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ABSTRACT

Background: Prostate cancer is among the most frequently identified malignant tumors in men. Epithelial-mesenchymal
transition (EMT) serves as a key process driving tumor development and enabling cancer cells to spread to remote tissues.
Salvianolic acid (SA), a polyphenolic compound derived from Salvia miltiorrhiza, exhibits potential anticancer effects. This
research explores the impact of SA on the regulation of EMT and mitochondrial biogenesis in LNCaP and LNCaP-Enz-R prostate
cancer cells.

Methods: The effects of SA on cell viability, migration, and mitochondrial function were assessed using MTT assay, wound healing
assay, and JC-1 staining. Western blotting was conducted to assess the levels of EMT-related markers (E-cadherin, Snail, a-SMA,
and Slug) along with critical regulators of mitochondrial biogenesis, such as AMP-activated protein kinase (AMPK), PGC-1q,
SIRT1, and NRF1. ATP production and mitochondrial membrane potential (A%¥m) were measured to evaluate mitochondrial
activity.

Results: SA significantly inhibited the expansion, viability, and movement of LNCaP and LNCaP-Enz-R cells. SA administration
significantly inhibited EMT, as indicated by increased E-cadherin expression and reduced expression of a-SMA, Snail, and Slug.
Moreover, SA promoted mitochondrial biogenesis by activating the AMPK/PGC-1a/SIRT1/NRF1 pathway, resulting in enhanced
ATP generation and maintenance of A¥m.

Conclusion: SA exhibited strong anticancer effects in prostate cancer cells by inhibiting EMT and stimulating mitochondrial
biogenesis, further interfering with tumor progression. Reportedly, SA can be a promising treatment option for prostate cancer.
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1 | Introduction

Prostate cancer is the second most frequently detected malig-
nancy and continues to be a major contributor to cancer-related
deaths among men globally [1]. Despite advancements in di-
agnosis and treatment, many patients eventually develop
advanced-stage disease, particularly castration-resistant prostate
cancer (CRPC) [2-4], which often has a poor prognosis and
limited therapeutic options [5, 6]. Epithelial-mesenchymal
transition (EMT) is a key molecular mechanism driving prostate
cancer progression and therapeutic resistance [7]. This biological
process enhances cancer cell plasticity, facilitating migration,
invasion, and metastasis [4, 8]. EMT involves the downregulation
of epithelial markers such as E-cadherin, along with the in-
creased expression of mesenchymal markers like smooth muscle
actin (SMA), Snail, and Slug [9]. Because EMT is strongly linked
to metastasis and treatment resistance, it has become a primary
focus in the development of novel anticancer therapies [10].

Apart from EMT, metabolic reprogramming and mitochondrial
dysfunction are crucial hallmarks of cancer that adapt tumor
cells for the high energy demands required for uncontrolled
growth and metastasis [11-13]. As the primary sites of ATP
production and regulators of cellular metabolism, mitochondria
are crucial in cancer cell survival [12]. Prostate cancer cells, in
particular, rely on mitochondrial biogenesis and metabolic
plasticity to promote their growth and overcome therapeutic
challenges. The AMP-activated protein kinase (AMPK) pathway
is essential for regulating mitochondrial biogenesis and pre-
serving cellular energy homeostasis, emphasizing its viability as
a therapeutic target for multiple diseases [14-22]. This pathway is
often dysregulated in cancer cells and contributes to their en-
hanced proliferative and migratory capacity. Thus, strategies
aimed at restoring mitochondrial function and regulating the
AMPK/SIRT1/PGC-1a pathway may provide therapeutic ad-
vantages for prostate cancer treatment.

Salvianolic acid (SA), a polyphenol extracted from Salvia mil-
tiorrhiza, exhibits diverse pharmacological effects, such as an-
tioxidant, anti-inflammatory, and anticancer activities [14-27].
SA exhibits antitumor activity across various cancers by mod-
ulating critical signaling pathways that govern cell survival,
apoptosis, and metastasis. However, the specific effects of SA on
EMT and mitochondrial biogenesis in prostate cancer cells re-
main largely unexplored.

Recognizing the pivotal involvement of EMT and mitochondrial
function in prostate cancer progression, this study explores the
molecular mechanisms through which SA exerts its anticancer
effects in LNCaP and LNCaP-Enz-R prostate cancer cells. Spe-
cifically, we hypothesized that SA suppresses cancer cell viability,
migration, and EMT by modulating mitochondrial biogenesis-
related signaling pathways, including AMPK, SIRT1, PGC-la,
and nuclear respiratory factor 1 (NRF1). To test this hypothesis, we
analyzed the impact of SA on EMT marker expression, mito-
chondrial biogenesis, ATP generation, and mitochondrial mem-
brane potential (A¥m). Our integrated findings would provide
novel insights into the therapeutic potential of SA and its dual role
in targeting EMT and mitochondrial function in prostate cancer.

This research aims to explore the molecular mechanisms of SA
and assess its viability as a treatment approach for prostate
cancer, with an emphasis on CRPC.

2 | Materials and Methods

2.1 | Cell Culture

LNCaP cells were obtained from the American Type Culture
Collection (Rockville, MD, USA) and cultured in Dulbecco’s
Modified Eagle Medium (Thermo Fisher Scientific, Waltham,
MA, USA) with the addition of 10% fetal bovine serum (Thermo
Fisher Scientific). Cultivation was carried out at 37°C in a hu-
midified chamber under a 5% CO, environment. Enzalutamide-
resistant LNCaP cell lines (LNCaP-Enz-R) were generated by
continuous exposure of LNCaP cells to enzalutamide (5 uM) for
over 6 months. The LNCaP-Enz-R cells used in this study were
kindly provided by Dr. See-Tong Pang.

22 |

SA B (B7186, Sigma-Aldrich, MO, USA) was initially dissolved in
DMSO to create a high-concentration stock solution. Before
application, the stock solution was mixed with the culture me-
dium to achieve the required working concentrations. To avoid
possible cytotoxicity, the final DMSO content in the culture
medium was maintained at < 0.1%. Cells were treated with
AICAR (1 mM; Sigma-Aldrich, A9978) [14] or Compound C
(10 uM; Sigma-Aldrich, P5499) [15] for 24 h as AMPK activator
and inhibitor, respectively.

Reagent

23 |

LNCaP and LNCaP-Enz-R cells were seeded at a density of
5% 103 cells per well in 96-well plates and incubated overnight
for attachment prior to treatment with varying concentrations of
SA (0-400 uM). The MTT assay was performed to assess cell
viability. LNCaP and LNCaP-Enz-R cells were seeded into 96-
well plates at a predetermined density and treated with varying
concentrations of SA B (0-400 uM). Following incubation, 20 uL
of MTT reagent (5 mg/mL in PBS) was added to each well, and
the plates were incubated at 37°C for an additional 4h. The
resulting formazan crystals were dissolved in 100 4L of DMSO,
and absorbance was recorded at 570 nm using a microplate
reader. Cell growth was evaluated relative to the untreated
control group [28].

Cell Viability Assay

2.4 | Cell Migration Assay

For the migration assay, 3 x 10° cells per well were plated in 6-
well plates and allowed to reach approximately 90% confluence
before the culture insert was removed to create a wound gap.
Cells were then treated with SA under serum-free conditions for
24 h. Cell motility was evaluated using Ibidi Culture-Inserts
(Ibidi, Grifelfing, Germany). LNCaP and LNCaP-Enz-R cells
were seeded into 6-well plates, with a culture insert placed at the
center of each well. Once the cells attained approximately 90%
confluence, the inserts were gently removed, creating a cell-free
gap. The cells were exposed to different doses of SA B in a serum-
free environment and maintained in incubation for 24 h. The
movement of cells into the created gap was monitored between
0 and 24 h after treatment with an Olympus DP71 light micro-
scope (Olympus, Tokyo, Japan). Microscopic images were cap-
tured at various time points, and the extent of cell migration was
analyzed using ImageJ. The wound closure rate was calculated by
comparing the initial and final gap dimensions in relation to the
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original area. Each experiment was conducted three times to
confirm reproducibility [29].

2.5 | Western Blot Analysis

Cells were seeded at 5x 10° cells per well in 6-well plates and
cultured until ~80% confluence before treatment. After in-
cubation with SA for 24 h, cells were lysed for total protein
extraction. The cells were lysed in RIPA buffer (Thermo Fisher
Scientific) containing 1 X protease and phosphatase inhibitors
(Thermo Fisher Scientific) and incubated on ice for 30 min to
ensure complete protein isolation. The lysates were spun at
12,000 x g for 15 min at 4°C, and the supernatant was meticu-
lously collected. Protein amounts were later assessed using
a BCA protein assay kit (Thermo Fisher Scientific).

Each 30 ug protein sample was resolved on 10% SDS-PAGE gels
and then transferred onto PVDF membranes (MilliporeSigma,
Burlington, MA, USA) using the wet transfer method. To block
nonspecific binding, the membranes were incubated in 5% skim
milk diluted in TBST for 1 h at room temperature. Subsequently,
they were stored overnight at 4°C with primary antibodies tar-
geting specific proteins. EMT markers: E-cadherin (ab53033, 1:
2000; Abcam, Cambridge, UK), a-SMA (ab5694, 1:2000; Abcam),
Snail (ab216347, 1:2000; Abcam), Slug (ab302780, 1:2000;
Abcam) Mitochondrial biogenesis-related proteins: AMPK
(ab32047, 1:2000; Abcam), SIRT1 (ab110304, 1:2000; Abcam),
PGC-1a (ab54481, 1:2000; Abcam), NRF1 (ab34682, 1:2000;
Abcam), and f-actin (A5441, 1:4000; Sigma-Aldrich, St. Louis,
MO, USA)

After being rinsed three times with TBST, the membranes
were exposed to HRP-conjugated secondary antibodies (1:
5000 dilution) and kept at ambient temperature for 1h.
Protein bands were detected using the Western-Ready ECL
Substrate Plus Kit (426,316, BioLegend, San Diego, CA, USA)
and captured with the MultiGel-21 imaging system (Bio-Rad
Laboratories, Hercules, CA, USA). Band intensity was ana-
lyzed using ImageJ software, with g-actin used as a reference
for normalization [30].

2.6 | JC-1 Staining for Detecting the A¥m

The JC-1 Mitochondrial Membrane Potential Assay Kit (Cayman
Chemical, Ann Arbor, MI, USA) was utilized to evaluate A¥m
per the manufacturer’s instructions. LNCaP and LNCaP-Enz-R
cells were seeded at 2 x 10° cells per well in 6-well plates and
treated with SA for 24 h before JC-1 staining was performed to
assess the A¥m. This kit provides all necessary reagents and
detailed protocols for analyzing mitochondrial integrity in whole
cells. LNCaP and LNCaP-Enz-R cells were grown in six-well
plates and exposed to different doses of SA B for a full day. Once
incubation was completed, the cells were collected, rinsed two
times with PBS, and resuspended in 500 uL of JC-1 staining
mixture, which was created by combining the JC-1 dye reagent
with assay buffer at a 1:9 ratio. The cell mixture was subsequently
kept at 37°C for 30 min in darkness, enabling the dye to accu-
mulate within the mitochondria. After incubation, the cells were
washed two times with PBS to remove residual dye and im-
mediately analyzed using a fluorescence plate reader. For JC-1
monomers, the excitation/emission wavelengths are approxi-
mately 510/527 nm, whereas for JC-1 aggregates, they are ap-
proximately 585/590 nm. A¥m was evaluated by quantifying the

red-to-green fluorescence ratio, in which a decrease in value
indicates mitochondrial depolarization. To enhance data re-
liability and precision, all experiments were conducted in
triplicate [31].

2.7 | Statistical Analysis

All experiments were independently performed in triplicate, and
the results were presented as mean + standard deviation (SD).
Statistical analysis was conducted using one-way ANOVA, fol-
lowed by Tukey’s post hoc test for multiple comparisons.
ANOVA determined the overall variations among groups, while
Tukey’s method identified significant differences between spe-
cific pairs, reducing the risk of family-wise error in multiple
comparisons. p > 0.05 was considered statistically significant. All
data analyses were conducted utilizing GraphPad Prism
(Version 9).

3 | Results

3.1 | SA Dose-Dependently Reduced the Viability
and Activity of Hormone-Sensitive and -Resistant
Prostate Cancer Cells

The IC5o of SA was not determined in this study, as the
purpose of the assay was to evaluate the relative changes in
cell viability across different concentrations rather than to
assess cytotoxic potency [24, 32]. The effect of different SA
doses (0-400 uM) on tumor cell growth and survival was ex-
amined in hormone-dependent LNCaP cells and hormone-
independent LNCaP-Enz-R cells. Treatment with SA in
LNCaP cells resulted in a dose-dependent reduction in cell
viability, indicating its potential to suppress cancer cell
growth in hormone-responsive prostate cancer (Figure 1(a)).
Similarly, LNCaP-Enz-R cells exposed to SA exhibited a sim-
ilar dose-dependent reduction in viability, emphasizing its
suppressive impact on hormone-resistant prostate cancer cells
(Figure 1(b)). These results emphasize the potent inhibitory
effect of SA on prostate cancer cell viability and survival,
demonstrating similar effectiveness across hormone-
responsive and hormone-resistant types.

3.2 | SA Inhibited EMT and Migration in LNCaP
and LNCaP-Enz-R Cells by SA Treatment

The effect of SA on EMT markers in LNCaP and LNCaP-Enz-R
cells was evaluated by analyzing key proteins associated with
the epithelial and mesenchymal phenotypes. A 24-h incubation
period was chosen to evaluate the early effects of SA on mi-
gration and EMT-related signaling before significant cell pro-
liferation occurs, given that the doubling time of LNCaP cells is
approximately 48-60 h. As shown in Figure 2(a), increasing SA
concentrations (0-400 M) led to a dose-dependent upregula-
tion of the epithelial marker E-cadherin, while simultaneously
decreasing the mesenchymal marker a-SMA expression in
LNCaP cells. Moreover, the levels of EMT-associated tran-
scription factors Snail and Slug were significantly reduced in
a concentration-dependent manner. Western blot quantifica-
tion further validated the impact of SA on EMT-related protein
regulation in LNCaP cells (Figure 2(b)). Wound healing assays
revealed that SA exposure gradually suppressed the migration
capacity of LNCaP cells in a concentration-dependent manner
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FIGURE1 | Salvianolic acid (SA) dose-dependently reduced the cell viability and activity of hormone-sensitive and -resistant prostate cancer cells.
(a) SA treatment dose-dependently reduced the viability of LNCaP cells, indicating the suppression of cancer cell activity. (b) Similarly, LNCaP-Enz-R
cells treated with SA showed significantly decreased viability in a dose-dependent manner, further promoting the inhibitory effect of SA on prostate
cancer cell activity across different phenotypes. Data are expressed as the mean + standard deviation of three independent experiments. Statistical
significance was determined using one-way analysis of variance followed by Tukey’s post hoc test (*p <0.05).
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FIGURE 2 | Effect of salvianolic acid (SA) on epithelial-mesenchymal transition (EMT) and cell migration in LNCaP and LNCaP-Enz-R cells.
(a) Western blot analysis showed that treatment of LNCaP cells with increasing SA concentrations (0-400 uM) dose-dependently upregulated the
epithelial marker E-cadherin and downregulated the mesenchymal marker a-SMA. EMT-associated transcription factors Snail and Slug were also
significantly and dose-dependently reduced. (b) Quantification of protein expression in panel (a) confirmed the dose-dependent effects of SA on EMT-
related markers in LNCaP cells. (c) Migration assays revealed that SA treatment significantly and dose-dependently suppressed the migratory ability of
LNCaP cells. Representative wound-healing images at 0 and 24 h. Scale bar = 50 ym. (d) In LNCaP-Enz-R cells, SA treatment similarly increased the
expression of E-cadherin, decreased a-SMA levels, and dose-dependently downregulated snail and slug. (e) Quantitative analysis of protein expression
in panel (d) confirmed the inhibitory effects of SA on EMT-related markers in LNCaP-Enz-R cells. (f) Migration assays demonstrating that SA treatment
effectively impaired the migratory capacity of LNCaP-Enz-R cells in a dose-dependent manner. The quantitative results are now provided in Figures 2(c)
and 2(f) and show a significant, dose-dependent inhibition of wound closure by salvianolic acid in LNCaP-Enz-R cells (exact p values indicated in the
figure). Data are expressed as the mean =+ standard deviation of three independent experiments. Statistical significance was determined using one-way
analysis of variance with Tukey’s post hoc test (*p <0.05).

(Figure 2(c)). Higher SA concentrations showed more effec-
tively inhibited cancer cell movement than untreated controls
(Figure 2(d)). Similarly, SA treatment of LNCaP-Enz-R cells
increased E-cadherin expression, decreased a-SMA levels, and
downregulated Snail and Slug in a dose-dependent fashion,
indicating that SA also suppressed EMT in this cell line.
Quantitative analysis of the western blot results confirmed the
inhibitory effects of SA on EMT-related markers in LNCaP-Enz-
R cells (Figure 2(e)). Migration assays also demonstrated that
SA treatment significantly and dose-dependently impaired the
migratory ability of LNCaP-Enz-R cells, confirming the role of
SA in suppressing the metastatic potential of prostate cancer
cells (Figure 2(f)).

Therefore, SA successfully suppressed EMT and cell motility in
LNCaP and LNCaP-Enz-R cells by regulating essential epithelial
and mesenchymal markers along with their associated tran-
scriptional regulators.

3.3 | SA Activated Mitochondrial Biogenesis-
Associated Proteins in LNCaP and LNCaP-Enz-R
Cells

Treatment with SA significantly upregulated proteins associated
with mitochondrial biogenesis in LNCaP and LNCaP-Enz-R
prostate cancer cells. Western blot analysis demonstrated that
SA treatment induced a concentration-dependent upregulation
of AMPK, SIRT1, PGC1, NRF1, and TFAM expression in LNCaP
cells (Figure 3(a)). Quantitative analysis confirmed the dose-
dependent upregulation of these mitochondrial biogenesis-
related proteins in LNCaP cells (Figure 3(b)). Similarly, treat-
ment with SA in LNCaP-Enz-R cells dose-dependently increased
the expression of AMPK, SIRT1, PGC1, NRF1, and TFAM on
Western blot analysis (Figure 3(c)). Quantitative analysis of
protein expression in LNCaP-Enz-R cells further corroborated
the dose-dependent effects of SA on mitochondrial biogenesis
(Figure 3(d)).
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FIGURE 3 | Effect of salvianolic acid (SA) on mitochondrial biogenesis-associated proteins in LNCaP and LNCaP-Enz-R cells. (a) Western blot
analysis of LNCaP cells treated with SA (0-400 uM) showed a dose-dependent increase in the expression of mitochondrial biogenesis-related proteins
AMPK, SIRT1, PGC1, NRF1, and TFAM. (b) Quantitative analysis of protein expression levels in (a) demonstrating the significant upregulation of these
markers in LNCaP cells with SA treatment. (c) Similarly, treatment of LNCaP-Enz-R cells with SA dose-dependently upregulated AMPK, SIRT1, PGC1,
NRF1, and TFAM levels. (d) Quantitative analysis of (c) further confirmed the dose-dependent effects of SA on the upregulation of mitochondrial
biogenesis-associated proteins in LNCaP-Enz-R cells. Data are expressed as the mean + standard deviation of three independent experiments. Statistical
significance was determined using one-way analysis of variance with Tukey’s post hoc test ("p <0.05).
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These findings demonstrate that SA enhanced mitochondrial
biogenesis by dose-dependently upregulating key regulatory
proteins in LNCaP and LNCaP-Enz-R prostate cancer cells.

3.4 | SA Regulated EMT-Related Proteins via the
AMPK Signaling Pathway in LNCaP and LNCaP-
Enz-R Cells

To determine whether SA influences EMT through AMPK sig-
naling, LNCaP and LNCaP-Enz-R cells were treated with SA
(400 uM) alone or in combination with AICAR, an AMPK ac-
tivator, or Compound C, an AMPK inhibitor. SA treatment
markedly increased E-cadherin expression while decreasing the
levels of a-SMA, Snail, and Slug in LNCaP cells. AICAR produced
a comparable effect by further enhancing E-cadherin expression
and downregulating a-SMA, Snail, and Slug. In contrast, co-
administration with Compound C counteracted these effects,
preventing SA-induced upregulation of E-cadherin and down-
regulation of a-SMA, Snail, and Slug (Figure 4(a)). The quan-
tification of these alterations is depicted in Figure 4(b). A
comparable pattern was observed in LNCaP-Enz-R cells, where
SA treatment enhanced E-cadherin expression while decreasing
the levels of a-SMA, Snail, and Slug. These effects were amplified
by AICAR but reversed by Compound C (Figure 4(c)). The
quantitative results of these findings are shown in Figure 4(d).

These results demonstrate that SA modulated EMT-related
protein expression in LNCaP and LNCaP-Enz-R cells through
the AMPXK signaling pathway.

3.5 | Effects of SA on ATP Production and A¥Ym in
LNCaP and LNCaP-Enz-R Cells

ATP levels and A¥m were analyzed using JC-1 staining to verify
whether SA stimulation of LNCaP cells enhances mitochondrial
biogenesis and regulates ATP production. An ATP standard
curve was generated to quantify ATP production in the experi-
mental setup (Figure 5(a)). Stimulation of LNCaP cells with SA
significantly increased ATP levels in a dose-dependent manner,
indicating enhanced mitochondrial activity (Figure 5(b)). Simi-
larly, SA stimulation of LNCaP-Enz-R cells caused a dose-
dependent increase in ATP levels, further confirming its role
in mitochondrial energy production (Figure 5(c)).

JC-1 staining was utilized to assess alterations in A¥m. In
functional mitochondria with elevated A¥m, JC-1 dye aggre-
gates, producing red fluorescence (J-aggregates), whereas in
compromised or depolarized mitochondria with diminished
A¥m, the dye remains in its monomeric state, emitting green
fluorescence. The red-to-green fluorescence ratio serves as an
indicator of mitochondrial integrity. LNCaP cells treated with SA
exhibited a concentration-dependent rise in red fluorescence,
signifying J-aggregate formation, coupled with a decline in green
fluorescence, suggesting stabilization and enhancement of A¥m
(Figure 5(d)). Similarly, SA treatment of LNCaP-Enz-R cells
dose-dependently increased red fluorescence and decreased
green fluorescence, demonstrating improved mitochondrial
function and reduced depolarization (Figure 5(e)).

These findings demonstrate that SA enhanced mitochondrial
biogenesis and improved mitochondrial function, as evidenced
by an increase in ATP production and the stabilization of the
A¥m.

4 | Discussion

We investigated the impact of SA on EMT and cellular migration
in LNCaP and enzalutamide-resistant LNCaP (LNCaP-Enz-R)
cells. SA significantly downregulated critical EMT and mesen-
chymal markers, including E-cadherin, a-SMA, Snail, and Slug,
while also reducing cell motility. Additionally, SA exerted these
effects by stimulating mitochondrial biogenesis pathways and
enhancing A%¥m, highlighting mitochondrial health as a crucial
factor in EMT regulation within prostate cancer cells.

A major discovery of this research is the upregulation of proteins
associated with mitochondrial biogenesis, including AMPK,
SIRT1, PGC-1a, and NRF1. These proteins are crucial in the
regulation of mitochondrial function and energy metabolism.
AMPXK, a key regulator of cellular energy, promotes mitochon-
drial biogenesis by activating PGC-1a, which in turn regulates
the genes involved in mitochondrial DNA replication and the
synthesis of mitochondrial proteins. Our findings that SA acti-
vates AMPK and upregulates PGC-1a suggest that SA may en-
hance mitochondrial function by increasing the mitochondrial
mass and activity. Activating the AMPK-PGC-1a axis improves
cellular energy homeostasis, a critical process in cell survival and
function, particularly under stressful conditions, such as those
encountered during cancer progression. Similarly, SIRT1, an
NAD"-dependent deacetylase, is essential in mitochondrial
biogenesis and oxidative stress resistance. SIRT1 can enhance
mitochondrial function and protect against cellular damage by
deacetylating various target proteins involved in metabolism,
inflammation, and cell survival. Within cancer progression,
SIRT1 plays a role in modulating EMT by inhibiting metastasis-
associated pathways while enhancing epithelial traits [14, 33].
The upregulation of these key mitochondrial regulators in re-
sponse to SA treatment indicates that SA could promote mito-
chondrial health, enhance cellular energy production, and
suppress EMT.

The increase in A¥m, as measured by the JC-1 assay, further
confirms that SA promotes mitochondrial integrity and function.
A¥m serves as an essential marker of mitochondrial function. A
reduction in membrane potential signifies mitochondrial dys-
function and is often associated with the onset of apoptosis. A
significant enhancement in A¥m indicates that SA could im-
prove mitochondrial function, thereby potentially boosting cel-
lular ATP production and creating a favorable, energy-rich
environment for epithelial cell characteristics. This result
aligns with previous studies indicating that preserving mito-
chondrial activity limits cancer cell movement and spread by
suppressing EMT. Moreover, maintaining mitochondrial in-
tegrity can lower reactive oxygen species production, which
could otherwise trigger cellular stress and promote cancer cell
invasiveness [15, 34-36].

Furthermore, apart from its influence on mitochondrial activity,
SA treatment was observed to increase E-cadherin expression
while reducing the levels of a-SMA, Snail, and Slug, all of which
are widely recognized as key indicators of EMT. Snail and Slug
function as transcriptional regulators that suppress E-cadherin,
a crucial adhesion protein, while enhancing mesenchymal
marker expression like a-SMA. Elevated E-cadherin levels
contribute to stronger cell-cell adhesion, which is essential for
preserving the epithelial state and limiting cellular motility.
Conversely, Snail and Slug promote a mesenchymal phenotype,
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FIGURE 4 | Salvianolic acid (SA) modulates EMT-related protein expression through AMPK signaling in LNCaP and LNCaP-Enz-R cells. (a) In
LNCaP cells, treatment with SA (400 uM) increased E-cadherin expression and decreased that of @-SMA, Snail, and Slug. The addition of AICAR (AMPK
activator) enhanced these effects, whereas Compound C (AMPK inhibitor) reversed them, inhibiting the regulatory effect of SA on EMT markers.
(b) Quantification of the protein expression changes observed in (a). (c) In LNCaP-Enz-R cells, SA treatment similarly increased E-cadherin expression
and reduced that of @-SMA, Snail, and Slug. Cotreatment with AICAR enhanced these changes, whereas compound C abrogated the effects of SA on
EMT markers. (d) Quantification of the protein expression changes observed in (c). Data are expressed as the mean =+ standard deviation of three
independent experiments. Statistical significance was determined by one-way analysis of variance followed by Tukey’s post hoc test (*p <0.05).

which enhances the invasive potential of cancer cells [15, 25-27]. linked to its effects on mitochondrial biogenesis and on the
The ability of SA to reverse these EMT-associated changes in- regulation of EMT markers. Cancer cell migration is highly
dicates that it may disrupt the pathways responsible for inducing energy-dependent; thus, cells with dysfunctional mitochondria
cell motility and metastasis. This is particularly relevant in the are often less capable of sustaining the energy demands required
context of enzalutamide-resistant prostate cancer, where EMT is for motility [11, 13, 18, 40-43]. The ability of SA to enhance
a key contributor to treatment failure and disease progression mitochondrial function and suppress EMT contributes to its
[3, 37-39]. Thus, the inhibition of EMT by SA could provide ability to reduce cell migration among prostate cancer cells,
a novel strategy for overcoming resistance to androgen depri- thereby decreasing their metastatic potential.

vation therapies, such as enzalutamide, which are standard

This research has certain limitations. First, the impact of SA was
treatments for advanced prostate cancer.

assessed solely in LNCaP and LNCaP-Enz-R prostate cancer cell
Furthermore, the suppression of cell migration observed in this lines, which may not completely represent the diverse hetero-
study, as demonstrated by the wound healing assays, further geneity of prostate cancer. Another limitation of this study is that
confirms that SA can inhibit the metastatic potential of prostate normal prostate epithelial cells were not included as a control.
cancer cells. The ability of SA to inhibit cell migration is likely Because the main objective was to compare the differential
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FIGURE 5 | Effect of salvianolic acid (SA) on ATP production and mitochondrial membrane potential in LNCaP and LNCaP-Enz-R cells. (a) A
standard curve was generated using ATP standards to quantify the ATP levels in the experimental setup. (b) Treatment with SA dose-dependently
increased ATP production in LNCaP cells, demonstrating enhanced mitochondrial energy output. (c) Similarly, SA treatment dose-dependently
increased ATP levels in LNCaP-Enz-R cells. (d) JC-1 staining revealed that SA treatment of LNCaP cells increased red fluorescence (J-aggregates,
indicating polarized mitochondria) and decreased green fluorescence (monomers, indicating depolarized mitochondria), indicating enhanced mi-
tochondrial membrane potential. (e) SA stimulation of LNCaP-Enz-R cells also increased red fluorescence and decreased green fluorescence, further
confirming the role of SA in improving mitochondrial function. (d, e) JC-1 fluorescence microscopy showing mitochondrial membrane potential
changes. Scale bar = 50 yum. Data are expressed as the mean =+ standard deviation of at least three independent experiments. Statistical significance was
determined using one-way analysis of variance followed by Tukey’s post hoc test (“p <0.05).
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responses between hormone-sensitive and -resistant prostate
cancer cells, the use of normal cells was beyond the mechanistic
scope of this study. However, previous reports have indicated
that SA exhibits minimal cytotoxicity in normal epithelial cells,
supporting its selective anticancer potential. Second, although
this study offers relevant insights into the molecular pathways
underlying the anticancer properties of SA, further in vivo in-
vestigations are required to validate these results within a more
biologically relevant setting. Third, the potential side effects and
toxicity of SA were not assessed, which are critical for de-
termining its therapeutic viability. Future studies should include
a broader range of prostate cancer models, in vitro and in vivo,
and investigate the long-term safety and efficacy of SA treatment
to validate its potential as a therapeutic agent.

In summary, our study demonstrated that SA exerted its anti-
metastatic effects by activating mitochondrial biogenesis, en-
hancing A%m, and suppressing EMT. Therefore, SA emerges as
a promising therapeutic agent for targeting metastasis in prostate
cancer, particularly in cases resistant to conventional therapies
such as enzalutamide. Another limitation is that no conventional
chemotherapeutic drug was included as a positive control. Be-
cause the study aimed to elucidate the molecular mechanism of
SA on AMPK-mediated EMT regulation rather than its cytotoxic
potency, pathway-specific pharmacological modulators (AICAR
and Compound C) were used instead of standard anticancer
drugs. However, additional in vivo studies must be conducted to
confirm these results and assess the potential clinical applica-
tions of SA in the treatment of metastatic prostate cancer. Future
investigations should also explore the combination of SA with
other therapeutic agents to evaluate its synergistic effects and
optimize its therapeutic efficacy in overcoming treatment
resistance.

5 | Conclusion

In conclusion, this study demonstrates that SA exerts significant
anticancer effects in both hormone-sensitive LNCaP and
enzalutamide-resistant LNCaP-Enz-R prostate cancer cells by
simultaneously suppressing EMT and enhancing mitochondrial
biogenesis. Mechanistically, SA activates the AMPK/PGC-1a/
SIRT1/NRF1 signaling axis, leading to increased ATP production
and stabilization of A¥m. These mitochondrial improvements
are closely associated with the upregulation of epithelial markers
and the downregulation of key mesenchymal and EMT-
associated transcription factors, thereby reducing cancer cell
migration and metastatic potential. Importantly, the inhibitory
effects of SA on EMT were attenuated by AMPK inhibition,
confirming the central role of AMPK-mediated signaling in this
process. Collectively, these findings identify SA as a promising
mitochondrial-targeting agent capable of counteracting EMT and
therapeutic resistance in prostate cancer, supporting its potential
development as a complementary strategy for the treatment of
advanced and CRPC.
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