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ABSTRACT

Prostate cancer is a significant global health concern that requires
innovative therapeutic investigations. Here, the potential anticancer
properties of tannic acid were evaluated by examining its effects on
apoptosis in prostate cancer cell lines. PC-3 and LnCaP prostate
adenocarcinoma cells, along with PNT1A prostate control cells, were
cultured and divided into untreated and tannic acid-treated groups.
Cell proliferation, cytotoxicity, and effects of tannic acid on the cell
death mechanism were evaluated. mRNA expression levels of 84
genes were explored in cells following tannic acid treatment. Notably,
tannic acid-induced down-regulation of several pro-survival genes,
including ATM, BCL2, BCL2A1, BIK, BIRC2, BIRC3, BRE, CASP3,
CASP6, CASPS, CHEK2, CRADD, PPIA, RPA3, TNFSF18, TRAFI,
TRAF2, TRAF4, and TRAF5 in both cell lines. Moreover, tannic acid
treatment led to the up-regulation of various pro-apoptotic genes,
such as BCL10, BIRC3, BNIP3, CASP1, CASP5, CD40, CIDEB, DAPK2,
FASLG, GADD45A, MYDS88, RPA3, TNFRSF10D, TNFRSF17,
TNFRSF8, TNFSF13B, TNFSF4, TNFSF7, TNFSF8, TNFSF9, TP53,
TRAF1, and TRAF2 in both PC-3 and LnCap cells. These findings
highlight tannic acid's ability to induce apoptosis in prostate cancer
cells through pro-apoptotic pathways. This study concludes that
tannic acid selectively inhibits prostate cancer cell growth.

Keywords: tannic acid, prostate cancer, apoptosis, gene regulation,
selective cytotoxicity

INTRODUCTION

Prostate cancer (PCa) is one of the leading causes of cancer-related death among men

worldwide (1). Each year, an average of 750,000 men are diagnosed with prostate cancer
and 10 % of prostate cancer patients die. Although the incidence of this male-only cancer
is high, it constitutes 6 % of all cancer-related deaths (2). Despite significant advances in
treatment modalities, novel therapeutic approaches remain essential to improve patient
outcomes. Tannic acid, a naturally occurring polyphenolic compound in various plant
sources, has drawn more attention due to its potential anticancer properties (3). According
to studies, liver, breast, and prostate cancer cells cause regulation in signal transduction
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mechanisms and apoptosis pathways (4-8). Tannic acid was found to increase DNA bind-
ing activity in the P38/STAT1 pathway by increasing ser727 phosphorylation. Tannic acid
also inhibits STAT1 and STAT3 when it binds to EGFR. Tannic acid treatment of T cells was
discovered to inhibit the proteasome substrate, which results in the cell being dragged to
death at the G1 control point of the cell cycle (9). Previous studies have demonstrated that
tannic acid exerts selective cytotoxic effects on cancer cells including lung cancer (10),
breast cancer (11), and liver cancer (12), all while protecting healthy cells. However, the
precise molecular mechanisms behind these effects are still unknown, particularly in the
context of prostate cancer.

Prostate cancer is frequently initiated by loss-of-function mutations in genes that play
crucial roles in tumor suppression and the apoptotic pathway (13). Apoptosis, a tightly
regulated process of programmed cell death, plays a critical role in maintaining tissue
homeostasis and suppressing tumor growth (14). Dysregulation of apoptotic pathways is
often associated with cancer progression and resistance to therapy (15). Epidemiological
studies have revealed elevated expression levels of the anti-apoptotic BCL2 gene in PCa,
suggesting a significant association between BCL2 expression and PCa development (16).
Moreover, the presence of other anti-apoptotic factors, such as survival, has been linked to
an increased risk of PCa progression (17).

Understanding the complex interaction of apoptotic regulatory pathways and their
role in PCa pathogenesis is essential for developing targeted therapeutic strategies. To
provide light on new therapeutic targets for treating this challenging malignancy, our
study attempts to clarify the effect of tannic acid on apoptotic gene dysregulation in PCa.
By examining the expression profiles of key apoptotic regulators in response to tannic acid
treatment, this study contributes to the growing body of knowledge regarding PCa bio-
logy and may pave the way for the development of more effective treatment modalities.
The findings have promising implications for the use of tannic acid as a novel approach in
PCa therapy, enhancing our understanding of its mechanisms of action and potential
benefits in precision oncology.

EXPERIMENTAL

Chemicals

Tannic acid (TA; T0200) was obtained from Sigma-Aldrich (USA). PNT1A, PC-3, and
LnCap cell lines, F-12K and RPMI-1640 mediums, FBS, and penicillin/streptomycin were
purchased from ATCC (American Type Culture Collection, USA). Alamar Blue and TRIzol
reagents were obtained from Invitrogen Life Technologies (USA). iScript cDNA synthesis
kit and SYBR Green were purchased from Bio-Rad Laboratories (USA). All purchased
chemicals and solvents were of the analytical standard at the highest grade of purity
available.

In vitro cytotoxicity studies

Cell culture. — PNT1A (RRID: CVCL_2163) (prostate control), PC-3 (RRID: CVCL_0035)
(androgen-independent) and LnCaP (RRID: CVCL_0395) (androgen-dependent) human
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prostate adenocarcinoma cells were cultured in F-12K medium for PC3 cells and RPMI-
-1640 medium for PNT1A and LnCaP cells supplemented with 10 % FBS and 1 % penicillin/
streptomycin. The cells were incubated at 37 °C and 5 % CO, in an incubator (BINDER,
USA).

Cell viability and proliferation studies. — The cells were divided into two groups: untreated
(NT) and tannic acid-treated and then incubated for 48 hours. To assess cell proliferation
and cytotoxicity, an Alamar Blue assay was employed (Invitrogen, Thermo Fischer Scientific,
USA). 3 x 10* of PNT1A, PC-3, and LnCaP cells were seeded into 24-well plates and treated
with varying concentrations of tannic acid (0-200 pmol L) for 48 hours. Cells treated with
Alamar Blue (10 % of the well volume) were incubated at 37 °C for 3 hours. Alteration in
color was determined using a fluorescence spectrophotometer (BioTech Synergy HTX
Multimode Reader) with 560/590 nm (excitation/emission) filter settings. IC5, values were
calculated using GraphPad Prism 8 (GraphPad Software, Inc., Version 8.4.3., USA) based
on a sigmoidal plot of the logarithm of tannic acid concentration against the percentage of
cell growth inhibition. Results were presented as a percentage of cell viability (%) compared
to the NT group.

Investigating the impact of tannic acid on apoptosis in prostate cancer cell lines. — To evaluate
the effects of tannic acid on the cell death mechanism, flow cytometric analysis was per-
formed using a flow cytometer (BD FACSCalibur, USA) equipped with appropriate filters
for detecting Annexin V-APC and 7-AAD fluorescence. A minimum of 10,000 events were
acquired for each sample. Compensation controls and unstained cells were used to set up
the flow cytometer. Data analysis was performed using flow cytometry software FlowJo™
v10.8 Software (BD Life Sciences, USA). Flow cytometry data allowed the discrimination
of different cell populations based on their Annexin V-APC and 7-AAD staining patterns.
The following cell populations were identified: viable cells (Annexin V-APC and 7-AAD
negative), early apoptotic cells (Annexin V-APC positive and 7-AAD negative), late apoptotic/
necrotic cells (Annexin V-APC and 7-AAD positive), and necrotic cells (Annexin V-APC
negative and 7-AAD positive).

Determination of the impact of tannic acid on apoptosis pathway genes in prostate
cancer cell lines

Total RNA from PNT1A, PC-3, and LnCaP cell lines was isolated using the TRIzol
method (18). Cells cultured in 24-well plates were treated with TRIzol and incubated briefly
before transferring the lysates to Eppendorf tubes. After centrifugation, the RNA-containing
aqueous phase was collected, and isopropanol was added for RNA precipitation. The RNA
pellet was washed, air-dried, and reconstituted in ddH,O. RNA quality was evaluated
using Agilent 2100 Bioanalyzer (Agilent Inc., Germany) ensuring samples with distinct 185
and 28S peaks, A260/A280 ratio (1.8-2.0), A260/A230 ratio (> 1.8), and RIN value (= 7).
Suitable RNA samples were stored at —80 °C for future studies. The iScript cDNA synthesis
kit (Bio-Rad Laboratories, USA) was used to synthesize the cDNAs from total RNAs by
Thermal cycler (Bio-Rad Laboratories, USA). 20 L of total reaction mixture contains 2 ug
total RNA, 4 uL 5X iScript reaction mixture, 1 uL iScript Reverse Transcriptase, and
RNase-free water. After incubation at 25 °C for 5 minutes, reverse transcription was started
at 46 °C and incubated for 20 min. 25 uL of qRT-PCR reaction mixture contains 12.5 pL of
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SYBR Green, 2 uL of cDNA, and 1.25 uL of reverse and forward primers. RT inactivation
was performed at 95 °C for 1 min. The qRT-PCR cycling conditions included an initial
denaturation of 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s and annealing of
60 °C for 30 s using CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories,
USA).

To assess the effects of tannic acid on the apoptosis pathway in prostate cancer cells,
we utilized apoptosis panels (Qiagen, 330231_RT? Profiler PCR Array). This comprehen-
sive panel consists of 84 genes associated with apoptosis, enabling a thorough examination
of gene expression changes. The relative mRNA expression was calculated using the 2744t
method (19). GAPDH, GUSB, PPIA, B2M, HPRT1, PGK1, ACTB, and RPL13A were used as
an internal standard.

Statistical analysis

One-way ANOVA, along with a post-hoc analysis of Tukey's Honestly Significant Dif-
ference (HSD), were performed to determine the gene-level expression alterations between
the experimental groups. p < 0.05 was considered statistically significant. Subsequently,
statistical reliability values (p < 0.05) and fold change were calculated for each gene on the
array. The results were further refined through filtering based on mean p-value and fold
change by ranking from high to low. The mRNA expressions altered more than 2-fold were
accepted as statistically significant. All statistical analyses were conducted using SPSS
software (IBM Corporation, USA, Version 23.0).

RESULTS AND DISCUSSION

Cytotoxic potential of tannic acid on human prostate cell lines; PC-3 and LnCaP were
analyzed. According to the results, the IC;, value in LnCap and PC-3 prostate cancer cells
was found to be 29.1 and 35.3 umol L7, respectively, while the ICy, value in PNT1A, which
were used as prostate control cells, was higher than 200 umol L™ (Fig. 1a). It was evident
that with the treatment of tannic acid, the percentage of total apoptotic cells, shown in red
color in Fig. 1: b-2, has increased as compared to the untreated group (Fig. 1: b-1). Particu-
larly, early-stage apoptosis (Annexin V-FITC+/7-AAD-) ratios were markedly increased
(Fig. 1: ¢-2, d-2) in tannic acid-treated PC-3 and LnCaP cells as compared to the untreated
cells (Fig. 1: c-1, d-1), respectively.

Down-regulatedThe mRNA expression levels of apoptotic genes in PC-3 and LnCaP
cells treated with tannic acid were analyzed using quantitative real-time PCR. The relative
normalized expression of each gene was compared to the regulation threshold to deter-
mine whether the genes were up-regulated or down-regulated upon tannic acid treatment.
Genes that change 2- fold or more after treatment with tannic acid are up- and down-
regulated genes that show statistically significant change, whereas those that are 2-fold or
less are expressed with black dots and represent genes that do not show a statistically
significant change (Fig. 2). Treatment with tannic acid led to significant alterations in the
expression levels of several key apoptotic genes in PC-3 cells (Fig. 2). Among the down-
regulated genes, the expression of ATM, BCL2, BCL2A1, BIK, BIRC2, BIRC3, BRE, CASP3,
CASP6, CASP8, CHEK2, CRADD, PPIA, RPA3, TNFSF18, TRAF1, TRAF2, TRAF4, and
TRAF5 was significantly reduced compared to the untreated cell line (p < 0.05). These
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Fig. 1. Cytotoxicity and apoptosis analysis of PC-3, LnCaP, and PNT1A cells following tannic acid
treatment. a) Cell viability was measured using Alamar blue method after treatment with tannic acid;
b-1) histogram of Annexin V/7 AAD staining of non-treated cells; b-2) histogram of Annexin V/7 AAD
staining of tannic acid-treated cells; c) scatter plot of Annexin V staining vs. 7AAD staining, Quad-
rants show upper left (necrotic cells), upper right (late apoptotic cells), lower left (live cells), and
lower right (early apoptotic cells); c-1) scatter plots of non-treated PC-3 cells, while c-2) shows tannic
acid treated PC-3 cells; d) scatter plots of Annexin V-APC vs 7-AAD staining, Quadrant charts show;
QI: necrotic cells (Annexin -, 7-AAD +); Q2: late apoptotic cells (Annexin +, 7-AAD +); Q3: viable cells
(Annexin —, 7-AAD -); Q4: early apoptotic cells (Annexin +, 7-AAD -); d-1) scatter plots of non-treated
LnCaP cells, and d-2) Scatter plots of tannic acid treated LnCaP cells.

genes play essential roles in various apoptotic pathways (20), and their down-regulation
may contribute to the anticancer effects of tannic acid in PC3 cells. Conversely, tannic acid
treatment resulted in the up-regulation of DAPK1, TNF, TNFRSF10C, TNFRSF1A, TN
-FRSF8, TNFSF11, TNFSF15, and TP73L as compared to the untreated cell line (p < 0.05).
Notably, tumor necrosis factor (TNF) and its receptor TNFRSF1A were highly up-regulated
(p <0.001), indicating that the TNF signaling pathway might be involved in the response
to tannic acid treatment. Additionally, DAPK1, which is known to promote apoptosis, exhi-
bited a substantial increase in expression (p < 0.001), further supporting the pro-apoptotic
effects of tannic acid.

Treatment with tannic acid also elicited significant changes in the expression levels of
various apoptotic genes in LnCaP cells (Fig. 2). BAK1, BOK, BRE, CASP10, CIDEA, and HRK
expressions were significantly decreased compared to the untreated cell line (p < 0.05),
suggesting that their downregulation, known to play vital roles in promoting apoptosis
and maintaining cellular homeostasis, may contribute to the altered apoptotic response
induced by tannic acid in LnCaP cells. On the other hand, tannic acid treatment resulted
in the up-regulation of multiple genes involved in apoptotic signaling. The expressions of
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Fig. 2. Comparison of normalized expression of genes involved in the apoptotic pathway. The scatter
plots were drawn by GraphPad Prism 8 (GraphPad Software, Inc., Version 8.4.3). The X- and Y-axis
represent relative gene expressions normalized to the internal standard control for each cell line. The
red and green dots represent the up-regulated and down-regulated genes, respectively. Black dots
represent genes that do not show a statistically significant change; lower than 2-fold. a) Comparison
of gene expression of non-treated LnCaP and PC-3 cells; b) comparison of gene expression of tannic
acid-treated PC-3 cells with and non-treated PC-3 cells; c) comparison of gene expression of tannic
acid-treated LnCaP cells with and non-treated LnCaP cells, and d) comparison of gene expression of
tannic acid-treated LnCaP cells with and tannic acid-treated PC-3 cells.

BCL10, BIRC3, BNIP3, CASP1, CASP5, CD40, CIDEB, DAPK2, FASLG, GADD45A, MYD8S8,
RPA3, TNFRSF10D, TNFRSF17, TNFRSF8, TNFSF13B, TNFSF4, TNFSF7, TNFSFS, TNFSF9,
TP53, TRAF1, and TRAF2 were significantly increased compared to the untreated cell line
(p <0.05). These up-regulated genes have diverse functions in apoptotic pathways, such as
regulation of caspases, TNF receptor signaling, and activation of pro-apoptotic factors,
indicating that tannic acid treatment can potentially induce a robust apoptotic response in
LnCaP cells.

The relative normalized expression of each gene was compared to the regulation
threshold to determine whether the genes were up-regulated or down-regulated upon
tannic acid treatment. Up and down-regulated gene clusters involved in the apoptosis
pathway of PC-3 and LnCAP cells were summarized in Fig. 3.
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Fig. 3. a) Up- and b) down-regulated genes after tannic acid treatment. The green and blue circles
represent PC-3 and LnCaP cells, respectively.

The comparison between PC3 and LnCaP cells treated with tannic acid highlights
both common and distinct alterations in apoptotic gene expression. For example, in both
PC3 and LnCaP cells treated with tannic acid, the expression levels of several genes includ-
ing ATM, BCL2, BCL2A1, BIK, BIRC2, BIRC3, BRE, CASP3, CASP6, CASPS, CHEK2,
CRADD, and RPA3 were down-regulated whereas the expression of DAPK1, TNF, TN-
FRSF10D, TNFRSF17, TNFRSFS, TNFSF13B, TNFSF4, TNFSF7, and TNFSF8 was up-regu-
lated compared to the untreated cell line. The common down-regulation of anti-apoptotic
genes and up-regulation of pro-apoptotic genes in both cell lines suggest that tannic acid
treatment may generally promote apoptosis in prostate cancer cells. This indicates its
potential as a broad-spectrum therapeutic agent for inducing apoptosis in different prostate
cancer subtypes. The expression level of PPIA and TNFSF18 was down-regulated in PC3
cells treated with tannic acid, while in LnCaP cells, the expression level of BOK, CIDEA,
and HRK was down-regulated. When we examine the genes that were up-regulated in
both cell lines, the expression of TP73L and TRAF1 was up-regulated in PC3 cells, while
in LnCaP cells, the expression of BCL10, BIRC3, BNIP3, CASP1, CASP5, CD40, CIDEB,
MYDS8S8, and TRAF2 was up-regulated. The differences observed in the gene expression
profiles between PC3 and LnCaP cells indicate that tannic acid's apoptotic effects might be
cell-type specific. These differences may arise from variations in the genetic background
and molecular characteristics of the two cell lines (21). It suggests that tannic acid's efficacy
as an apoptosis-inducing agent may vary depending on the specific prostate cancer sub-
type, and its mechanisms of action might involve distinct apoptotic pathways in different
cell types. These findings highlight the significance of comprehending the molecular
heterogeneity of prostate cancer and customizing therapeutic approaches accordingly.

The results provide valuable insights into the molecular mechanisms underlying the
anticancer effects of tannic acid in prostate cancer cells. The observed alterations in mRNA
expression of apoptotic genes suggest that tannic acid treatment can modulate key signal-
ing pathways involved in apoptosis, thereby influencing cell survival and death in PC3
and LnCaP cells. The down-regulation of various anti-apoptotic genes in PC3 cells, such
as BCL2, BCL2A1, and members of the inhibitor of apoptosis protein (IAP) family (BIRC2
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and BIRC3), may promote apoptosis by reducing the inhibitory signals that prevent cell
death. The observed down-regulation of pro-apoptotic genes in LnCaP cells, such as BAKI,
BOK, BRE, and HRK, suggests that tannic acid may interfere with key regulators of the
intrinsic apoptotic pathway, which is controlled by members of the BCL2 family. The de-
creased expression of CASP3, CASP6, and CASP8 in PC3 cells indicates a potential inhibi-
tion of caspase-mediated apoptotic pathways, which are crucial for executing the apop-
totic program (22) whereas decreased expression of CASP10 in LnCaP cells, a caspase
involved in the extrinsic apoptotic pathway (23, 24), indicates a potential impairment in
death receptor-mediated apoptosis in response to tannic acid. Conversely, the up-regula-
tion of pro-apoptotic genes such as DAPKI, TNF, and members of the TNF superfamily
(TNFRSF10C, TNFRSFS, TNFSF11, and TNFSF15) in PC3 cells indicates an active promo-
tion of apoptosis by tannic acid. The up-regulation of TNF and its receptors suggests that
the TNF signaling pathway might be a significant mediator of tannic acid-induced apop-
tosis in PC3 cells. The up-regulation of various apoptotic genes in LnCaP cells treated with
tannic acid underscores its potential as a pro-apoptotic agent. The increased expression of
CASP1, CASP5, and other caspases supports the activation of caspase-mediated apoptosis
upon tannic acid treatment. The elevated expression of BCL10, an activator of the canonical
NF-kB pathway (25), might contribute to the induction of apoptosis through the TNF
receptor signaling pathway. The up-regulation of TNF-related ligands (I'NFSF4, TNFSF7,
TNFSFS, TNFSF9, TNFSF13B) and their receptors (I'NFRSF10D, TNFRSF17, TNFRSFS)
indicates potential involvement of death ligand-receptor interactions in mediating apop-
tosis. The up-regulation of TP53 (p53), a critical tumor suppressor and a key regulator of
apoptosis (5, 24), further strengthens the pro-apoptotic effects of tannic acid. The activation
of TP53 can lead to the transcription of pro-apoptotic target genes, promoting cell death in
LnCaP cells. Overall, the significant alterations in the expression of apoptotic genes in
response to tannic acid treatment support its potential as a therapeutic agent for inducing
apoptosis in PC3 and LnCaP cells. These findings contribute to our understanding of the
molecular mechanisms underlying the pro-apoptotic effects of tannic acid in prostate cancer
cells. However, further investigations, including functional assays and in vivo studies, are
required to fully elucidate the specific apoptotic pathways modulated by tannic acid and
to evaluate its potential as a targeted therapy for prostate cancer.

In a study by Nagesh et al. (26), the effects of tannic acid on prostate cancer cells were
explored at the protein expression level. They observed that treatment with tannic acid for
24 hours induced endoplasmic reticulum stress in the cells. This stress resulted in a decrease
in the expressions of PERK and IREq, as well as anti-apoptotic proteins BCL2 and BCLXL.
Conversely, pro-apoptotic proteins BAX and BAK were found to be upregulated. Moreover,
the expression of cleaved caspase-3 and fragmented PARP proteins increased, promoting
apoptosis in prostate cancer cells. Further investigations in PC-3 cells revealed an increase
in pro-apoptotic BAX and a decrease in anti-apoptotic BCL2A1 expression following tannic
acid treatment (4). The upregulation of caspase-8 supported mitochondrial stress in the cells,
subsequently activating caspase-9 through stimulation of procaspase-9 by CytC and Apaf-1.
Caspase-9 expression triggered apoptosis by cleaving substrates with caspase-3 and cas-
pase-6 (27-29). Endoplasmic reticulum stress also activated the calcium signaling pathway,
stimulating caspase-3 and caspase-7 (30, 31). These stimuli suppressed PARP and ICAD
genes, leading to apoptosis triggered by reduced poly (ADP-ribose) synthesis and DNA frag-
mentation (32, 33). Additionally, tannic acid-induced oxidative stress in cancerous cells resulted
in DNA damage. This led to an increase in gene expression, particularly TP53, involved in
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the signaling and repair mechanism. The increased gene expression further activated
pro-apoptotic BAX, BAK, and APAF1 genes, ultimately promoting apoptosis.

In the future application of our study findings in therapy, the potential use of tannic
acid as a therapeutic agent for prostate cancer treatment emerges as a promising avenue.
The data obtained from our study shed light on the molecular mechanisms underlying
tannic acid-induced apoptosis in prostate cancer cells, indicating its potential efficacy in
targeting prostate cancer. The observed apoptosis triggered by both mitochondrial and
endoplasmic reticulum stress, along with the modulation of TNF receptors and associated
genes, TRAF1, TRAF2, and GADD45, underscores the multifaceted impact of tannic acid
on prostate cancer cells. These findings suggest that tannic acid can intervene in crucial
signaling pathways involved in apoptosis regulation, making it a compelling candidate for
therapeutic intervention. Furthermore, the significant alterations in the expression of
apoptotic genes, including the down-regulation of anti-apoptotic genes and the up-regu-
lation of pro-apoptotic genes, further support the therapeutic potential of tannic acid in
prostate cancer treatment. By targeting key players in apoptotic pathways, tannic acid
demonstrates its ability to induce apoptosis in prostate cancer cells, potentially leading to
tumor suppression. Moving forward, it is imperative to conduct further studies, including
in vivo investigations, to validate the efficacy and safety of tannic acid as a therapeutic
agent for prostate cancer patients. These studies will provide a deeper understanding of
the precise mechanisms by which tannic acid induces apoptosis and will help elucidate its
potential as a targeted therapy for prostate cancer.

CONCLUSIONS

In conclusion, our study demonstrates that tannic acid exerts potent anticancer effects
in prostate cancer cells by inducing apoptosis. Treatment with tannic acid led to significant
changes in the expression of apoptotic genes, both in PC-3 and LnCaP cells. The down-
-regulation of anti-apoptotic genes (e.g., BCL2, BCL2A1) and up-regulation of pro-apoptotic
genes (e.g,, DAPK1, TNF) indicate its ability to modulate key signaling pathways involved
in apoptosis. Moreover, tannic acid treatment activated both mitochondrial and endoplasmic
reticulum stress, leading to the induction of apoptosis through various apoptotic pathways.
The findings suggest that tannic acid holds promise as a potential therapeutic agent for
prostate cancer treatment, with the ability to target different prostate cancer subtypes.
Further studies, including in vivo investigations, are needed to fully understand the precise
mechanisms of tannic acid-induced apoptosis and to evaluate its potential as a targeted
therapy for prostate cancer patients. Overall, our findings highlight the significance of
tannic acid as a potential adjunct treatment for the management of prostate cancer.

Conflicts of interest. — The authors declare no competing interests.
Funding. — This study was supported by the Research Foundation of Selcuk University, Turkiye
(Grant numbers: 16401114, 19401099).

Authors contributions. — Conceptualization, Se.K. and C.G.-S.; methodology, C.G.-S., Si.K. and
Se.K, analysis C.G.-S., Si.K. and Se.K,; writing, original draft preparation, C.G.-S. and Se.K,; writing,
review and editing, C.G.-S. and Si.K; funding acquisition and project administration, Se.K. All
authors have read and agreed to the published version of the manuscript.

547



S. Kandir et al.: Tannic acid elicits differential gene regulation in prostate cancer apoptosis, Acta Pharm. 74 (2024) 539-550.

1.

10.

11.

12.

13.

14.

15.

548

REFERENCES

F. Bray, M. Laversanne, H. Sung, J. Ferlay, R. L. Siegel, I. Soerjomataram and A. Jemal, Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers
in 185 countries, CA Cancer |. Clin. (2024) 1-35; https://doi.org/10.3322/caac.21834

. A. Jemal, F. Bray, M. M. Center, ]. Ferlay, E. Ward and D. Forman, Global cancer statistics, CA

Cancer J. Clin. 61(2) (2011) 69-90; https://doi.org/10.3322/caac.20107

. W.Lou, Y. Chen, H. Ma, G. Liang and B. Liu, Antioxidant and alpha-amylase inhibitory activities

of tannic acid, J. Food Sci. Technol. 55(9) (2018) 3640-3646; https://doi.org/10.1007/s13197-018-3292-x

. S.Karakurt and O. Adali, Tannic acid inhibits proliferation, migration, invasion of prostate cancer

and modulates drug metabolizing and antioxidant enzymes, Anticancer Agents Med. Chem. 16(6)
(2016) 781-789; https://doi.org/10.2174/1871520616666151111115809

. S. Karakurt, S. Kandir and C. Gokcek-Sarac, Upregulation of p53 by tannic acid treatment sup-

presses the proliferation of human colorectal carcinoma, Acta Pharm. 71(4) (2021) 587-602; https://
doi.org/10.2478/acph-2021-0036

. N.Sp, D. Y. Kang, D. H. Kim, J.-S. Yoo, E. S. Jo, A. Rugamba, K.-J- Jang and Y. M. Yang, Tannic acid

inhibits non-small cell lung cancer (NSCLC) stemness by inducing G(0)/G(1) cell cycle arrest and
intrinsic apoptosis, Anticancer Res. 40(6) (2020) 3209-3220; https://doi.org/10.21873/anticanres.14302

. B. W. Booth, B. D. Inskeep, H. Shah, ]J. P. Park, E. ]. Hay and K. J. Burg, Tannic acid preferentially

targets estrogen receptor-positive breast cancer, Int. |. Breast Cancer 2013 (2013) Article ID 369609
(9 pages); https://doi.org/10.1155/2013/369609

. P. Darvin, Y. H. Joung, D. Y. Kang, N. Sp, H. J. Byun, T. S. Hwang, H. Sasidharakurup, C. H. Lee,

K. H. Cho, K. D. Park, H. K. Lee and Y. M. Yang, Tannic acid inhibits EGFR/STAT1/3 and en-
hances p38/STAT1 signalling axis in breast cancer cells, ]. Cell Mol. Med. 21(4) (2017) 720-734;
https://doi.org/10.1111/jcmm.13015

. S. Nam, D. M. Smith and Q. P. Dou, Tannic acid potently inhibits tumor cell proteasome activity,

increases p27 and Bax expression, and induces G1 arrest and apoptosis, Cancer Epidemiol. Biomarkers
Prev. 10(10) (2001) 1083-1088.

D. Pattarayan, A. Sivanantham, V. Krishnaswami, L. Loganathan, R. Palanichamy, S. Natesan, K.
Muthusamy and S. Rajasekaran, Tannic acid attenuates TGF-f1-induced epithelial-to-mesenchymal
transition by effectively intervening TGF-{ signaling in lung epithelial cells, ]. Cell Physiol. 233(3)
(2018) 2513-2525; https://doi.org/10.1002/jcp.26127

L. G. Jordan and B. W. Booth, HER2" breast cancer cells undergo apoptosis upon exposure to tan-
nic acid released from remodeled cross-linked collagen type, J. Biomed. Mater. Res. A. 106(1) (2018)
26-32; https://doi.org/10.1002/jbm.a.36205

N. Geng, X. Zheng, M. Wu, L. Yang, X. Li and J. Chen, Tannic acid synergistically enhances the
anticancer efficacy of cisplatin on liver cancer cells through mitochondria-mediated apoptosis,
Oncol. Rep. 42(5) (2019) 2108-2116; https://doi.org/10.3892/0r.2019.7281

J. Gupta, W. K. Abdulsahib, A. Turki Jalil, D. S. Kareem, Z. Aminov, F. Alsaikhan, A. A. Ramirez-
-Coronel, P. Ramaiah and B. Farhood, Prostate cancer and microRNAs: New insights into apop-
tosis, Pathol. Res. Pract. 245 (2023) Article ID 154436; https://doi.org/10.1016/j.prp.2023.154436

Y. Sun, W. Guo, Y. Guo, Z. Lin, D. Wang, Q. Guo and Y. Zhou, Apoptosis induction in human
prostate cancer cells related to the fatty acid metabolism by wogonin-mediated regulation of the
AKT-SREBP1-FASN signaling network, Food Chem. Toxicol. 169 (2022) Article ID 113450; https://doi.
org/10.1016/j.fct.2022.113450

Z. Amirghofran, A. Monabati and N. Gholijani, Apoptosis in prostate cancer: bax correlation with
stage, Int. |. Urol. 12(4) (2005) 340-345; https://doi.org/10.1111/j.1442-2042.2005.01051.x


https://doi.org/10.2174/1871520616666151111115809

S. Kandir et al.: Tannic acid elicits differential gene regulation in prostate cancer apoptosis, Acta Pharm. 74 (2024) 539-550.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A. Frenzel, F. Grespi, W. Chmelewskij and A. Villunger, Bcl2 family proteins in carcinogenesis
and the treatment of cancer, Apoptosis 14(4) (2009) 584-596; https://doi.org/10.1007/s10495-008-
0300-z

S. Khan, J. Simpson, ]J. C. Lynch, D. Turay, S. Mirshahidi, A. Gonda, T. W. Sanchez, C. A. Casiano
and N. R. Wall, Racial differences in the expression of inhibitors of apoptosis (IAP) proteins in
extracellular vesicles (EV) from prostate cancer patients, PLoS One 12(10) (2017) Article ID 0183122
(13 pages); https://doi.org/10.1371/journal.pone.0183122

D. C. Rio, M. Jr. Ares, G. ]J. Hannon and T. W. Nilsen, Purification of RNA using TRIzol (TRI
reagent), Cold Spring Harb. Protoc. 2010(6) (2010); https://doi.org/10.1101/pdb.prot5439

K.J. Livak and T. D. Schmittgen, Analysis of relative gene expression data using real-time quan-
titative PCR and the 2(-Delta Delta C(T)) Method, Methods 25(4) (2001) 402-408; https://doi.
org/10.1006/meth.2001.1262

G. Cantarella, G. Di Benedetto, M. Scollo, I. Paterniti, S. Cuzzocrea, P. Bosco, G. Nocentini, C. Ric-
cardi and R. Bernardini, Neutralization of tumor necrosis factor-related apoptosis-inducing
ligand reduces spinal cord injury damage in mice, Neuropsychopharmacology 35(6) (2010) 1302-1314;
https://doi.org/10.1038/npp.2009.234

S. Tai, Y. Sun, J. M. Squires, H. Zhang, W. K. Oh, C.-Z. Liang and J. Huang, PC3 is a cell line
characteristic of prostatic small cell carcinoma, Prostate 71(15) (2011) 1668-1679; https://doi.
org/10.1002/pros.21383

X. Wen, Z. Q. Lin, B. Liu and Y. Q. Wei, Caspase-mediated programmed cell death pathways as
potential therapeutic targets in cancer, Cell Prolif. 45(3) (2012) 217-224; https://doi.
org/10.1111/.1365-2184.2012.00814.x

A. Mohr, L. Deedigan, S. Jencz, Y. Mehrabadi, L. Houlden, S.-M. Albarenque and R. M. Zwacka,
Caspase-10: a molecular switch from cell-autonomous apoptosis to communal cell death in re-
sponse to chemotherapeutic drug treatment, Cell Death Differ. 25(2) (2018) 340-352; https://doi.
org/10.1038/cdd.2017.164

S. Horn, M. A. Hughes, R. Schilling, C. Sticht, T. Tenev, M. Ploesser, P. Meier, M. R. Sprick, M.
MacFarlane and M. Leverkus, Caspase-10 negatively regulates caspase-8-mediated cell death,
switching the response to CD95L in Favor of NF-kappaB activation and cell survival, Cell Rep.
19(4) (2017) 785-797; https://doi.org/10.1016/j.celrep.2017.04.010

H. Yu, L. Lin, Z. Zhang, H. Zhang and H. Hu, Targeting NF-kappaB pathway for the therapy of
diseases: mechanism and clinical study, Signal Transduct. Target Ther. 5(1) (2020) Article ID 209 (23
pages); https://doi.org/10.1038/s41392-020-00312-6

P. K. B. Nagesh, P. Chowdhury, E. Hatami, S. Kumari, V. Kumar Kashyap, M. K. Tripathi, S. Wagh,
B. Meibohm, S. C. Chauhan, M. Jaggi and M. M. Yallapu, Cross-linked polyphenol-based drug
nano-self-assemblies engineered to blockade prostate cancer senescence, ACS Appl. Mater. Inter-
faces 11(42) (2019) 38537-38554; https://doi.org/10.1021/acsami.9b14738

S. M. Srinivasula, M. Ahmad, T. Fernandes-Alnemri and E. S. Alnemri, Autoactivation of procas-
pase-9 by Apaf-1-mediated oligomerization, Mol. Cell 1(7) (1998) 949-957; https://doi.org/10.1016/
51097-2765(00)80095-7

E. Bossy-Wetzel, D. D. Newmeyer and D. R. Green, Mitochondrial cytochrome c release in apop-
tosis occurs upstream of DEVD-specific caspase activation and independently of mitochondrial
transmembrane depolarization, EMBO ]. 17(1) (1998) 37-49; https://doi.org/10.1093/emboj/17.1.37

Z.T.Schug, F. Gonzalvez, R. H. Houtkooper, F. M. Vaz and E. Gottlieb, BID is cleaved by caspase-8
within a native complex on the mitochondrial membrane, Cell Death Differ. 18(3) (2011) 538-548;
https://doi.org/10.1038/cdd.2010.135

549


https://doi.org/10.1371/journal.pone.0183122

S. Kandir et al.: Tannic acid elicits differential gene regulation in prostate cancer apoptosis, Acta Pharm. 74 (2024) 539-550.

30.

31.

32.

33.

550

R. V. Rao, E. Hermel, S. Castro-Obregon, G. del Rio, L. M. Ellerby, H. M. Ellerby and D. E. Brede-
sen, Coupling endoplasmic reticulum stress to the cell death program. Mechanism of caspase
activation, J. Biol. Chem. 276(36) (2001) 33869-33874; https://doi.org/10.1074/jbc.M102225200

N. Morishima, K. Nakanishi, H. Takenouchi, T. Shibata and Y. Yasuhiko, An endoplasmic reticu-
lum stress-specific caspase cascade in apoptosis. Cytochrome c-independent activation of cas-
pase-9 by caspase-12, J. Biol. Chem. 277(37) (2002) 34287-34294; https://doi.org/10.1074/jbc.
M204973200

M. Los, M. Mozoluk, D. Ferrari, A. Stepczynska, C. Stroh, A. Renz, Z. Herceg, Z. Q. Wang and K.
Schulze-Osthoff, Activation and caspase-mediated inhibition of PARP: a molecular switch
between fibroblast necrosis and apoptosis in death receptor signaling, Mol. Biol. Cell 13(3) (2002)
978-988; https://doi.org/10.1091/mbc.01-05-0272

Z. Herceg and Z. Q. Wang, Failure of poly(ADP-ribose) polymerase cleavage by caspases leads to
induction of necrosis and enhanced apoptosis, Mol. Cell Biol. 19(7) (1999) 5124-5133; https://doi.
org/10.1128/MCB.19.7.5124



