10]. Activation of SMAD proteins also enhances gene expres-
sion of collagen type I (Col1al), collagen type III (Col3a1) and other ECM components (such
as fibronectin, laminin and proteoglycans) [11]. The secretion of ECM proteins by acti-
vated myofibroblasts results in structural remodeling of the ECM, which is crucial for both
normal skeletal muscle regeneration and the development of skeletal muscle fibrosis [12].
While ECM remodeling is essential for optimal muscle regeneration and protection against
further damage [13], chronic TGF-{31 release in aging skeletal muscle leads to prolonged
myofibroblast activation, inhibition of myofibroblast apoptosis and excessive accumulation
of collagen and other ECM components [14]. Mechanistically, TGF-31 enhances reactive
oxygen species (ROS) production by upregulating the expression of nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase or Nox), impairing mitochondrial func-
tion and suppressing the antioxidant system [15-17]. Increased ROS production, in turn,
enhances myofibroblast differentiation by activating latent TGF-f31 and stimulating TGF-{31
gene expression, creating a positive feedback loop that exacerbates collagen and other ECM
components in skeletal muscle [18]. Fibrotic skeletal muscle tissue is formed that increases
muscle stiffness and further impairs muscle stem cell function [19,20]. A large number of
dietary phytochemicals have shown great potential in reducing fibrotic ECM expression
in various cell types and organs. In vitro studies have shown that quercetin (a flavanol
found in capers, onions and berries among others), kaempferol (present in capers, spinach,
cabbage and broccoli) and capsaicin (the primary spicy compound in chili peppers) reduce
fibrotic ECM expression in various cell types, including (cardiac/skin) fibroblasts, hepatic
cells and bronchial and tubular epithelial cells [21-29]. Additionally, supplementation with
these phyotchemicals has been reported to reduce fibrotic tissue formation in the kidney,
liver, skin, lung and heart in murine models [22-32]. In addition to the mentioned effects
on ECM, treatment with quercetin, kaempferol and capsaicin have been shown to decrease
ROS and Nox2/4 protein or mRNA expression in different cell types and in mice models of
skeletal muscle atrophy and skin fibrosis [28,33,34]. Additionally, treatment with quercetin
and capsaicin in animal studies has been shown to protect against fibrosis via activation
of the nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway [30,35]. Nrf-2 is a key
regulator of oxidative status and is responsible for the upregulation of genes encoding
antioxidant enzymes (e.g., glutamate cysteine ligase catalytic subunit (GCLC), glutathione
(GSH)) in response to ROS [36]. Despite the abundance of evidence showing the inhibitory
effects of quercetin, kaempferol and capsaicin on fibrotic ECM expression in a wide range
of cell types and organs, these effects and the influence of antioxidant pathways have not
been shown in myoblast-derived myofibroblasts or in skeletal muscle.

The aim of the current study is to investigate whether treatment with the phyto-
chemicals quercetin, kaempferol, or capsaicin attenuates TGF-B1-induced myofibroblast
differentiation and fibrotic ECM expression in differentiating C2C12 cells. Additionally,
the effects on cell apoptosis and the influence of Nox4 and GCLC are explored by assess-
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ing caspase-3 activity and Nox4 and GCLC gene expression in differentiated C2C12 cells
exposed to TGF-f31. It is hypothesized that quercetin, kaempferol and capsaicin reduce
myofibroblast differentiation characterized by a decrease in xSMA protein expression and
collagen type I and III gene expression in C2C12 cells exposed to TGF-f1. Furthermore,
decreased Nox4 gene expression and increased GCLC gene expression are expected in these
cells due to treatment with the phytochemical compounds.

2. Results

2.1. Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect tSMA Intensity in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

Immunofluorescence images showing xSMA and MyoD intensity in all conditions
of the pre-treatment experiment are shown in Figure 1A,B. In pre-treatment experiments,
total xSMA immunofluorescence intensity was decreased in C2C12 control cells at 120 h
compared to 48 h of differentiation (0.99 (0.95-1.07) versus 1.21 (1.04-1.38), p < 0.0001,
Figure 1C). Treatment with TGF-31 for 48 h in two-day-differentiated C2C12 cells in-
creased total xSMA intensity compared to control cells at 120 h (1.16 (0.99-1.29) versus
0.99 (0.95-1.07), p = 0.0025, Figure 1C). Pre-treatment of two-day-differentiated C2C12 cells
exposed to TGF-31 with quercetin, kaempferol or capsaicin did not affect total xSMA
intensity compared to TGF-31 treatment alone (p > 0.99, Figure 1C). There was no effect
of TGF-f1 (p > 0.99, compared to control 120 h), nor any of the pre-treatments (quercetin
25 and 50 uM, p = 0.40 and p > 0.99; kaempferol 10, 25 and 50 uM, p = 0.63, p > 0.99 and
p = 0.62; capsaicin 25 and 50 pM, p > 0.99, respectively, compared to TGF-{31) on total xSMA
intensity when corrected for the number of MyoD-negative nuclei (Figure 1D).

2.2. Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect MyoD Intensity in
Two-Days Differentiated C2C12 Cells Exposed to TGF-p1

In pre-treatment experiments, there was no difference in total MyoD intensity between
C2C12 control cells at 120 h and 48 h of differentiation (p > 0.99, Figure 1E). Treatment with
TGF-f1 for 48 h in two-day-differentiated C2C12 did not affect total MyoD intensity com-
pared to control cells at 120 h (p > 0.99, Figure 1E). Pre-treatment of two-day-differentiated
C2C12 cells exposed to TGF-31 with quercetin (25 and 50 pM; p = 0.47 and p > 0.99, re-
spectively), kaempferol (10, 25 and 50 uM; p = 0.51, p > 0.99 and p > 0.99, respectively)
or capsaicin (25 and 50 uM; p > 0.99) did not change total MyoD intensity compared to
TGF-B1 treatment alone (Figure 1E).

2.3. Co-Treatment with Quercetin, Kaempferol or Capsaicin Reduced aSMA Intensity in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

Immunofluorescence images showing «SMA and MyoD intensity in all conditions of
the co-treatment experiment are shown in Figure 2A. In co-treatment experiments, total
aSMA immunofluorescence intensity was decreased in C2C12 control cells at 96 h compared
to 48 h of differentiation (0.99 (0.95-1.07) versus 1.33 (1.15-1.38), p = 0.0099, Figure 2C).
Treatment with TGF-31 for 48 h in two-day-differentiated C2C12 cells increased total
aSMA intensity compared to control cells at 96 h (1.23 (1.06-1.34) versus 0.99 (0.95-1.07),
p < 0.0001, Figure 2C). Co-treatment of two-day-differentiated C2C12 cells exposed to TGF-
1 with quercetin (50 uM, 1.09 (1.00-1.23), p = 0.025), kaempferol (50 uM, 1.01 (0.88-1.12),
p < 0.0001) or capsaicin (25 and 50 uM, 1.07 (0.96-1.15) and 1.06 (0.84-1.17), p = 0.0051 and
p < 0.0001, respectively) decreased total xSMA intensity compared to TGF-f31 treatment
(1.23 (1.06-1.34)) alone (Figure 2C). However, there was no effect of TGF-f31, nor any
of the co-treatments, when the total xSMA intensity was corrected for the number of
MyoD-negative nuclei in these cells (p > 0.99, Figure 2D).
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Figure 1. Effect of pre-treatments on alpha smooth muscle actin (xSMA) and MyoD immunofluores-
cence intensity. Immunofluorescence images (A,B) of two-day-differentiated C2C12 cells (control
48 h) treated with transforming growth factor beta 1 (TGF-31, 5 ng/mL) for 48 h with and with-
out 24 h pre-treatment with quercetin (25 and 50 uM), kaempferol (10, 25 and 50 uM) or capsaicin
(25 and 50 uM). Cells were stained with alpha-smooth muscle actin (x<SMA, green, A), myoblast
determination protein 1 (MyoD, red, B) and 4/,6-Diamidino-2-phenylindole dihydrochloride (DAP]I,
blue, A, B) nuclei staining. In control cells at 120 h, total XSMA intensity (C) was decreased, total
«SMA intensity corrected for the number of MyoD-negative (MyoD(-)) nuclei (D) was increased and
MyoD intensity (E) was unchanged compared to control cells at 48 h of differentiation. Treatment
with TGF-31 increased total xXSMA intensity (C), and did not alter total xSMA intensity corrected for
the number of MyoD(-) nuclei (D) and MyoD intensity (E) compared to control 120 h. Pre-treatment
of TGF-1 with quercetin, kaempferol or capsaicin did not affect total xSMA intensity (C), total
«SMA intensity corrected for the number of MyoD(-) nuclei (D) or MyoD intensity (E) compared
to TGF-B1 treatment alone. ** p < 0.01; **** p < 0.0001, compared to TGF-f1. # p < 0.05; ## p < 0.01;
##HH# p < 0.0001, compared to control 120 h. $ p < 0.05; $$ p < 0.01; $$$, p < 0.001, $$%$$ p < 0.0001,
compared to control 48 h. Scalebar = 400 um. N = 3, n = 2, including 5 images per well. Created
with Graphpad Prism 10.1.1 software (GraphPad Software, Boston, MA, USA) and BioRender.com
(assessed on 26 of May, 2025).
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Figure 2. Effect of co-treatments on alpha smooth muscle actin (k<SMA) and MyoD immunofluores-
cence intensity. Immunofluorescence images (A,B) of two-day-differentiated C2C12 cells (control
48 h) treated with transforming growth factor beta 1 (TGF-f1, 5 ng/mL) for 48 h with and without co-
treatment with quercetin (25 and 50 uM), kaempferol (10, 25 and 50 uM) or capsaicin (25 and 50 pM).
Cells were stained with alpha-smooth muscle actin (xXSMA, green, A), myoblast determination protein
1 (MyoD, red, B) and 4 ,6-Diamidino-2-phenylindole dihydrochloride (DAPI, blue, A,B) nuclear stain-
ing. In control cells, at 120 h, total xSMA intensity (C) was decreased, total xSMA intensity corrected
for the number of MyoD-negative (MyoD(—)) nuclei (D) was increased, and MyoD intensity (E) was
unchanged compared to control cells at 48 h of differentiation. Treatment with TGF-1 increased total
«SMA intensity (C) and did not alter total xSMA intensity corrected for the number of MyoD(—)
nuclei (D) and MyoD intensity (E) compared to control 96 h. Co-treatment of TGF-31 with quercetin,
kaempferol, or capsaicin decreased total xXSMA intensity (C) compared to TGF-f1 treatment alone,
while the XSMA intensity was not affected when corrected for the number of MyoD-negative nuclei
(D). Co-treatment with kaempferol or capsaicin increased the total intensity of MyoD compared to
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TGF-B1 treatment (E). * p < 0.05; ** p < 0.01; **** p < 0.0001, compared to TGF-B1. #p < 0.05; ## p < 0.01;
##H p < 0.001; #HH p < 0.0001, compared to control 96 h. $ p < 0.05; $$ p < 0.01; $$$ p < 0.001;
$$$$ p < 0.0001, compared to control 48 h. Scalebar = 400 um. N = 3, n = 2, including 5 images per
well. Created with Graphpad Prism 10.1.1 software (GraphPad Software, Boston, MA, USA) and
BioRender.com (assessed on 22 May 2025).

2.4. Co-Treatment with Kaempferol or Capsaicin Increased MyoD Intensity in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

In co-treatment experiments, there was no difference in total MyoD intensity between
C2C12 control cells at 96 h and 48 h of differentiation (p = 0.37, Figure 2E). Treatment
with TGF-f1 for 48 h in two-day-differentiated C2C12 did not affect total MyoD intensity
compared to control cells at 96 h (p > 0.99, Figure 2E). Co-treatment with quercetin (25 and
50 uM, p > 0.999, Figure 2E) did not change total MyoD intensity compared to TGF-{31.
Co-treatment of TGF-f with kaempferol (10 and 25 uM, 1.07 (1.02-1.11) and 1.05 (1.01-1.11),
p < 0.0001) or capsaicin (25 and 50 uM, 1.03 (1.01-1.12) and 1.02 (1.00-1.11), p < 0.0001 and
p = 0.0059, respectively) increased total MyoD intensity compared to TGF-f31 treatment
(0.99 (0.93-1.01), Figure 2E).

2.5. Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect the Number of Nuclei
in Two-Day-Differentiated C2C12 Cells Exposed to TGF-f1

In pre-treatment experiments, the number of MyoD-negative nuclei was decreased
in C2C12 control cells at 120 h compared to 48 h of differentiation (236 (193-310) versus
469 (396-586), p < 0.0001, Figure 3A). The number of MyoD-positive nuclei was increased
in C2C12 control cells at 120 h compared to 48 h of differentiation (78 (51-137) versus 51
(29-71), p = 0.012, Figure 3B). The number of total nuclei was decreased in C2C12 control
cells at 120 h compared to 48 h of differentiation (357 (283—413) versus 511 (447-640),
p <0.0001, Figure 3C). Treatment with TGF-f31 for 48 h in two-day-differentiated C2C12
cells did not change the number of MyoD-negative nuclei (p > 0.99, Figure 3A), MyoD-
positive nuclei (p > 0.99, Figure 3B), nor the total number of nuclei (p > 0.99, Figure 3C)
compared to control cells at 120 h. Pre-treatment of two-day-differentiated C2C12 cells
exposed to TGF-f31 with quercetin (25 and 50 utM) or kaempferol (10, 25 and 50 pM) did
not change nuclei count of MyoD-negative cells (p = 0.44 for quercetin 25 uM and p > 0.99
for others, Figure 3A), MyoD-positive cells (p = 0.30 and p = 0.56, and p = 0.44, p = 0.81 and
p = 0.61, respectively, Figure 3B), and the total number of nuclei (p = 0.95 and p > 0.99, and
p=0.96,p > 0.99 and p > 0.99, respectively, Figure 3C) compared to TGF-f31 treatment alone.
Pre-treatment of two-day-differentiated C2C12 cells exposed to TGF-f31 with capsaicin
(25 and 50 uM) did not affect the number of MyoD-negative nuclei (p > 0.99, Figure 3A)
and total nuclei (p > 0.99, Figure 3C) compared to TGF-p1 treatment. The number of
MyoD-positive cells was decreased by pre-treatment with capsaicin (50 pM, 45 (28-73)
versus 109 (33-255), p = 0.011, Figure 3B), when compared to TGF-31 treatment.
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Figure 3. Effect of pre-treatments on the number of MyoD-negative, MyoD-positive and total nuclei.
Number of MyoD-negative (MyoD(-)) nuclei (A), number of MyoD-positive (MyoD(+) nuclei (B) and
total number of nuclei (C) of two-day-differentiated C2C12 cells (control 48 h) that are treated with
transforming growth factor beta 1 (TGF-31, 5 ng/mL) for 48 h with and without 24 h pre-treatment
with quercetin (25 and 50 uM), kaempferol (10, 25 and 50 uM) or capsaicin (25 and 50 pM). Control
cells at 120 h showed a decrease in the number of MyoD(—) nuclei (A), no change in the number of
MyoD(+) nuclei (B) and a decrease in the total number of nuclei (C) compared to control cells at 48 h
of differentiation. Treatment of 48 h differentiated C2C12 cells with TGF-f1 did not alter the number
of MyoD(—) (A), the number of MyoD(+) (B) nor the total number of nuclei compared to control cell
at 120 h. None of the pre-treatments did affect the number of MyoD(—) nuclei (A), MyoD(+) nuclei
(B) or total number of nuclei (C), except for capsaicin in a concentration of 50 uM which decreased the
number of MyoD(+) cells compared to TGF-f1 (B). ** p < 0.01; **** p < 0.0001, compared to TGF-{31.
#p < 0.05; ##HH# p < 0.0001, compared to control 96 h. $ p < 0.05; $$ p < 0.01; $$$$ p < 0.0001, compared
to control 48 h. represent data points that are falling outside the whiskers of the boxplot. N =3,n =2,
including 5 images per well. Created with Graphpad Prism 10.1.1 software (GraphPad Software,
Boston, MA, USA) and BioRender.com (assessed on 22 May 2025).

2.6. Co-Treatment with Kaempferol or Capsaicin Reduced the Number of MyoD-Negative Nuclei in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

In co-treatment experiments, the number of MyoD-negative nuclei was decreased
in C2C12 control cells at 96 h compared to 48 h of differentiation (229 (169-285) versus
422 (364-508), p < 0.0001, Figure 4A). The number of MyoD-positive nuclei was similar in
C2C12 control cells at 96 h compared to 48 h of differentiation (p = 0.46, Figure 4B). The
total number of nuclei was diminished in C2C12 control cells at 96 h compared to 48 h of
differentiation (335 (243-470) versus 502 (401-603), p = 0.0003, Figure 4C). Treatment with
TGE-$1 for 48 h in two-day-differentiated C2C12 increased the number of MyoD-negative
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nuclei (340 (269-397 versus 229 (169-285), p = 0.017, Figure 4A), and did not alter the
number of MyoD-positive nuclei (p = 0.26, Figure 4B) and total number of nuclei (p > 0.99,
Figure 4C) compared to C2C12 control cells at 96 h. Co-treatment of two-day-differentiated
C2C12 cells exposed to TGF-31 with quercetin (25 and 50 pM) did not change nuclei count
of MyoD-negative cells (p > 0.99 and p = 0.52, respectively, Figure 4A), MyoD-positive cells
(p >0.99 and p > 0.99, respectively, Figure 4B), nor the total number of nuclei (p < 0.99 and p
> 0.99, respectively, Figure 4C) compared to treatment with TGF-31 alone. Co-treatment of
two-day-differentiated C2C12 cells exposed to TGF-31 with kaempferol (50 uM) decreased
the number of MyoD-negative nuclei (215 (191-288) versus 340 (269-397), p = 0.0026,
Figure 4A), while the number of MyoD-positive nuclei (p > 0.99, Figure 4B) and the total
number of nuclei (p = 0.16, Figure 4C) were not affected compared to treatment with TGF-
1 alone. A similar effect was seen for capsaicin in a concentration of 25 pM (decreased
number of MyoD-negative nuclei 221 (199-280) versus 340 (269-397), p = 0.013, Figure 4A;
no change in MyoD-positive nuclei p > 0.99, Figure 4B and total number of nuclei, p = 0.96,
Figure 4C) compared to treatment with TGF-f1. For all immunohistochemistry outcomes
of pre-treatment and co-treatment set-ups, the influence of solvent DMSO was tested, and
did not show any significant differences compared to control 96 h and 120 h.
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Figure 4. Effect of co-treatments on the number of MyoD-negative, MyoD-positive and total nuclei.
Number of MyoD-negative (MyoD(—)) nuclei (A), number of MyoD-positive (MyoD(+) nuclei (B), and
total number of nuclei (C) in two-day-differentiated C2C12 cells (control 48 h) that are treated with
transforming growth factor beta 1 (TGF-$1, 5 ng/mL) for 48 h with and without co-treatment with
quercetin (25 and 50 uM), kaempferol (10, 25 or 50 M) or capsaicin (25 and 50 uM). Control cells at 96 h
showed a decreased number of MyoD(—) nuclei (A), no difference in the number of MyoD(+) nuclei (B)
and a decreased total nuclei count (C) compared to control cells at 48 h of differentiation. Treatment of 48 h
differentiated C2C12 cells with TGF-1 increased the number of MyoD(—) nuclei (A), and did not affect
the number of MyoD(+) (B) and the total number of nuclei (C) compared to control 96 h. Co-treatment of
TGF-B1 with quercetin did not affect the nuclei count compared to TGF-31 treatment alone (A-C). The
number of MyoD(—) nuclei was decreased (A), and the number of MyoD(+) (B) and total nuclei (C) were
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not affected by co-treatment of TGF-31 with kaempferol or capsaicin when compared to TGF-f1
treatment alone. * p < 0.05; ** p < 0.01, compared to TGF-B1. #p < 0.05; ## p < 0.01; ### p < 0.001;
##HH p < 0.0001, compared to control 96 h. $ p < 0.05; $$$ p < 0.001; $$$$ p < 0.0001, compared to the
control 48 h. e represent data points that are falling outside the whiskers of the boxplot. N =3,n =2,
including 5 images per well. Created with Graphpad Prism 10.1.1 software (GraphPad Software,
Boston, MA, USA) and BioRender.com (assessed on 22 May 2025).

2.7. Co-Treatment with Kaempferol or Capsaicin Did Not Affect Caspase-3 Activity in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

To determine whether differences in the number of nuclei could be explained by
caspase-3-mediated apoptosis, the effects of TGF-1 and co-treatment with kaempferol
50 uM or capsaicin 25 uM on caspase-3 activity were assessed (Figure 5). Treatment with
50 uM H,O, increased caspase-3 activity compared to control cells at 72 h (2.58 £ 0.42,
p <0.001). Caspase-3 activity was increased in C2C12 control cells at 48 h of differentiation
compared to control cells at 72 h (3.57 £ 1.77, p = 0.024). Treatment of 48 h differentiated
C2C12 cells with TGF-p1 with or without kaempferol or capsaicin did not affect caspase-3
activity compared to control 72 h.
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Figure 5. Effect of co-treatment with kaempferol and capsaicin on caspase-3 activity. Caspase-3
activity in two-day differentiated C2C12 cells (control 48 h) treated with transforming growth factor
beta 1 (TGF-B1, 5 ng/mL) for 24 h with and without co-treatment with kaempferol (50 M) or
capsaicin (25 uM). Treatment with 50 uM hydrogen peroxide (H,O,) was used as a positive control
and increased caspase-3 activity compared to the control (72 h). Control cells at 48 h of differentiation
showed increased caspase activity compared to control cells 72 h. Neither treatment with TGF-f31 nor
any of the co-treatments affected caspase-3 activity more than the control at 72 h. An unpaired T-test
was used to test for a significant difference between the positive control condition and control (72 h).
*p < 0.05; *** p <0.001, compared to control 72 h. N = 3, n = 2, sample of two biological duplicates was
pooled for caspase-3 analysis. Created with Graphpad Prism 10.1.1 software (GraphPad Software,
Boston, MA, USA).

2.8. Pre-Treatment with Quercetin Reduced Collagen Type 1 (Collal) Gene Expression in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

In pre-treatment experiments, gene expression of Collal and Col3al was comparable
between C2C12 control cells at 120 h and 48 h of differentiation (p = 0.14 and p = 0.34,
respectively, Figure 6A,B). Treatment of two-day-differentiated C2C12 cells with TGF-1
for 48 h did not affect Col1al nor Col3al gene expression compared to control cells at 120 h
(p=0.33 and p > 0.99, respectively, Figure 6A,B). Pre-treatment of two-day-differentiated
C2C12 cells exposed to TGF-1 with quercetin (50 uM) decreased Collal gene expression
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compared to treatment with TGF-f31 alone (1.74 £+ 0.10 versus 1.65 &+ 0.21, p = 0.0073,
Figure 6A), while Col3al expression was not affected (p > 0.99, Figure 6A,B). Pre-treatment
of two-day-differentiated C2C12 cells exposed to TGF-1 with kaempferol (10, 25 and
50 uM) as well as capsaicin (25 and 50 pM) did not change the gene expression of both
Collal (p > 0.99, p =0.99, p = 0.58, p = 0.98, p = 0.96, respectively, Figure 6A) or Col3al

(p>099,p>099,p=041,p > 099, p > 0.99, respectively, Figure 6B) when compared to
TGF-f31 treatment.
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Figure 6. Effect of pre-treatments and co-treatments on gene expression of collagen, glutamate-
cysteine ligase catalytic subunit and NADPH oxidase 4. Gene expression of collagen type I (Col1al),
collagen type III (Col3al) and glutamate-cysteine ligase catalytic subunit (GCLC) assessed in two-
day-differentiated C2C12 cells (control 48 h) treated with transforming growth factor beta 1 (TGF-f1,
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5 ng/mL) for 48 h with and without 24 h pre-treatment or 48 h co-treatment with quercetin
(25 or 50 uM), kaempferol (10, 25 or 50 uM) or capsaicin (25 or 50 uM). Collal and Col3al gene
expression was comparable between control cells at 120h and at 48h of differentiation (A,B). Treat-
ment of 48h differentiated C2C12 cells with TGF-31 did not affect Collal and Col3al gene expression
compared to control 120h (A,B). Pre-treatment of TGF-f31 with quercetin (50 uM) decreased Collal
gene expression compared to TGF-31 treatment alone (A). In pre-treatment experiments, none of
the compounds induced an effect on Col3al gene expression compared to TGF-f1 (B). In control
cells at 96h, Collal gene expression was decreased (C), gene expression of Col3al (D) and GCLC
(E) was unchanged, and gene expression of Nox4 was increased (F) compared to control cells at
48 of differentiation. Treatment of 48h differentiated C2C12 cells with TGF-f1 increased Collal
(C) and Nox4 (F) gene expression, and did not affect gene expression of Col3al (D) and GCLC (E)
compared to control cells at 96h. Co-treatment of TGF-31 with kaempferol (25 and 50 pM) or cap-
saicin (25 and 50 pM) decreased Collal gene expression compared to TGF-31 treatment alone (C).
Co-treatment with kaempferol (10, 25 and 50 pM) decreased Col3al gene expression compared to
TGF-B1 treatment (D). Co-treatment with quercetin or kaempferol (both 50 uM) increased gene
expression of GCLC compared to TGF-f31 treatment (E). Co-treatment with quercetin or kaempferol
(both 50 uM) decreased Nox4 gene expression compared to TGF-f1 treatment (F). * p < 0.05; ** p < 0.01;
#** p < 0.001; *** p < 0.0001, compared to TGF-p1. # p < 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001,
compared to control 96/120h. $ p < 0.05; $$ p < 0.01; $$$ p < 0.001; $$$$ p < 0.0001, compared to control
48 h. & p < 0.05, between indicated conditions. N = 3, n = 2; each biological duplicate represents
the mean of three technical replicates. Created with Graphpad Prism 10.1.1 software (GraphPad
Software, Boston, MA, USA) and BioRender.com (assessed on 22 May 2025).

2.9. Co-Treatment with Kaempferol or Capsaicin Reduced Collagen Type I (Collal) and Kaempferol
Reduced Collagen Type 3 (Col3al) Gene Expression in Two-Day-Differentiated C2C12 Cells
Exposed to TGF-1

In co-treatment experiments, C2C12 control cells at 96 h showed a decreased Collal
gene expression (1.00 £ 0.05 versus 1.71 £ 0.14, p = 0.0022, Figure 6C) compared to control
cells at 48 h of differentiation, while Col3a1 expression (p > 0.99, Figure 6D) was comparable
in control cells between the two time points. TGF-31 treatment for 48 h in two-day-
differentiated C2C12 cells increased Collal gene expression (1.57 == 0.17 versus 1.00 = 0.05,
p = 0.01, Figure 6C) but did not affect Col3a1 gene expression (p = 0.65, Figure 6D) compared
to control 96 h. Co-treatment of two-day-differentiated C2C12 cells exposed to TGF-31 with
quercetin (25 and 50 uM) did not affect Collal (p = 0.66 and p = 0.99, respectively, Figure 6C)
nor Col3al gene expression (p = 0.93, Figure 6D) compared to TGF-f31 treatment alone.
Co-treatment of two-day-differentiated C2C12 cells exposed to TGF-31 with kaempferol
decreased both Collal (25 and 50 uM, 1.00 £+ 0.096 and 0.84 + 0.06 versus 1.57 + 0.17,
p = 0.0047 and p < 0.0001, respectively, Figure 6C) and Col3al gene expression (10, 25 and
50 uM, 0.80 £ 0.13, 0.54 £ 0.09 and 0.45 £ 0.06 versus 1.30 + 0.09, p = 0.012, p < 0.0001 and
p < 0.0001, respectively, Figure 6D) compared to TGF-f1 treatment, in a dose-dependent
manner. In addition, there was a significant difference in Col3al gene expression between
kaempferol concentrations 10pM and 50 uM (p = 0.038), with the highest concentration
being more effective compared to the lowest concentration. Co-treatment of two-day-
differentiated C2C12 cells exposed to TGF-$1 with capsaicin (25 and 50 pM) decreased
Collal gene expression (0.89 & 0.07 and 1.03 £ 0.07 versus 1.57 &+ 0.17, p = 0.0007 and
p = 0.035, respectively, Figure 6C) but did not affect Col3a1 gene expression (p = 0.08 and
p = 0.22, respectively, Figure 6D) compared to TGF-f1 treatment. There was no effect of
solvent DMSO on Collal and Col3al gene expression compared to control cells at 96 and
120 h in both pre-treatment and co-treatment set-ups.
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2.10. Co-Treatment with Quercetin or Kaempferol Increased GCLC Gene Expression in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

In co-treatment experiments, GCLC gene expression was comparable between C2C12
control cells at 96 h and 48 h of differentiation (p = 0.096, Figure 6E). Treatment of two-
day-differentiated C2C12 cells with TGF-31 treatment for 48 h did not affect GCLC gene
expression compared to control at 96 h (p = 0.40, Figure 6E). Co-treatment of two-day-
differentiated C2C12 cells exposed to TGF-f31 with quercetin (1.83 & 0.11 versus 1.00 & 0.04,
p < 0.0001, Figure 6E) or kaempferol (3.59 £ 0.19 versus 1.00 £ 0.04, p < 0.0001, Figure 6E),
both at a concentration of 50 uM, increased GCLC gene expression compared to TGF-f31
treatment alone. Co-treatment of two-day-differentiated C2C12 cells exposed to TGF-
1 with capsaicin did not affect GCLC gene expression compared to TGF-1 (p = 0.21,
Figure 6E).

2.11. Co-Treatment with Quercetin or Kaempferol Decreased Nox4 Gene Expression in
Two-Day-Differentiated C2C12 Cells Exposed to TGF-p1

In co-treatment experiments, Nox4 gene expression was increased in control cells at
96 h compared to cells at 48 h of differentiation (1.00 &= 0.03 versus 0.70 £ 0.05, p = 0.0008,
Figure 6F). TGF-f31 treatment for 48 h in two-day-differentiated C2C12 cells upregulated
Nox4 gene expression (2.37 £ 0.12 versus 1.00 £ 0.03, p = 0.01, Figure 6F) compared to
control 96 h. Co-treatment of TGF-31 with quercetin (50 uM, 1.80 & 0.10 versus 2.37 £ 0.12,
p = 0.0051) or kaempferol (50 uM, 1.31 £ 0.06 versus 2.37 & 0.12, p < 0.0001) in two-day-
differentiated C2C12 cells decreased Nox4 gene expression compared to TGF-31 treatment
alone (Figure 6F). Co-treatment of TGF-f31 with 50 uM capsaicin did not alter the expression
of Nox4 compared to TGF-f31 treatment (p > 0.99, Figure 6F).

3. Discussion

To our knowledge, this is the first study investigating the effects of phytochemicals
quercetin, kaempferol or capsaicin on myofibroblast differentiation in skeletal muscle
derived cells. The degree of myofibroblast differentiation was determined via assessment
of three myofibroblast markers (xXSMA protein expression, collagen type I and III gene
expression) and a myogenic marker (MyoD protein expression). Treatment of two-day-
differentiated C2C12 cells with TGE-B1 for 48 h increased myofibroblast markers (total
aSMA protein expression, collagen type I gene expression), and did not affect the expression
of the myogenic marker MyoD. While pre-treatment strategies are often used to modulate
signaling pathways before exposure to a fibrotic insult, pre-treatment with phytochemicals
prior to TGF-1 stimulation was not successful in diminishing the effects induced by
TGF-B1. With the exception of pre-treatment with 50 uM quercetin, which decreased
collagen type 1 gene expression compared to TGF-f31 treatment alone. Co-treatments were
consistently more effective in reducing myofibroblast markers and increasing myogenic
marker MyoD in C2C12 cells that were exposed to TGF-31. Co-treatment of two-day-
differentiated C2C12 cells exposed to TGF-p1 with quercetin, kaempferol and capsaicin,
decreased total intensity of xSMA compared to TGF-f31 treatment alone. Co-treatment
with kaempferol or capsaicin also decreased collagen type I gene expression and increased
the expression of MyoD compared to TGF-31 treatment. Additionally, co-treatment with
kaempferol decreased collagen type Il gene expression in two-day-differentiated C2C12
cells exposed to TGF-f31.

It has been demonstrated that treatment with TGF-{31 stimulates fibrotic protein and
gene expression in myogenic cells in vitro [37,38]. This is in agreement with our results,
which showed increased «SMA protein expression and collagen type I gene expression
when two-day-differentiated C2C12 were exposed to TGF-1 for 48 h. TGF-31 exposure
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did not affect XSMA expression when corrected for the number of MyoD-negative (but
aSMA-positive) nuclei. This suggests that treatment with TGF-31 resulted in an increase
in the number of MyoD-negative (but «SMA-positive) cells, but that the expression of
aSMA in one individual cell was not affected. In addition to stimulating myofibroblast
markers, TGF-f31 has been shown to inhibit myogenic differentiation in C2C12 myoblasts
via SMAD3-mediated repression of transcription factors belonging to the MyoD family [39].
However, treatment with TGF-B1 did not result in down-regulation of the myogenic
marker MyoD in this study. This might be explained by the differentiation status of the
cells. Previous studies have shown that once myoblasts commit to differentiation, they
become insensitive to the inhibitory effect of TGF-f3 on myogenesis [40]. This could explain
why TGF-$1 treatment did not affect MyoD expression in two-day-differentiated C2C12
cells in this study.

Pre-treatment of TGF-f31 with the phytochemicals did not succeed in diminishing the
effects induced by TGF-f1, with one exception being pre-treatment with 50 M quercetin,
which decreased collagen type 1 gene expression compared to TGF-f1 treatment. Other
studies found anti-fibrotic effects of quercetin pre-treatment as well. In lung-derived
fibroblasts, 3 h pre-treatment with quercetin (5-20 uM) decreased lipopolysaccharide (LPS)-
induced mRNA expression of collagen type I [41]. In kidney fibroblasts, pre-treatment with
10 and 20 puM of quercetin for 30 min decreased TGF-B1-induced protein expression of
aSMA [27].

Co-treatment with quercetin, kaempferol or capsaicin diminished the effects of TGF-31
on myofibroblast differentiation in two-day-differentiated C2C12 cells. The main underly-
ing mechanisms described for the inhibitory effects of these compounds on fibrotic ECM
expression utilize interference with the TGF-f31 pathway, possibly by inhibiting SMAD2/3
phosphorylation either directly or via competitive binding on the kinase domain of the
TGE-f type I receptor [29,32,42]. These observations were carried out in hepatic stellate
cells, dermal fibroblasts, mouse heart tissue and in molecular docking studies and it would
be interesting to investigate the influence of the SMAD pathway on the anti-fibrotic effects
of the compounds in skeletal muscle-derived cells or tissue in future studies. In addition,
phytochemicals may inhibit TGF-31 pathway activation via their antioxidant activity. In
a wide range of cell types, it has been shown that TGF-f31 increases ROS production by
upregulating the expression of Nox, impairing mitochondrial function and suppressing
the antioxidant system [15-17]. In turn, increased ROS production enhances myofibroblast
differentiation by activating latent TGF-f31 and increasing TGF-31 gene expression, creating
a positive feedback loop [18]. Treatment with quercetin, kaempferol or capsaicin has been
shown to decrease ROS and Nox2/4 protein or gene expression in different cell types and
in mice models of skeletal muscle atrophy and skin fibrosis [28,33,34]. This is in accordance
with the results from this study showing that co-treatment with quercetin or kaempferol
decreased the TGF-1-induced gene expression of Nox4 in two-day-differentiated C2C12
cells. However, co-treatment of TGF-f31 with capsaicin did not change Nox4 gene expres-
sion compared to TGF-f31 treatment alone. Additionally, the phytochemicals could protect
against ROS via upregulation of Nrf-2. Nrf-2 is a key regulator of oxidative status and is
responsible for the upregulation of genes encoding antioxidant enzymes (e.g., GCLC, GSH)
in response to ROS [36]. Treatment of TGF-31 exposed kidney fibroblasts with quercetin
increased intracellular Nrf-2 levels and promoted its nuclear translocation [35]. The ac-
tivation of Nrf-2 was suggested to be involved in the anti-fibrotic effects of quercetin, as
Nrf-2 knockdown suppressed the inhibitory effects of quercetin on fibroblast activation and
collagen deposition in these cells [35]. Treatment with kaempferol has also been shown to
activate the Nrf-2 signaling pathway and increase the expression of GCLC in hepatocytes
and mouse auditory cells [43,44]. This is in line with the upregulation of GCLC gene ex-
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pression shown in TGF-f31 exposed cells that were co-treated with quercetin or kaempferol
in this study. Capsaicin co-treatment did not influence GCLC gene expression. Together,
these results suggest that quercetin and kaempferol exert antifibrotic effects via antioxidant
pathways, including GCLC stimulation and Nox4 inhibition. These mechanisms could be
further validated through gene knockdown experiments targeting Nox4 or antioxidant
genes in C2C12 cells.

Surprisingly, xSMA intensity was not affected by the co-treatments when corrected for
the number of MyoD-negative (but xSMA-positive) nuclei. This suggests that co-treatments
did not affect the xSMA expression in individual cells, but instead reduced the number of
aSMA-expressing cells. Our results showed that co-treatment of two-day-differentiated
C2C12 cells exposed to TGE-31 with kaempferol or capsaicin decreased the number of
MyoD-negative nuclei, while the number of MyoD-positive nuclei and total nuclei was not
affected compared to treatment with TGF-31. This may indicate a pro-apoptotic effect of
the phytochemicals on cells that express xXSMA but not MyoD. TGF-31 has been shown to
suppress the expression of apoptotic protein BCL-2-like protein 4 (BAX) and to enhance
the expression of anti-apoptosis regulator B-cell lymphoma 2 (BCL-2). A reduction in
the BAX:BCL-2 ratio inhibits caspase-3-mediated myofibroblast apoptosis [45]. Inhibition
of myofibroblast apoptosis by TGF-f1 results in persistent activation and production
of pro-fibrotic proteins [46]. Therefore, stimulation of myofibroblast apoptosis by the
phytochemicals may avoid the evasion of apoptosis induced by TGF-31. Despite observed
differences in the number of nuclei, neither TGF-f1 nor any of the co-treatments affected
caspase-3 activity compared to the control or compared to TGF-31 treatment, respectively.
Furthermore, there was no indication of cytotoxicity after 48 h treatment of TGF-31 and after
24 h treatment with the phytochemical compounds assessed with a lactate dehydrogenase
(LDH) assay.

Our findings indicate that the phytochemicals exhibit distinct effects and timing pro-
files, suggesting different mechanisms of action. Co-treatment was more effective than
pre-treatment in reducing total XSMA intensity for all three phytochemicals. The duration
of exposure may explain these differences; pre-treatment lasted 24 h, while co-treatments
were applied for 48 h, concurrently with TGF-1. Furthermore, TGF-31 rapidly upregulates
its own receptor at the cell surface, amplifying its effects [47]. If phytochemicals inhibit this
signaling, simultaneous exposure may be more effective than pre-treatment. Interestingly,
while pre-treatment with quercetin reduced collagen gene expression, co-treatment did not.
This is in contrast with the effects of kaempferol and capsaicin, which induced a decrease
in collagen expression in the co-treatment set-up. Our data indicate that treatment with
quercetin results in the stimulation of an alternative molecular pathway that induces its
additional effectiveness as a pre-treatment. A hypothesis for this is that quercetin has a
higher potential to upregulate antioxidant enzymes (such as GCLC in combination with
other Nrf-2 mediated antioxidants) compared to kaempferol and capsaicin. Increased levels
of intracellular antioxidants before stimulation with TGF-f1 could reduce the exacerbating
effects of ROS on the TGF-1 pathway. The high number of free hydroxyl groups in the
chemical structure of quercetin could indicate an increased antioxidant capacity compared
to other phytochemicals [48,49]. However, the potential of quercetin to upregulate intra-
cellular antioxidant enzymes compared to others should be investigated further. Other
studies showed that the combined inhibition of the mammalian target of rapamycin (mTOR)
and catenin beta-1 (3-catenin) signaling might be involved in the anti-fibrotic effects of
quercetin [27,41].

In addition to the effects of the phytochemicals in reducing myofibroblast markers,
co-treatment of TGF-3 with kaempferol or capsaicin also increased protein expression of
myogenic marker MyoD. Studies investigating the myogenic potential of kaempferol or
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capsaicin and their underlying mechanisms are limited. Kaempferol treatment in C2C12
cells has been shown to increase the expression of myosin heavy chain through activa-
tion of integrin-31/focal adhesion kinase/paxillin (ITG1B/FAK/paxillin) and insulin-like
growth factor 1/protein kinase B/mTOR (IGF1R/AKT/mTOR) pathways [50]. Other plant
bioactives, including hesperetin, dehydrocorydaline and curcumin, have been shown to
enhance C2C12 differentiation via increased localization and myogenin promotor binding
of MyoD, via p38 mitogen-activated protein kinase (MAPK) activation or increased Wnt
signaling, respectively [51-53]. More research is necessary to elucidate the underlying
mechanisms of the stimulating effects of kaempferol and capsaicin on MyoD expression
found in this study.

In addition to pre-treatment and co-treatment set-ups, it would be interesting to
investigate the effects of the phytochemicals when incubated after myofibroblast differen-
tiation has occurred. It has been demonstrated that myofibroblasts have the capacity to
de-differentiate via stimulation of Nrf-2 [54]. Treatment with quercetin, kaempferol and
capsaicin could potentially induce myofibroblast de-differentiation, because of their known
effects on Nrf-2 activation [30,35,55]. Determining the optimal timing for phytochemical
treatment and exploring its underlying mechanisms is essential to determine the most
optimal strategy for prevention and treatment of skeletal muscle fibrosis. Alpha-SMA
is widely used as a functional marker for myofibroblasts [56]. However, for measuring
myoblast-to-myofibroblast differentiation in skeletal muscle, XSMA might be a suboptimal
marker. While some studies show low expression or no expression of «SMA in C2C12
myoblasts, other studies show the opposite, with an increased expression found with
increased differentiation status [8,37,57,58]. Therefore, we developed a method to measure
myofibroblast differentiation in skeletal muscle cells. As high expression of xSMA was
present in differentiated myotubes in this study, xSMA expression of MyoD-positive cells
was excluded from the analysis. A mask of MyoD-expressing cells was created to measure
the «SMA intensity in cells that could be either undifferentiated myoblasts or myofibrob-
lasts. It is expected that myofibroblast cells express higher levels of xSMA compared to
undifferentiated myoblasts [37].

It should be noted that our two-dimensional single-cell model, as used in this study,
has limitations compared to in vivo skeletal muscle tissue. The lack of a three-dimensional
architecture does not allow for the accumulation and distribution of ECM proteins includ-
ing collagen in the surrounding environment [59]. Thus, only gene expression, and not the
protein expression, of collagen type I and III were assessed in this study. A more repre-
sentative in vitro model of skeletal muscle described by Bersini et al. comprises multiple
cell types (e.g., muscle cells and endomysial muscle fibroblasts) supported by a vascular
network with mural-like cells [60]. By replacing muscle fibroblasts from a healthy subject
with fibroblast cells derived from a patient with Duchenne muscular dystrophy (DMD),
this three-dimensional vascularized muscle tissue expressed an increased amount of ECM
components collagen I and fibronectin. Moreover, DMD fibroblasts increased expression
of xSSMA compared to control fibroblasts, which indicates differentiation into myofibrob-
lasts [60]. Such three-dimensional models of skeletal muscle fibrosis (in this case related
to DMD) could be used to further investigate the effects of kaempferol, capsaicin and
quercetin on fibrotic ECM production.

Translation of findings to human muscle requires caution. While organ fibrosis is gen-
erally associated with increased collagen content, human studies investigating alterations
in skeletal muscle ECM with aging show contradicting results. One study showed that
the percentage of collagen area in human skeletal muscle was significantly higher with
increased age, which was mainly due to an increase in collagen type I, but no difference
in collagen type III [61]. On the other hand, studies show no difference in total collagen
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content between the skeletal muscles of young and old individuals [62,63]. Apart from the
amount of ECM proteins, the orientation and crosslinking of ECM molecules are suggested
to be involved in increased skeletal muscle stiffness and decreased muscle function with
increased age [64,65].

Although further validation in human models is required, this study demonstrates that
quercetin, kaempferol and capsaicin can reduce myofibroblast markers such as the number
of xSMA-positive cells and collagen type I/1II gene expression in C2C12 cells exposed to
inflammatory cytokine TGF-f1. Kaempferol emerges as the most promising of the three,
showing inhibitory effects on the total expression of xSMA, both types of collagens and
Nox4 gene expression, while increasing MyoD protein and GCLC gene expression. These
findings support the potential of these phytochemicals as anti-fibrotic treatments in skeletal
muscle. Clarifying the underlying mechanisms and optimal exposure timing is critical for
designing strategies to prevent or treat age-related skeletal muscle fibrosis and associated
functional decline.

4. Materials and Methods
4.1. Chemicals

Bovine serum albumin (BSA), dimethylsulfoxide (DMSO), quercetin, Triton-X 100,
formaldehyde solution > 36%, anti-actin, a-smooth muscle mouse monoclonal antibody;,
anti-MyoD rabbit monoclonal antibody, goat anti-rabbit Texas-Red secondary antibody
and 2-mercaptoethanol were purchased from Merck Life Sciences N.V. (Amsterdam, the
Netherlands). N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) buffer solu-
tion (1 M), p/s (10,000 U/mL penicillin, 10,000 pg/mL streptomycin), TGF-f1, and goat
anti-mouse Alexa Fluor Plus 488 secondary antibody were purchased from ThermoFisher
Scientific (Waltham, MA, USA). 4/ ,6-diamidino-2-phenylindole (DAPI) was purchased
from Abcam (Cambridge, UK). Kaempferol was purchased from TargetMol Chemicals
Inc. (Boston, MA, USA). Capsaicin was purchased from Adooq Bioscience LLC (Irvine,
CA, USA). iQ SYBR® Green Supermix was purchased from BioRad Laboratories (Hercules,
CA, USA).

4.2. Cell Culture and Myogenic Differentiation

C2C12 murine skeletal myoblasts (ATCC CRL-1772, Manassas, VA, USA) were cul-
tured in growth medium containing low glucose (1 g/L) Dulbecco’s modified Eagle
medium (DMEM; ThermoFisher Scientific) supplemented with 9% fetal bovine serum
(FBS; ThermoFisher Scientific) (v/v) and 1% p/s (v/v) [66]. Cells were cultured in a hu-
midified atmosphere containing 5% CO, at 37 °C and passaged when reaching 60-70%
confluency. Passage numbers from 10 to 15 were used for experiments. Cells were seeded
on Matrigel-coated 24-well black culture plates (BIOKE, Leiden, The Netherlands) at a
density of 12,500 cells per well (for immunohistochemistry experiments) or on 6-well
clear culture plates (Greiner Bio-One, Frickenhausen, Germany) at a density of 62,500 (for
qPCR and caspase experiments). After 40 h of incubation, cells were washed with Dul-
becco’s phosphate-buffered saline (DPBS; ThermoFisher Scientific), and growth medium
was replaced with differentiation medium containing high glucose (4.5 g/L) DMEM (Ther-
moFisher Scientific) supplemented with 1% heat-inactivated FBS (hiFBS, ThermoFisher
Scientific) (v/v) and 25 mM HEPES (v/v) and incubated for 48 h to induce myogenic
differentiation.

4.3. Myofibroblast Differentiation and Phytochemical Treatment

After 48 h of myogenic differentiation, cells were exposed to 5 ng/mL TGF-$1 in high
glucose DMEM containing 1 mg/mL BSA for 48 h to induce myofibroblast differentiation.
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A Pre-treatment set-up [ TGF-B1 treatment
Start myogenic TGF-B1 Cell fixation or [ quercetin treatment (25, 50uM)
Plating cells  differentiation  Pre-treatment treatment RNA collection Kaempferol treatment (10, 25, 50uM)

|

-40h

Two experimental treatment set-ups were used. In pre-treatment experiments, 48 h dif-
ferentiated cells were exposed to the phytochemicals 24 h before TGF-f31 treatment. In
the co-treatment set-up, the phytochemicals were added simultaneously with the TGF-31
treatment for 48 h (Figure 7). Quercetin and capsaicin were used at concentrations of
25 uM or 50 uM, whereas kaempferol was used at 10 uM, 25 pM or 50 pM. All three
compounds were dissolved in DMSO, with a maximum concentration of 0.1% in the final
exposure (v/v). Two control conditions were assessed (containing high glucose DMEM
with 1 mg/mL BSA), that were sampled at different time points throughout the experiment.
One control condition was sampled right after myogenic differentiation (control 48 h),
and another control condition was sampled parallel to all other conditions (control 120 h
for pre-treatment experiments and control 96 h for co-treatment experiments; Figure 7).
TGEF-f31 exposure was used as a positive control.

Capsaicin treatment (25, 50pM)
‘ Cell fixation IHC (48, 96, 120h)
Oh 48h 72h 120h { RNA collection (48, 96, 120h)
‘ * * ‘ ‘ Cell lysis caspase-3 assay (48, 72h)

B Co-treatment set-up

Plating cells

l

—40h

Start myogenic TGF-B1 and Cell fixation or
differentiation co-treatments RNA collection

T

Oh 48h 72h 96h

A2 20K 2NN 2/

Figure 7. Schematic overview pre-treatment (A) and co-treatment (B) set-ups. Transforming growth
factor beta 1 (TGF-B1). Created with BioRender.com (assessed on 22 May 2025).

4.4. Immunofluorescence Stainings of Myogenic and Fibrotic Markers

Cells were fixated in 4% formaldehyde in DPBS (v/v) for 15 min. After washing in
DPBS, cells were permeabilized in 0.3% Triton-X in DPBS (v/v) for 10 min and blocking was
performed by 30 min incubation with 5% BSA solution in DPBS (w/v). Thereafter, cells were
incubated with anti-a-smooth muscle actin mouse monoclonal antibody (4-5 pg/mL) and
anti-myoblast determination protein 1 (MyoD) rabbit monoclonal antibody (0.6 pg/mL)
in DPBS overnight at 4 °C. Cells were washed with DPBS and incubated with goat anti-
mouse Alexa Fluor Plus 488 secondary antibody (4 png/mL) and goat anti-rabbit Texas-Red
secondary antibody (4 ug/mL) in DPBS for 45 min at room temperature followed by a
DAPI nuclei staining (1.4 ug/mL in DPBS) for 15 min. An overview of antibodies used in
this study is shown in Appendix A.

4.5. Image Analyses

Five images per well (location north, east, south, west, and center) were obtained with
a fluorescent microscope (EVOS FL, ThermoFisher Scientific) and analyses were performed
using Fiji software version 2.14.0/1.54f. As xSMA expression was also present in MyoD-
positive myotubes, the xSMA intensity of myoblasts/myofibroblasts was assessed after
masking the MyoD-positive cells using a threshold method (Auto Threshold: Triangle).
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MyoD intensity was measured in the total image, and nuclei were counted in the total
image, in MyoD-negative cells and in MyoD-positive cells.

4.6. RNA Extraction and gPCR

RNA was isolated using the RNeasy Mini Kit (Qiagen N.V., Venlo, The Netherlands)
according to the manufacturer’s specifications. The yield and purity of RNA were mea-
sured with the BioTek Synergy HTX plate reader (Agilent Technologies, Santa Clara, CA,
USA) using the BioTek Gen5 software version 3.11. 500 ng RNA was used to synthesize
complementary DNA (cDNA) with the iScript™ c¢DNA synthesis kit (Bio-Rad). cDNA
was diluted 1:50 and quantitative polymerase chain reaction (GQPCR) was performed (15 uL
reaction) with the CFX Connect Real-Time PCR system (Bio-Rad) using iQ SYBR® Green
Supermix. Samples were incubated for 3 min at 95 °C followed by thermocycling of 12s
at 95 °C and 30 s at 55 °C for 38 cycles. Primers, validated for amplification efficiency,
were used at a concentration of 450 nM (Table 1). Based on the Pfaffl method [67], 14-3-3
protein zeta/delta (YWHAZ) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were used as housekeeping genes and relative gene expression was calculated.

Table 1. Overview of primers used in the study.

Primer Sequence Forward Primer Sequence Reverse
Gene Name (5 to 3) (5" to 3)
C"“(%‘%;rl‘u%f’e 1 CCTGGACGCCATCAAGGTCT TTTTCCTTGGGGTTCGGGCT
COI](E‘(?O‘?S‘;IY)PQ 3 GACCAAAAGGTGATGCTGGACAG ~ CAAGACCTCGTGCTCCAGTTAG
Glutamate cysteine
ligase catalytic ATGTGGACACCCGATGCAGTATT  TGTCTTGCTTGTAGTCAGGATGGTTT
subunit (GCLC)
NADP&;’CZ;@S‘? 4 GAACCCAAGTTCCAAGCTCATT GGCACAAAGGTCCAGAAATCC
14-3-3 protein
seta/delta (YWHAz) ~ TOCTGGTGATGACAAGAAAGGAA AACACAGAGAAGTTGAGGGCCA
Glyceraldehyde
3-phosphate CAACTCACTCAAGATTGTCAGCAA TGGCAGTGATGGCATGGA
dehydrogenase
(GAPDH)

4.7. Caspase-3 Activity Assay

A colorimetric caspase-3 assay kit (Abcam) was used to assess caspase-3 activity
following the manufacturer’s protocol. In brief, cells were lysed after 48 h of myogenic
differentiation (control 48 h) and after 24 h of additional treatment with TGF-1 with or
without co-treatments (Figure 1). Cellular protein extracts were centrifuged for 1 min at
12,000 rpm at 4 °C. Supernatant was sampled and incubated with the substrate N-Acetyl-
Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA, 200 uM) in reaction buffer containing
10 mM dithiothreitol (DTT) for 90 min at 37 °C. Immediately after substrate incubation, rel-
ative caspase-3 activity was assessed by measuring the end-point absorbance at A = 405 nm
and 37 °C using the BioTek Synergy HTX plate reader (Agilent Technologies). Caspase-3
activity was corrected for total protein content measured with a bicinchoninic acid assay
(BCA, ThermoFisher Scientific). Hydrogen peroxide (H,O;) in a concentration of 50 uM
was used as a positive control.

4.8. Statistical Analyses

Data are presented as mean + standard error of the mean (SEM), if not normally
distributed as median and interquartile range. Normality was tested with the Shapiro—
Wilk test. To test for statistical significance, one-way ANOVA was used for normally
distributed data (total intensity «SMA of co-treatment, qPCR data, caspase-3 activity
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data), and the Kruskal-Wallis test was used for not normally distributed data (all other
immunofluorescence data). Statistical analyses were performed using Graphpad Prism
10.1.1 software (GraphPad Software, Boston, MA, USA) and p-values < 0.05 were considered
statistically significant. At least three independent experiments were performed for each
outcome measure. In the figure captions, N corresponds to the number of independent
experiments, while 7 indicates the number of biological replicates. All data (in the text
and figures) are presented as the fold change compared to control 96/120 h, except for the
number of nuclei which is expressed in absolute numbers.
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Abbreviations

The following abbreviations are used in this manuscript:

Ac-DEVD-pNA N-Acetyl-Asp-Glu-Val-Asp p-nitroanilide
«SMA alpha smooth muscle actin

BAX BCL-2-like protein

-catenin catenin beta-1

BCL-2 B-cell lymphoma 2

BSA bovine serum albumin

cDNA complementary DNA

Collal collagen type 1

Col3al collagen type 3

DAPI 4/ 6-diamidino-2-phenylindole

DMD Duchenne muscular dystrophy

DMEM Dulbecco’s modified Eagle medium
DMSO dimethylsulfoxide

DPBS Dulbecco’s phosphate-buffered saline
DTT dithiothreitol

ECM extracellular matrix

FBS fetal bovine serum

GAPDH glyceraldehyde 3-phosphate dehydrogenase
GCLC glutamate cysteine ligase catalytic subunit
GSH glutathione

HEPES N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
hiFBS heat-inactivated fetal bovine serum

H,0, hydrogen peroxide
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insulin-like growth factor 1/protein kinase B/mammalian
IGF1R/AKT/mTOR growt /p /
target of rapamycin
ITG1B/FAK/paxillin  integrin-B1/focal adhesion kinase/paxillin
LDH lactate dehydrogenase
MAPK mitogen-activated protein kinase
mTOR mammalian target of rapamycin
MyoD myoblast determination protein 1
MyoD(-) myoblast determination protein 1-negative
MyoD(+) myoblast determination protein 1-positive
NADPH oxidase/Nox nicotinamide adenine dinucleotide phosphate oxidase
Nrf-2 nuclear factor erythroid 2-related factor 2
qPCR quantitative polymerase chain reaction
ROS reactive oxygen species
SEM standard error of the mean
TGF-p1 transforming growth factor beta 1
YWHAZ 14-3-3 protein zeta/delta
Appendix A
Table Al. Overview of primary and secondary antibodies used in the study.
. Host Species Dilution . Category
Antigen Species Reactivity Factor Supplier Number
Mouse, human, rat,
-Smooth chicken, frog, canine, Sigma Aldrich
le acti Mouse rabbit, guinea pig, 1:500 (Saint Louis, MO, A5228
muscieactm goat, bovine, sheep, USA)
snake
MyoD Rabbit Mouse, human 1:500 Sigma Aldrich ZRB1452
s;l;g;is r:egelfci;i/ei?y Dilution factor Supplier Category number
ThermoFisher
Alexa Fluor™ . Scientific
Plus 488 Goat Mouse 1:500 (Waltham, MA, A48286
USA)
Texas Red Goat Rabbit 1:500 Sigma Aldrich SAB3700888

References

1.

10.

Guralnik, ].M.; Simonsick, E.M.; Ferrucci, L.; Glynn, R.].; Berkman, L.E,; Blazer, D.G.; Scherr, P.A.; Wallace, R.B. A short physical
performance battery assessing lower extremity function: Association with self-reported disability and prediction of mortality and
nursing home admission. J. Gerontol. 1994, 49, M85-M94. [CrossRef] [PubMed]

Metter, E.J.; Talbot, L.A.; Schrager, M.; Conwit, R. Skeletal muscle strength as a predictor of all-cause mortality in healthy men. J.
Gerontol. Ser. A Biol. Sci. Med. Sci. 2002, 57, B359-B365. [CrossRef] [PubMed]

Yuan, S.; Larsson, S.C. Epidemiology of sarcopenia: Prevalence, risk factors, and consequences. Metabolism 2023, 144, 155533.
[CrossRef]

Ethgen, O.; Beaudart, C.; Buckinx, E; Bruyere, O.; Reginster, ].Y. The Future Prevalence of Sarcopenia in Europe: A Claim for
Public Health Action. Calcif. Tissue Int. 2017, 100, 229-234. [CrossRef]

Brack, A.S.; Bildsoe, H.; Hughes, S.M. Evidence that satellite cell decrement contributes to preferential decline in nuclear number
from large fibres during murine age-related muscle atrophy. J. Cell Sci. 2005, 118, 4813-4821. [CrossRef]

Sousa-Victor, P; Gutarra, S.; Garcia-Prat, L.; Rodriguez-Ubreva, J.; Ortet, L.; Ruiz-Bonilla, V.; Jardi, M.; Ballestar, E.; Gonzilez, S.;
Serrano, A.L.; et al. Geriatric muscle stem cells switch reversible quiescence into senescence. Nature 2014, 506, 316-321. [CrossRef]
Murioz-Cénoves, P.; Neves, ].; Sousa-Victor, P. Understanding muscle regenerative decline with aging: New approaches to bring
back youthfulness to aged stem cells. FEBS ]. 2020, 287, 406-416. [CrossRef]

Cencetti, F.; Bernacchioni, C.; Nincheri, P.; Donati, C.; Bruni, P. Transforming growth factor-betal induces transdifferentiation of
myoblasts into myofibroblasts via up-regulation of sphingosine kinase-1/S1P3 axis. Mol. Biol. Cell 2010, 21, 1111-1124. [CrossRef]
Tai, Y.; Woods, E.L.; Dally, ].; Kong, D.; Steadman, R.; Moseley, R.; Midgley, A.C. Myofibroblasts: Function, Formation, and Scope
of Molecular Therapies for Skin Fibrosis. Biomolecules 2021, 11, 1095. [CrossRef]

Hu, B.; Wu, Z.; Phan, S.H. Smad3 mediates transforming growth factor-beta-induced alpha-smooth muscle actin expression. Am.
J. Respir. Cell Mol. Biol. 2003, 29, 397-404. [CrossRef]


https://doi.org/10.1093/geronj/49.2.M85
https://www.ncbi.nlm.nih.gov/pubmed/8126356
https://doi.org/10.1093/gerona/57.10.B359
https://www.ncbi.nlm.nih.gov/pubmed/12242311
https://doi.org/10.1016/j.metabol.2023.155533
https://doi.org/10.1007/s00223-016-0220-9
https://doi.org/10.1242/jcs.02602
https://doi.org/10.1038/nature13013
https://doi.org/10.1111/febs.15182
https://doi.org/10.1091/mbc.e09-09-0812
https://doi.org/10.3390/biom11081095
https://doi.org/10.1165/rcmb.2003-0063OC

Int. J. Mol. Sci. 2025, 26, 5151 21 0f23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Evans, R.A,; Tian, Y.C; Steadman, R.; Phillips, A.O. TGF-betal-mediated fibroblast-myofibroblast terminal differentiation-the role
of Smad proteins. Exp. Cell Res. 2003, 282, 90-100. [CrossRef] [PubMed]

Mann, C.J.; Perdiguero, E.; Kharraz, Y.; Aguilar, S.; Pessina, P.; Serrano, A.L.; Mufioz-Céanoves, P. Aberrant repair and fibrosis
development in skeletal muscle. Skelet. Muscle 2011, 1, 21. [CrossRef] [PubMed]

Thorsteinsdoéttir, S.; Deries, M.; Cachago, A.S.; Bajanca, F. The extracellular matrix dimension of skeletal muscle development.
Dev. Biol. 2011, 354, 191-207. [CrossRef]

Zhang, H.Y.; Phan, S.H. Inhibition of myofibroblast apoptosis by transforming growth factor beta(1). Am. J. Respir. Cell Mol. Biol.
1999, 21, 658-665. [CrossRef]

Casalena, G.; Daehn, I; Bottinger, E. Transforming growth factor-f3, bioenergetics, and mitochondria in renal disease. Semin.
Nephrol. 2012, 32, 295-303. [CrossRef]

Herranz-Itirbide, M.; Pefiuelas-Haro, I.; Espinosa-Sotelo, R.; Bertran, E.; Fabregat, I. The TGF-f3/NADPH Oxidases Axis in the
Regulation of Liver Cell Biology in Health and Disease. Cells 2021, 10, 2312. [CrossRef]

Liu, RM,; Gaston Pravia, K.A. Oxidative stress and glutathione in TGF-beta-mediated fibrogenesis. Free Radic. Biol. Med. 2010, 48, 1-15.
[CrossRef]

Liu, RM.; Desai, L.P. Reciprocal regulation of TGF-f3 and reactive oxygen species: A perverse cycle for fibrosis. Redox Biol. 2015, 6,
565-577. [CrossRef]

Alnageeb, M.A; Al Zaid, N.S.; Goldspink, G. Connective tissue changes and physical properties of developing and ageing
skeletal muscle. J. Anat. 1984, 139, 677-689.

Wood, LK.; Kayupov, E.; Gumucio, J.P.; Mendias, C.L.; Claflin, D.R.; Brooks, S.V. Intrinsic stiffness of extracellular matrix
increases with age in skeletal muscles of mice. J. Appl. Physiol. 2014, 117, 363-369. [CrossRef]

Cao, Y,; Chen, H.; Sun, Y,; Fan, Z.; Cheng, H. Quercetin inhibits fibroblasts proliferation and reduces surgery-induced epidural
fibrosis via the autophagy-mediated PI3K/Akt/mTOR pathway. Bioengineered 2022, 13, 9973-9986. [CrossRef] [PubMed]

Choi, ].H,; Jin, SW.; Choi, C.Y.; Kim, H.G.; Lee, G.H.; Kim, Y.A,; Chung, Y.C,; Jeong, H.G. Capsaicin Inhibits Dimethylnitrosamine-
Induced Hepatic Fibrosis by Inhibiting the TGF-1/Smad Pathway via Peroxisome Proliferator-Activated Receptor Gamma
Activation. . Agric. Food Chem. 2017, 65, 317-326. [CrossRef] [PubMed]

Gong, ].H.; Cho, LH.; Shin, D.; Han, S.Y.; Park, S.H.; Kang, Y.H. Inhibition of airway epithelial-to-mesenchymal transition and
fibrosis by kaempferol in endotoxin-induced epithelial cells and ovalbumin-sensitized mice. Lab. Investig. 2014, 94, 297-308.
[CrossRef]

Guan, Y,; Quan, D.; Chen, K; Kang, L.; Yang, D.; Wu, H.; Yan, M.; Wu, S.; Lv, L.; Zhang, G. Kaempferol inhibits renal fibrosis by
suppression of the sonic hedgehog signaling pathway. Phytomedicine 2023, 108, 154246. [CrossRef]

Liu, Y; Gao, L.; Guo, S; Liu, Y,; Zhao, X.; Li, R.; Yan, X; Li, Y.; Wang, S.; Niu, X,; et al. Kaempferol Alleviates Angiotensin
II-Induced Cardiac Dysfunction and Interstitial Fibrosis in Mice. Cell. Physiol. Biochem. 2017, 43, 2253-2263. [CrossRef]

Liu, Z.; Wang, W.; Li, X;; Tang, S.; Meng, D.; Xia, W.; Wang, H.; Wu, Y.; Zhou, X.; Zhang, ]. Capsaicin ameliorates renal fibrosis by
inhibiting TGF-1-Smad2/3 signaling. Phytomedicine 2022, 100, 154067. [CrossRef]

Ren, J.; Li, J; Liu, X.; Feng, Y.; Gui, Y,; Yang, J.; He, W.; Dai, C. Quercetin Inhibits Fibroblast Activation and Kidney Fibrosis
Involving the Suppression of Mammalian Target of Rapamycin and 3-catenin Signaling. Sci. Rep. 2016, 6, 23968. [CrossRef]
Sekiguchi, A.; Motegi, S.I.; Fujiwara, C.; Yamazaki, S.; Inoue, Y.; Uchiyama, A.; Akai, R.; Iwawaki, T.; Ishikawa, O. Inhibitory
effect of kaempferol on skin fibrosis in systemic sclerosis by the suppression of oxidative stress. J. Dermatol. Sci. 2019, 96, 8-17.
[CrossRef]

Xu, T.; Huang, S.; Huang, Q.; Ming, Z.; Wang, M.; Li, R.; Zhao, Y. Kaempferol attenuates liver fibrosis by inhibiting activin
receptor-like kinase 5. J. Cell. Mol. Med. 2019, 23, 6403-6410. [CrossRef]

Abdulaal, W.H.; Asfour, H.Z.; Helmi, N.; Al Sadoun, H.; Eldakhakhny, B.; Alhakamy, N.A.; Algarni, H.M.; Alzahrani, S.A.M.; El-
Moselhy, M.A.; Sharkawi, S.S.; et al. Capsaicin ameliorate pulmonary fibrosis via antioxidant Nrf-2/PPAR-y pathway activation
and inflammatory TGF-31/NF-«kB/COX II pathway inhibition. Front. Pharmacol. 2024, 15, 1333715. [CrossRef]
Reyes-Avendario, I.; Reyes-Jiménez, E.; Gonzalez-Garcia, K.; Pérez-Figueroa, D.C.; Baltiérrez-Hoyos, R.; Tapia-Pastrana, G.;
Sénchez-Chino, X.M.; Villa-Trevifio, S.; Arellanes-Robledo, J.; Vasquez-Garzén, V.R. Quercetin Regulates Key Components of the
Cellular Microenvironment during Early Hepatocarcinogenesis. Antioxidants 2022, 11, 358. [CrossRef] [PubMed]

Zhang, Y.; Wang, J.; Zhou, S.; Xie, Z.; Wang, C.; Gao, Y.; Zhou, J.; Zhang, X.; Li, Q. Flavones hydroxylated at 5, 7, 3’ and 4’
ameliorate skin fibrosis via inhibiting activin receptor-like kinase 5 kinase activity. Cell Death Dis. 2019, 10, 124. [CrossRef]
[PubMed]

Morré, D.J.; Chueh, PJ.; Morré, D.M. Capsaicin inhibits preferentially the NADH oxidase and growth of transformed cells in
culture. Proc. Natl. Acad. Sci. USA 1995, 92, 1831-1835. [CrossRef]

Shen, Y.; Zhang, Q.; Huang, Z.; Zhu, J.; Qiu, J.; Ma, W.; Yang, X.; Ding, E; Sun, H. Isoquercitrin Delays Denervated Soleus Muscle
Atrophy by Inhibiting Oxidative Stress and Inflammation. Front. Physiol. 2020, 11, 988. [CrossRef]


https://doi.org/10.1016/S0014-4827(02)00015-0
https://www.ncbi.nlm.nih.gov/pubmed/12531695
https://doi.org/10.1186/2044-5040-1-21
https://www.ncbi.nlm.nih.gov/pubmed/21798099
https://doi.org/10.1016/j.ydbio.2011.03.015
https://doi.org/10.1165/ajrcmb.21.6.3720
https://doi.org/10.1016/j.semnephrol.2012.04.009
https://doi.org/10.3390/cells10092312
https://doi.org/10.1016/j.freeradbiomed.2009.09.026
https://doi.org/10.1016/j.redox.2015.09.009
https://doi.org/10.1152/japplphysiol.00256.2014
https://doi.org/10.1080/21655979.2022.2062530
https://www.ncbi.nlm.nih.gov/pubmed/35412948
https://doi.org/10.1021/acs.jafc.6b04805
https://www.ncbi.nlm.nih.gov/pubmed/27991776
https://doi.org/10.1038/labinvest.2013.137
https://doi.org/10.1016/j.phymed.2022.154246
https://doi.org/10.1159/000484304
https://doi.org/10.1016/j.phymed.2022.154067
https://doi.org/10.1038/srep23968
https://doi.org/10.1016/j.jdermsci.2019.08.004
https://doi.org/10.1111/jcmm.14528
https://doi.org/10.3389/fphar.2024.1333715
https://doi.org/10.3390/antiox11020358
https://www.ncbi.nlm.nih.gov/pubmed/35204240
https://doi.org/10.1038/s41419-019-1333-7
https://www.ncbi.nlm.nih.gov/pubmed/30741930
https://doi.org/10.1073/pnas.92.6.1831
https://doi.org/10.3389/fphys.2020.00988

Int. J. Mol. Sci. 2025, 26, 5151 22 0f 23

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

Wang, W.; Ma, B.L.; Xu, C.G.; Zhou, X.J. Dihydroquercetin protects against renal fibrosis by activating the Nrf2 pathway.
Phytomedicine 2020, 69, 153185. [CrossRef]

Hao, W,; Li, M,; Cai, Q.; Wu, S.; Li, X.; He, Q.; Hu, Y. Roles of NRF2 in Fibrotic Diseases: From Mechanisms to Therapeutic
Approaches. Front. Physiol. 2022, 13, 889792. [CrossRef]

Li, Y.; Foster, W.; Deasy, B.M.; Chan, Y.; Prisk, V; Tang, Y.; Cummins, J.; Huard, J. Transforming growth factor-betal induces the
differentiation of myogenic cells into fibrotic cells in injured skeletal muscle: A key event in muscle fibrogenesis. Am. J. Pathol.
2004, 164, 1007-1019. [CrossRef]

Shi, A.; Hillege, M.M.G.; Wiist, R.C.I; Wu, G,; Jaspers, R.T. Synergistic short-term and long-term effects of TGF-1 and 3 on
collagen production in differentiating myoblasts. Biochem. Biophys. Res. Commun. 2021, 547, 176-182. [CrossRef]

Liu, D.; Black, B.L.; Derynck, R. TGF-beta inhibits muscle differentiation through functional repression of myogenic transcription
factors by Smad3. Genes Dev. 2001, 15, 2950-2966. [CrossRef]

Massagué, J.; Cheifetz, S.; Endo, T.; Nadal-Ginard, B. Type beta transforming growth factor is an inhibitor of myogenic
differentiation. Proc. Natl. Acad. Sci. USA 1986, 83, 8206-8210. [CrossRef]

Xiao, Y.;; Zhou, L.; Zhang, T.; Qin, C.; Wei, P.; Luo, L.; Luo, L.; Huang, G.; Chen, A.; Liu, G. Anti-fibrosis activity of quercetin
attenuates rabbit tracheal stenosis via the TGF-3 / AKT/mTOR signaling pathway. Life Sci. 2020, 250, 117552. [CrossRef] [PubMed]
Wang, Q.; Ma, S.; Li, D.; Zhang, Y.; Tang, B.; Qiu, C.; Yang, Y.; Yang, D. Dietary capsaicin ameliorates pressure overload-induced
cardiac hypertrophy and fibrosis through the transient receptor potential vanilloid type 1. Am. |. Hypertens. 2014, 27, 1521-1529.
[CrossRef] [PubMed]

Gao, 5.S.; Choi, B.M.; Chen, X.Y.; Zhu, R.Z.; Kim, Y.; So, H.; Park, R.; Sung, M.; Kim, B.R. Kaempferol suppresses cisplatin-induced
apoptosis via inductions of heme oxygenase-1 and glutamate-cysteine ligase catalytic subunit in HEI-OC1 cell. Pharm. Res. 2010,
27,235-245. [CrossRef] [PubMed]

Li, H.; Weng, Q.; Gong, S.; Zhang, W.; Wang, ].; Huang, Y; Li, Y.; Guo, J.; Lan, T. Kaempferol prevents acetaminophen-induced
liver injury by suppressing hepatocyte ferroptosis via Nrf2 pathway activation. Food Funct. 2023, 14, 1884-1896. [CrossRef]
Hinz, B.; Lagares, D. Evasion of apoptosis by myofibroblasts: A hallmark of fibrotic diseases. Nat. Rev. Rheumatol. 2020, 16, 11-31.
[CrossRef]

Loomis, T.; Hu, L.Y.; Wohlgemuth, R.P.; Chellakudam, R.R.; Muralidharan, P.D.; Smith, L.R. Matrix stiffness and architecture
drive fibro-adipogenic progenitors” activation into myofibroblasts. Sci. Rep. 2022, 12, 13582. [CrossRef]

Duan, D.; Derynck, R. Transforming growth factor-p (TGF-f3)-induced up-regulation of TGF-§ receptors at the cell surface
amplifies the TGF-f3 response. J. Biol. Chem. 2019, 294, 8490-8504. [CrossRef]

Cizmarova, B.; Hubkova, B.; Birkova, A. Quercetin as an effective antioxidant against superoxide radical. Funct. Food Sci. 2023, 3,
15-25. [CrossRef]

Fazilatun, N.; Nornisah, M.; Zhari, I. Superoxide radical scavengingproperties of extracts and flavonoids isolated from the
leavesof Blumea balsamifera. Pharm. Biol. 2005, 43, 15-20. [CrossRef]

Hour, T.C.; Lan Nhi, N.T; Lai, L].; Chuu, C.P; Lin, P.C.; Chang, HW.; Su, Y.E; Chen, C.H.; Chen, Y.K. Kaempferol-Enhanced
Migration and Differentiation of C2C12 Myoblasts via ITG1B/FAK/Paxillin and IGFIR/AKT/mTOR Signaling Pathways. Mol.
Nutr. Food Res. 2024, 68, €2300685. [CrossRef]

Jeong, H.; Lee, ].Y,; Jang, E.J.; Lee, E.-H.; Bae, M.A.; Hong, ] H.; Hwang, E.S. Hesperedin promotes MyoD-induced myogenic
differentiation in vitro and in vivo. Br. J. Pharmacol. 2011, 163, 598-608. [CrossRef] [PubMed]

Wang, M.Y,; Yang, ] M.; Wu, Y;; Li, H.; Zhong, Y.B.; Luo, Y,; Xie, R.L. Curcumin-activated Wnt5a pathway mediates Ca(2+) channel
opening to affect myoblast differentiation and skeletal muscle regeneration. J. Cachexia Sarcopenia Muscle 2024, 15, 1834-1849.
[CrossRef] [PubMed]

Yoo, M,; Lee, S.J.; Kim, YK.; Seo, D.W.; Baek, N.I;; Ryu, J.H.; Kang, J.S.; Bae, G.U. Dehydrocorydaline promotes myogenic
differentiation via p38 MAPK activation. Mol. Med. Rep. 2016, 14, 3029-3036. [CrossRef]

Artaud-Macari, E.; Goven, D.; Brayer, S.; Hamimi, A.; Besnard, V.; Marchal-Somme, J.; Ali, Z.E.; Crestani, B.; Kerdine-Rémer, S.;
Boutten, A.; et al. Nuclear factor erythroid 2-related factor 2 nuclear translocation induces myofibroblastic dedifferentiation in
idiopathic pulmonary fibrosis. Antioxid. Redox Signal. 2013, 18, 66-79. [CrossRef]

Zhang, M.; Chang, G.; Gao, S.; Wei, J.; Chen, M.; Song, L.; Lu, J.; Sheng, J.; Ma, X. Kaempferol protects against dexamethasone-
induced muscle atrophy in mice by increasing PI3K/AKT/mTOR and NRF2/HO-1/KEAP1 signaling pathways: Network
pharmacology, molecular docking, and experimental validation studies. Food Sci. Hum. Wellness 2024. Available online:
https:/ /www.sciopen.com/article /10.26599 /FSHW.2024.9250362 (accessed on 22 May 2025). [CrossRef]

Gabbiani, G. The biology of the myofibroblast. Kidney Int. 1992, 41, 530-532. [CrossRef]

Makarenkova, H.P.; Gonzalez, K.N.; Kiosses, W.B.; Meech, R. Barx2 controls myoblast fusion and promotes MyoD-mediated
activation of the smooth muscle alpha-actin gene. . Biol. Chem. 2009, 284, 14866—14874. [CrossRef]

Springer, M.L.; Ozawa, C.R.; Blau, H.M. Transient production of alpha-smooth muscle actin by skeletal myoblasts during
differentiation in culture and following intramuscular implantation. Cell Motil. Cytoskelet. 2002, 51, 177-186. [CrossRef]


https://doi.org/10.1016/j.phymed.2020.153185
https://doi.org/10.3389/fphys.2022.889792
https://doi.org/10.1016/S0002-9440(10)63188-4
https://doi.org/10.1016/j.bbrc.2021.02.007
https://doi.org/10.1101/gad.925901
https://doi.org/10.1073/pnas.83.21.8206
https://doi.org/10.1016/j.lfs.2020.117552
https://www.ncbi.nlm.nih.gov/pubmed/32179074
https://doi.org/10.1093/ajh/hpu068
https://www.ncbi.nlm.nih.gov/pubmed/24858305
https://doi.org/10.1007/s11095-009-0003-3
https://www.ncbi.nlm.nih.gov/pubmed/19937094
https://doi.org/10.1039/D2FO02716J
https://doi.org/10.1038/s41584-019-0324-5
https://doi.org/10.1038/s41598-022-17852-2
https://doi.org/10.1074/jbc.RA118.005763
https://doi.org/10.31989/ffs.v3i3.1076
https://doi.org/10.1080/13880200590903264
https://doi.org/10.1002/mnfr.202300685
https://doi.org/10.1111/j.1476-5381.2011.01243.x
https://www.ncbi.nlm.nih.gov/pubmed/21265826
https://doi.org/10.1002/jcsm.13535
https://www.ncbi.nlm.nih.gov/pubmed/38982896
https://doi.org/10.3892/mmr.2016.5653
https://doi.org/10.1089/ars.2011.4240
https://www.sciopen.com/article/10.26599/FSHW.2024.9250362
https://doi.org/10.26599/FSHW.2024.9250362
https://doi.org/10.1038/ki.1992.75
https://doi.org/10.1074/jbc.M807208200
https://doi.org/10.1002/cm.10022

Int. J. Mol. Sci. 2025, 26, 5151 23 0f 23

59.

60.

61.

62.

63.

64.

65.

66.

67.

Bersini, S.; Gilardi, M.; Mora, M.; Krol, S.; Arrigoni, C.; Candrian, C.; Zanotti, S.; Moretti, M. Tackling muscle fibrosis: From
molecular mechanisms to next generation engineered models to predict drug delivery. Adv. Drug Deliv. Rev. 2018, 129, 64-77.
[CrossRef]

Bersini, S.; Gilardi, M.; Ugolini, G.S.; Sansoni, V.; Talo, G.; Perego, S.; Zanotti, S.; Ostano, P.; Mora, M.; Soncini, M.; et al. Engineer-
ing an Environment for the Study of Fibrosis: A 3D Human Muscle Model with Endothelium Specificity and Endomysium. Cell
Rep. 2018, 25, 3858-3868.e3854. [CrossRef]

Fede, C.; Fan, C,; Pirri, C,; Petrelli, L.; Biz, C.; Porzionato, A.; Macchi, V.; De Caro, R.; Stecco, C. The Effects of Aging on the
Intramuscular Connective Tissue. Int. ]. Mol. Sci. 2022, 23, 11061. [CrossRef] [PubMed]

Babraj, ].A.; Cuthbertson, D.J.; Smith, K.; Langberg, H.; Miller, B.; Krogsgaard, M.R.; Kjaer, M.; Rennie, M.]. Collagen synthesis in
human musculoskeletal tissues and skin. Am. J. Physiol. Endocrinol. Metab. 2005, 289, E864-E869. [CrossRef] [PubMed]

Haus, ].M.; Carrithers, J.A.; Trappe, S.W.; Trappe, T.A. Collagen, cross-linking, and advanced glycation end products in aging
human skeletal muscle. J. Appl. Physiol. 2007, 103, 2068-2076. [CrossRef]

Jarvinen, T.A,; J6zsa, L.; Kannus, P; Jarvinen, T.L.; Jarvinen, M. Organization and distribution of intramuscular connective tissue
in normal and immobilized skeletal muscles. An immunohistochemical, polarization and scanning electron microscopic study. J.
Muscle Res. Cell Motil. 2002, 23, 245-254. [CrossRef]

Malis, V.; Sinha, U.; Smitaman, E.; Obra, ] K.L.; Langer, H.T.; Mossakowski, A.A.; Baar, K.; Sinha, S. Time-dependent diffusion
tensor imaging and diffusion modeling of age-related differences in the medial gastrocnemius and feasibility study of correlations
to histopathology. NMR Biomed. 2023, 36, €4996. [CrossRef]

Cuijpers, I.; Dohmen, C.G.M.; Bouwman, EG.; Troost, FJ.; Sthijns, M. Hesperetin but not ellagic acid increases myosin heavy
chain expression and cell fusion in C2C12 myoblasts in the presence of oxidative stress. Front. Nutr. 2024, 11, 1377071. [CrossRef]
Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.addr.2018.02.009
https://doi.org/10.1016/j.celrep.2018.11.092
https://doi.org/10.3390/ijms231911061
https://www.ncbi.nlm.nih.gov/pubmed/36232366
https://doi.org/10.1152/ajpendo.00243.2005
https://www.ncbi.nlm.nih.gov/pubmed/15972270
https://doi.org/10.1152/japplphysiol.00670.2007
https://doi.org/10.1023/A:1020904518336
https://doi.org/10.1002/nbm.4996
https://doi.org/10.3389/fnut.2024.1377071
https://doi.org/10.1093/nar/29.9.e45

	Introduction 
	Results 
	Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect SMA Intensity in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect MyoD Intensity in Two-Days Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Quercetin, Kaempferol or Capsaicin Reduced SMA Intensity in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Kaempferol or Capsaicin Increased MyoD Intensity in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Pre-Treatment with Quercetin, Kaempferol or Capsaicin Did Not Affect the Number of Nuclei in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Kaempferol or Capsaicin Reduced the Number of MyoD-Negative Nuclei in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Kaempferol or Capsaicin Did Not Affect Caspase-3 Activity in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Pre-Treatment with Quercetin Reduced Collagen Type 1 (Col1a1) Gene Expression in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Kaempferol or Capsaicin Reduced Collagen Type I (Col1a1) and Kaempferol Reduced Collagen Type 3 (Col3a1) Gene Expression in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Quercetin or Kaempferol Increased GCLC Gene Expression in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 
	Co-Treatment with Quercetin or Kaempferol Decreased Nox4 Gene Expression in Two-Day-Differentiated C2C12 Cells Exposed to TGF-1 

	Discussion 
	Materials and Methods 
	Chemicals 
	Cell Culture and Myogenic Differentiation 
	Myofibroblast Differentiation and Phytochemical Treatment 
	Immunofluorescence Stainings of Myogenic and Fibrotic Markers 
	Image Analyses 
	RNA Extraction and qPCR 
	Caspase-3 Activity Assay 
	Statistical Analyses 

	Appendix A
	References

