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α‑lipoic acid modulates prostate 
cancer cell growth and bone cell 
differentiation
K. M. Abdullah 1,7, Gunjan Sharma 1,7, Simran Takkar 1, Jyoti B. Kaushal 1, Ramesh Pothuraju 1,2, 
Bandana Chakravarti 3, Surinder K. Batra 1,4,5,6* & Jawed A. Siddiqui 1,4,6*

Prostate cancer (PCa) progression leads to bone modulation in approximately 70% of affected 
men. A nutraceutical, namely, α‑lipoic acid (α‑LA), is known for its potent anti‑cancer properties 
towards various cancers and has been implicated in treating and promoting bone health. Our study 
aimed to explore the molecular mechanism behind the role of α‑LA as therapeutics in preventing 
PCa and its associated bone modulation. Notably, α‑LA treatment significantly reduced the cell 
viability, migration, and invasion of PCa cell lines in a dose‑dependent manner. In addition, α‑LA 
supplementation dramatically increased reactive oxygen species (ROS) levels and HIF‑1α expression, 
which started the downstream molecular cascade and activated JNK/caspase‑3 signaling pathway. 
Flow cytometry data revealed the arrest of the cell cycle in the S‑phase, which has led to apoptosis 
of PCa cells. Furthermore, the results of ALP (Alkaline phosphatase) and TRAP (tartrate‑resistant 
acid phosphatase) staining signifies that α‑LA supplementation diminished the PCa‑mediated 
differentiation of osteoblasts and osteoclasts, respectively, in the MC3T3‑E1 and bone marrow 
macrophages (BMMs) cells. In summary, α‑LA supplementation enhanced cellular apoptosis via 
increased ROS levels, HIF‑1α expression, and JNK/caspase‑3 signaling pathway in advanced human 
PCa cell lines. Also, the treatment of α‑LA improved bone health by reducing PCa‑mediated bone cell 
modulation.

Keywords Prostate cancer, Bone modulation, Osteoblasts, Osteoclasts, α-LA, Reactive oxygen species (ROS), 
HIF-1α, p-JNK

Prostate cancer (PCa) is one of the most common cancers globally, making it a severe threat to men’s health and 
the second most significant cause of death from cancer  worldwide1,2. The slow and subtle progression of PCa is 
frequently accompanied by delayed tumor detection, which is a possible cause of metastasis. One of the most 
common sites of PCa metastasis is bone due to genetic and epigenetic alterations during tumor  initiation3,4. Bone 
metastasis is a severe clinical concern due to its association with poor prognosis and reduced survival  rate5,6. Bone 
metastasis is associated with a substantial decline in the 5-year survival rate, plummeting from 60% in patients 
without skeletal metastasis to a dismal 3% with bone  involvement7. The pain associated with bone metastasis 
and other pathological characteristics indicates the incurability of disease in most  cases3. Over the past several 
decades, bone-targeted therapies have been used to interrupt the crosstalk between PCa and bone cells, holding 
potential as a therapeutic strategy for advanced PCa patients with bone  metastasis8,9.

Among the diverse treatment options for bone diseases, micronutrients and nutraceuticals have gained 
attention for their cost-effectiveness, safety, and ability to target specific molecular events in affected cells and 
tissues. One such nutraceutical, α-lipoic acid (α-LA), has gained popularity due to its antioxidant properties and 
crucial role in mitochondrial  bioenergetics10,11. It has been reported that many human dietary components like 
kidney, liver, and muscle mass contain appreciable amounts of α-LA. At the same time, vegetables and fruits have 
lower amounts distributed to various tissues after  ingestion12. α-LA has shown cytotoxic and anti-proliferative 
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effects in several cancers, including breast, ovarian, colorectal, and lung  cancer13–18. Subsequently, an essential 
reason for α-LA to be a vital nutraceutical is its chemoprotective  potential19. Additionally, it has been investigated 
that α-LA not only restrains the activity of bone-resorbing osteoclasts but also supports bone-forming 
 osteoblasts11.

Furthermore, α-LA can exert both pro- and antioxidant effects, depending on the underlying physiologic 
and metabolic  state20. In cancer cells, α-LA has been found to induce apoptosis and inhibit proliferation through 
various pathways, including the regulation of reactive oxygen species (ROS)  levels21. Hypoxia-inducible factor 
(HIF), particularly HIF-1α, is a key regulator in response to cellular stressors, and excessive ROS levels can 
influence its expression. JNK, a downstream factor of HIF-1α, modulates tumor cell apoptosis or  proliferation22. 
Recent studies highlighted the importance of ROS accumulation in activation of the JNK/caspase-3 pathway to 
induce apoptosis in PCa  cells23. In PCa, α-LA affects the antioxidant system of the cells and may be related to 
the compensatory changes in their antioxidant defense system. It was concluded that α-LA induces apoptosis 
by a pro-oxidant mechanism triggered by an escalated uptake of mitochondrial substrates in oxidizable  form24. 
Although the possible cytotoxic effect of α-LA was shown in PCa cells, the exact mechanism behind the pro-
oxidant effect of α-LA is poorly understood. Therefore, despite the vast knowledge about the multiple effects 
of α-LA, the possibility that α-LA can prevent PCa mediated bone cells modulation has not been researched 
to the best of our knowledge. Therefore, the present study aims to elucidate the mechanism involved in the 
anti-neoplastic potential of α-LA in PCa bone metastases. By investigating the cytotoxicity in 22Rv1 and C4-2B 
cells under α-LA treatment, we have observed a significant increase in apoptosis due to intracellular ROS 
production. Additionally, we identified that the HIF-1α signaling pathway plays an essential role during this 
process. Moreover, the present study highlighted the beneficial effect of α-LA in PCa-mediated bone loss, as 
there was a significant decline in the PCa-mediated differentiation of bone cells. These findings contribute to 
the growing research on nutraceuticals as an alternative therapeutic approach in managing advanced PCa and 
bone metastasis.

Material and methods
Cell culture and cell lines
Human PCa cell lines (22Rv1, C4-2B) and preosteoblast cell line (MC3T3-E1) were obtained from ATCC 
(Rockville, MD, USA), maintained in RPMI and α-MEM media, respectively, supplemented with 1% 
penicillin–streptomycin antibiotics (100 μg/ml) and 10% fetal bovine serum (FBS) at 37 °C with 5%  CO2 in the 
humidifier atmosphere. The fresh media were replaced every 2 days, and culture conditions were maintained as 
described  earlier25,26. All cell lines were tested routinely to determine mycoplasma contamination and STR profile. 
For the preparation of condition media (CM), 2 ×  106 cells of 22Rv1 were grown in 100 mm tissue culture dish 
for 24 h in 10% RPMI medium. The day before CM collection, cells were washed with phosphate buffer saline 
(PBS) and incubated with 1% RPMI media for 48 h.

Cell proliferation and colony‑forming assay
The cell viability and proliferation were measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and colony formation assays, respectively. For MTT, 2500 cells/wells were seeded in a 96-well 
plate overnight in an RPMI medium supplemented with 10% FBS. The next day, cells were treated with α-LA at 
different concentrations (50, 100, 200, 300, 500, 1000, and 2000 μM) for 48 h after aspirating the culture media. 
After completion of 48 h, MTT was added and subsequently kept in the incubator for 2 h at 37 °C. After 2 h, 
MTT formazan crystals were dissolved in dimethyl sulfoxide, and the absorbance was measured at 570 nm. Cell 
viability was measured by calculating absorbance according to its relative changes.

For colony formation assay, 1000 cells/well were seeded in a 6-well plate in RPMI supplemented with 10% 
FBS. After 24 h, cells were treated with 500 μM of α-LA, and untreated cells were used as a control group. Fresh 
medium was subsequently added to both groups every 48 h for 14 days. Later, cells were washed with PBS and 
fixed by 0.5% crystal violet as previously  described27. The number of colonies was counted and quantified using 
the Image-J processing tool.

Wound healing assay
For wound healing assays, 1 ×  106 cells of both 22Rv1 and C4-2B were seeded in 35 mm culture dish, followed 
by the treatment with α-LA (500 µM). After 48 h, viable cells were counted and seeded in a 6-well plate in 10% 
RPMI medium and maintained in a growth medium until 89–90% confluency. Then, using a sterile pipette 
tip, a straight scratch was made on monolayer cells, and subsequently, detached cells were removed using PBS. 
Further, migrating cells were monitored using an inverted microscope (EVOS FL Auto) at 0, 24, and 48 h, as 
described  earlier28.

Transwell migration assay
For invasion assay, 1 ×  106 cells were seeded in a 35 mm culture dish and treated with 500 μM α-LA for 48 h. The 
untreated cells served as the control. At the end of the incubation period, viable cells were counted and seeded 
on the top of the Boyden chamber (8 μm  Corning® BioCoat™  Matrigel® Invasion Chamber) in the growth medium 
deprived of serum for 48 h; 20% FBS in RPMI medium was added in the lower side of a 6-well plate. After 48 h, 
the cells invaded in the lower chamber were then stained and fixed with Diff-Quick stain; further invaded cells 
across different fields were counted in both the control and treated groups. The average number of migrated 
cells per field was calculated and plotted using the GraphPad software. Each experiment was done in triplicates.



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4404  | https://doi.org/10.1038/s41598-024-54479-x

www.nature.com/scientificreports/

Western blot analysis
Total cell lysates were collected in RIPA lysis buffer containing 150 mM NaCl, 0.1% sodium dodecyl sulfate, 
50 mM Tris–HCl, 0.5% sodium deoxycholate, along with inhibitors of phosphatase and protease. The collected 
lysates were syringe passed and centrifuged for 25 min at 15,000×g, 4 °C, and then quantified by Bio-Rad 
DC Protein Assay kit. The protein samples (20–40 µg per well) were resolved by SDS-PAGE, followed by 
immunoblotting on the PVDF membrane. Membranes were blocked for 1 h in 5% non-fat dry milk dissolved 
in PBS containing 0.1% tween-20 (PBST). Further, membranes were immunolabelled with primary antibodies 
overnight at 4 °C. Details of antibodies used in the experiments are provided in Table 1. The next day, membranes 
were washed three times with PBST probed with respective secondary antibodies (1:5000 dilutions) at room 
temperature for 1 h, and immunolabelling was performed using chemiluminescence ECL reagent as described 
 earlier29.

RNA isolation and real‑time PCR analysis
Total RNA from different experiments was isolated using a Qiagen RNA isolation kit. RNA (1 µg) was used for 
cDNA synthesis using  TaqMan® Reverse Transcription Reagents and random hexamers. For quantitative real-time 
PCR,  SYBR® Green Master Mix (Roche) was used, and cycle conditions included 10 min at 95 °C, 95 °C for 15 s for 
40 cycles, and 1 min at 58 °C. The mRNA expression profile of different genes was calculated as described  earlier30. 
The expression levels were normalized using β-actin, and the data is represented in fold changes compared to 
control  samples31. The primers utilized in this study are mentioned in Table 2.

Cell cycle analysis
Approximately 1 ×  106 cells/well of both (C4-2B and 22Rv1) cell lines were seeded in RPMI media deprived 
of serum and treated with 500 μM of α-LA for 48 h. The untreated cells were used as a control group. After 
completion of the incubation period, cells were fixed with 70% ethanol overnight at 4 °C. The following day, 

Table 1.  Antibodies used in this study.

Antibodies Source Identifier

GPx4, WB: 1:1000 Cell signaling technology Cat#52455S

p-Rb (Ser-807/811), WB: 1:1000 Cell signaling technology Cat#9308

p21, WB: 1:1000 Cell signaling technology Cat#2947

β-actin, WB-1:500 Santa Cruz Cat#sc-517582

Catalase, WB-1:2000 Abcam Cat#ab16731

SOD1, WB-1:300 Santa Cruz Cat#sc-101523

SOD2, WB-1:300 Santa Cruz Cat#sc-137254

Bax, WB: 1:1000 Cell signaling technology Cat#5023

BcL-xL, WB: 1:1000 Cell signaling technology Cat#2764

HIF1-α, WB: 1000 Cell signaling technology Cat#3716

E-cadherin, WB: 1:1000 Cell signaling technology Cat#3195

p-JNK, WB: 1:1000 Cell signaling technology Cat#9251

cyclin E, WB: 1:1000 Cell signaling technology Cat#4129

N-cadherin, WB: 1:1000 Cell signaling technology Cat# 13116

Vimentin, WB: 1:1000 Cell signaling technology Cat#5741

Cleaved caspase 3: 1:1000 Invitrogen Cat#700182

Table 2.  Primer sequences of various genes.

Gene Species Forward primer Reverse primer

ALP Mouse ATC TTT GGT CTG GCT CCC ATG TTT CCC GTT CAC CGT CCA C

Osteocalcin Mouse GCA ATA AGG TAG TGA ACA GAC TCC GTT TGT AGG CGG TCT TCA AGC 

RunX2 Mouse AGT CCC AAC TTC CTG TGC TCC CGG TAA CCA CAG TCC CAT CTG 

Col1a1 Mouse CCT TCA TGT CCA AGC AGG A GCG CCG GAG TCT GTT CAC TA

TRAP Mouse CAC TCC CAC CCT GAG ATT TGTG ACG GTT CTG GCG ATC TCT TTGC 

NFATc1 Mouse TCC ACA GTC ATT TGC TCT GC TCC AGC AGG AGG CTA TGT G

Carbonic Anhydrase Mouse TGG TTC ACT GGA ACA CCA AA AGC AAG GGT CGA AGT TAG CA

c-fos Mouse AAT GGT GAA GAC CGT GTC AGGA CCC TTC GGA TTC TCC GTT TCT 

Cathepsin K Mouse CAG CAG AGG TGT GTA CTA TG GCG TTG TTC TTA TTC CGA GC

β-actin Mouse TCC TCC TGA GCG CAA GTA CTCT CGG ACT CAT CGT ACT CCT GCTT 
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fixed cells were washed in PBS and then, for 1 h, stained with Telford reagent at 4 °C as described  previously30. 
The stained cells were then analyzed through flow cytometry FACS to determine the phases of the cell cycle.

Apoptosis assay
C4-2B and 22Rv1 (1 ×  106 cells/well) were seeded in a 6-well plate overnight in 10% RPMI growth medium 
for apoptosis assay. The next day, treatment of 500 μM α-LA for 48 h. After the completion of 48 h, untreated 
(control) and treated cells were trypsinized, washed twice with PBS, and suspended in the 1X-FACS binding 
buffer. Next, both the groups were incubated for 15 min with propidium iodide (PI) and Annexin-V/CyTM5- in 
the dark. Then, stained cells were determined by flow cytometry analysis.

ROS assessment assay
Approximately 2 ×  103 cells/well of C4-2B and 22Rv1 were counted and seeded in a 96-well plate for 24 h in a 
10% RPMI growth medium. At the end of incubation time, seeded cells were incubated with 500 μM of α-LA. 
Subsequently, at the end of 48 h, cells were exposed for 30 min to DCFH-DA. Next, intracellular levels of 
ROS were analyzed by measuring fluorescence using a microplate reader (SYNERGY neo2, BioTek) at 485 nm 
(excitation) and 535 nm (emission). Subsequently, imaging was done using a microscope (EVOS FL Auto).

Differentiation of osteoclast from bone marrow macrophages of the mouse (BMMs)
Bone marrow cells were isolated from 4-week-old C57BL/6J mice as described  earlier32. In brief, bones were 
separated from the femur and tibia. The bone marrow cavity was flushed using a 25-gauge needle and α-MEM. 
Next, isolated BMMs were cultured in 10% FBS containing α-MEM along with mouse receptor activator of 
NF-kappaB ligand (mRANKL) and mouse macrophage colony-stimulating factor (mMCSF) as described 
 previously33. This culture was exposed to 20% and 50% CM from 22Rv1 cells and 50% CM along with 100 nM 
(nM) of α-LA. The medium was changed after every 2 days. Subsequently, after 72 h, mRNA analysis was 
performed using qRT-PCR. At the end of 7 days, Tartrate-resistant acid phosphatase (TRAP) was performed to 
determine the differentiated  osteoclasts32.

TRAP staining
After the completion of osteoclast differentiation, osteoclasts were observed under a light microscope, and 
cells were fixed for 30 min using 4% paraformaldehyde dissolved in PBS at room temperature and further 
using a Leukocyte acid phosphatase (TRAP) kit (387-A; Sigma–Aldrich) differentiated osteoclasts were stained 
according to the instructions. Images of multinucleated TRAP-positive cells were captured with an EVOS FL 
auto  microscope33.

Pit resorption
BMMs were seeded onto pre-coated inorganic bone biomaterial surface (Corning Osteo Assay Surface 
Polystyrene) 1 × 8 Stripwell™ Microplate and stimulated with RANKL (100 ng/ml) and treated with 22Rv1 CM 20, 
50% and 50% along with α-LA (100 nM) for 7–8 days. As for pit formation, media and drugs were removed, and 
5% sodium hypochlorite was added for 5 min and washed with  dH2O. Then, the bone resorption/pit formation 
was photographed from each well with an EVOS FL auto  microscope34.

Differentiation of osteoblasts
MC3T3-E1 cells were cultured in α-MEM media supplemented with 10% FBS and 1% penicillin–streptomycin. 
Cells (2 ×  103 cells/well) were seeded in 96-well plate after cells reached 80–90% confluency. After 24 h, seeded 
cells were subjected to treatment with osteoblast differentiation media (10 mmol·L−1 β-glycerophosphate, 10% 
α-MEM, and 50 mg·mL−1 ascorbic acid) alone, 20%, 40%, and 50% CM from 22Rv1 cells and 50% CM along 
with 100 nM of α-LA for 2 days in osteoblast differentiation media. The untreated cells were used as the control 
group. For alkaline phosphatase (ALP) activity, p-nitrophenyl phosphate was used as the substrate and quantified 
at 405 nm, and ALP staining was photographed, as described  earlier35.

Statistical analysis
Student’s t-test or one-way ANOVA was applied to evaluate differences using the GraphPad InStat software 
program (GraphPad Software, Inc.). P values < 0.05 were considered to indicate statistical significance.

Results
α‑Lipoic acid treatment decreases cell viability and S‑phase cell cycle arrest
To assess the impact of α-LA on cell viability, 22Rv1 and C4-2B cell lines were treated with various concentrations 
of α-LA for 48 h, and cell viability was evaluated using the MTT assay. α-LA treatment resulted in significantly 
lower cell viability compared to the control in a dose-dependent manner with an  IC50 of 500 µM for both the 
cell lines, as shown in Fig. 1A. We employed flow cytometry to examine the DNA content of various cell cycle 
phases, and interestingly, it was found that α-LA treatment (500 µM) showed a S-phase arrest in both 22Rv1 and 
C4-2B cell lines (Fig. 1B,C). Cell cycle arrest is caused by α-LA therapy in hepatoma cells and is associated with 
an increased expression of the cyclin-dependent kinase inhibitors  p21Cip and  p27Kip36. Therefore, we analyzed the 
expression profiles of two critical regulators of cell cycle progression, p21 and cyclin E, after 48 h of treatment 
with α-LA. Concurrently, there was an upregulation of p21 expression, indicating the involvement of cyclin-
dependent cell cycle arrest due to α-LA treatment (Fig. 1D). These findings suggest that α-LA treatment leads 
to S-phase cell cycle arrest in both 22Rv1 and C4-2B cell lines, and the upregulation of p21, along with the 
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downregulation of cyclin E expression, provides insights into the molecular mechanisms underlying the growth 
inhibition of PCa cells by α-LA.

Figure 1.  Effect of increasing concentrations of α-LA on PCa cell viability determined by MTT assay (A). Cells 
were treated with various concentrations of α-LA for 48 h, and loss of viability was measured by MTT assay. 
Values are expressed as mean ± SEM. The cell cycles of 22Rv1 and C4-2B cells were treated with 500 µM of α-LA. 
(B) DNA content in different cell cycle phases was assessed by propidium iodide staining of control and treated 
cells, followed by FACS analysis. Cell cycle analysis showed that after α-LA treatment, cells were arrested at the 
S phase. (C) Quantitative analysis of DNA content was shown as mean ± SEM (n = 3). (D) Western blot analysis 
of 22Rv1 and C4-2B performed after α-LA treatment reveals that the cell cycle arrest facilitates via upregulation 
of p21 protein and downregulation of cyclin E and pRb protein. Statistical significance was calculated using two-
way ANOVA. ****p < 0.0001; ***p < 0.0002; **p < 0.001; *p < 0.05.
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α‑Lipoic acid treatment induces apoptosis
To ascertain whether the cell death induced by α-LA treatment followed an apoptotic pathway, we conducted 
flow cytometry analysis using Annexin-Cy5 staining. The flow cytometry results, as shown in Fig. 2A,B, clearly 
demonstrated that the α-LA-treated cells (22Rv1 and C4-2B) exhibited a significantly higher percentage (nearly 
50%) of apoptosis compared to the untreated cells. Moreover, the modulation of anti-apoptotic Bcl-2 family 
proteins is crucial for the apoptotic process. To determine if α-LA-induced apoptosis was associated with changes 
in the expression profile of these proteins, we analyzed the levels of pro-apoptotic protein Bax and anti-apoptotic 

Figure 2.  Effect of α-LA on apoptotic assay in PCa cell lines. (A). The percentage of viable and apoptotic cells 
analysis with respect to control (untreated) in 22Rv1 and C4-2B cells treated with 500 µM of α-LA for 48 h as 
determined by a flow cytometer of annexin-V Cy-5/PI- dual stained cells. (B) Quantitative analysis of these 
micrographs was shown as mean ± SEM. (C) Representative western blots of pro and anti-apoptotic genes in 
22Rv1 and C4-2B cells after the treatment as described. Statistical significance was calculated using a t-test. 
*p < 0.05; **p < 0.001.
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protein Bcl-xl37. α-LA treatment resulted in an increase in Bax expression and a decrease in Bcl-xl expression in 
both cell lines (Fig. 2C). Together, these results indicate that the modulation of Bcl-2 family proteins contributes 
to the apoptotic response induced by α-LA treatment.

α‑Lipoic acid induces cell death through ROS generation
Reactive oxygen species (ROS) produced by the mitochondrial respiratory chain or from the action of NADPH 
oxidase (NOX) have been shown to have a crucial role in the advancement of  apoptosis38. Images of the confocal 
microscopy clearly depicted that there was a significant increase in the fluorescence of DCFH-DA (green) in 
both 22Rv1 and C4-2B cell lines after treatment with 500 µM α-LA for 48 h (Fig. 3A,B). This indicates an 
elevated level of ROS in the cells treated with α-LA when compared to the control group. To better understand 
the mechanism underlying the enhanced ROS production following α-LA therapy, we examined the expression 
profiles of antioxidant enzymes-MnSOD (SOD1), Cu/ZnSOD (SOD2), catalase, and glutathione peroxidase 4 
(GPx4). After 48 h of treatment with 500 µM of α-LA, we observed a reduction in the expression levels of all 
four enzymes in PCa cell lines (Fig. 3C). Furthermore, to investigate whether the generation of ROS induced by 
α-LA treatment contributes to cell death, we utilized N-acetyl cysteine (NAC), recognized as a ROS scavenger 

Figure 3.  α-LA induced-ROS generation in PCa cell lines. (A) α-LA induced ROS generation evaluated 
fluorescence microscope with DCFH-DA. Scale bars = 200 µm. (B) ROS levels induced by α-LA were measured 
using a fluorescent plate reader, analyzed statistically, and presented as a bar graph as mean ± SEM. (C) Western 
blots of ROS scavenging proteins after treatment of α-LA in 22Rv1 and C4-2B as described. (D) Effect of pre-
treatment with NAC on the α-LA-induced cell death. 22Rv1 and C4-2B cells were preincubated with 0.1 mM 
of NAC and then treated with 2000 µM of α-LA for 48 h. Statistical significance was calculated using a t-test. 
P-value ****p < 0.0001 (compared to control) or two-way ANOVA. ####p < 0.0001 (compared to 2000 µM of α-LA 
without NAC).



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4404  | https://doi.org/10.1038/s41598-024-54479-x

www.nature.com/scientificreports/

and known for increasing intracellular glutathione  levels39. Cell viability did not change significantly when both 
cell lines were treated with NAC alone. However, pretreatment with 0.1 mM NAC markedly attenuated α-LA-
induced cell death (Fig. 3D). These findings demonstrate that α-LA induces cell death by generating ROS, which 
resulted in reduced expression of anti-oxidant enzymes.

α‑Lipoic acid induces cell death via ROS‑mediated HIF‑1α expression and JNK/Caspase‑3 
signaling
To investigate the impact of α-LA on apoptosis induction, we examine the expression of key proteins involved 
in the apoptotic pathways. Since hypoxia-inducible factor 1 alpha (HIF-1α) is essential for the physiological 
response to hypoxia, we measured its expression at the protein level. We observed that HIF-1α protein expression 
is increased in both cell lines, resulting from elevated intracellular ROS levels (Fig. 4). Further, to explore the 
relationship between HIF1α and caspase-3 production, we examined the expression of c-Jun N-terminal 
kinase (JNK) because JNK, activated by ROS, leads to apoptosis through cleavage of  caspases40. Notably, the 
phosphorylated JNK (p-JNK) (Thr183/Tyr185) protein levels were markedly upregulated in cells treated with 
α-LA as compared to the control cells. This elevation in JNK expression correlated with the expression of cleaved-
caspase-3 (Fig. 4). These results prove that α-LA induces apoptosis by activating the ROS-mediated HIF-1α 
expression and JNK/caspase-3 signaling pathway.

α‑Lipoic acid inhibits the PCa cell migration, invasion, and colony formation
Migration and invasion are complex processes that are involved in the malignant transformation of  tumors41. 
To investigate the effects of α-LA treatment on cell migration, scratch, and invasion assays were performed on 
22Rv1 and C4-2B cell lines. We found a substantial inhibition of cell migration compared to control in 24 and 
48 h, as shown in Fig. 5A,B. Similarly, transwell invasion assays revealed a consistent trend of reduced invasion 
in both cell lines upon α-LA treatment (Fig. 5C,D). These findings indicate that α-LA effectively inhibits PCa 
cells’ migration and invasion capabilities.

In addition, colony formation assays were conducted to assess the impact of α-LA on the ability of cells to 
form colonies. After treating 22Rv1 and C4-2B cell lines with α-LA, a significant decrease in the colony-forming 
potential was observed (Fig. 5E,F). These results demonstrate the ability of α-LA to impair the colony formation 
ability of PCa cells.

To gain further insights into the molecular mechanisms underlying the migration inhibitory effect of α-LA, 
we examined the expression of epithelial-mesenchymal transition (EMT) markers such as E-cadherin, vimentin, 
and N-cadherin. Remarkably, treatment with 500 µM α-LA resulted in a significant increase in E-cadherin 
expression, along with decreased levels of vimentin and N-cadherin (Fig. 5G). These changes indicate a reversal 
of the EMT process, associated with reduced migratory and invasive capabilities of cancer cells.

α‑Lipoic acid treatment on PCa‑mediated osteoblastic function
The interaction between the bone microenvironment and cancer cells results in a vicious cycle that leads to bone 
abnormalities and promotes tumor growth. Osteoblasts play a crucial role in bone formation, and their activity 
is particularly significant in PCa  patients42. Additionally, 22Rv1 is known to form osteoblastic and osteoclastic 
lesions on the bone to promote bone metastasis under physiological  conditions43. Therefore, we investigated 
the effect of α-LA on preosteoblastic MC3T3-E1 differentiation in the presence of a tumor microenvironment. 
MC3T3-E1 were cultured for 48 h using different ratios of 22Rv1-derived CM (20, 40, and 50% in αMEM) under 
osteoblast-differentiating conditions (in the presence of ascorbic acid and β-glycerophosphate) along with the 
addition of the α-LA.

To assess the effects of α-LA on the expression of osteoblast differentiation markers mediated by PCa, we 
examined the activity and staining of alkaline phosphatase (ALP). As shown by ALP activity and staining, PCa-
mediated osteoblast differentiation was significantly increased compared to the control group. However, treatment 
with 100 nM of α-LA exhibited notable inhibition in ALP activity and staining (Fig. 6A,B). Consistent with the 
results of ALP activity and staining, gene expression analysis also revealed an upregulation of mRNA levels of 
the early osteogenic genes Alp, RUNX-2, as well as late osteogenic genes Col-1a-1 and OSX in osteoblasts treated 

Figure 4.  Western blot analysis showing expression of HIF-1α, pJNK, and cleaved caspase-3. The blotting 
depicted a higher expression of HIF-1α, pJNK, and cleaved caspase-3 upon α-LA treatment assessed in whole 
cell lysates isolated from control and α-LA treated 22Rv1, and C4-2B. β-actin was used as the loading control.
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Figure 5.  α-LA inhibited the invasion and cell migration potential of PCa cells. (A,B) Wound assay of 22Rv1 
cells treated with 500 µM of α-LA for 48 h. Imaging has been done at a magnification of 10x (t = 0 h, t = 24 h & 
48 h) and analyzed through Image J software. Scale bars = 400 µm. (C,D) Migration assay of 22Rv1 and C4-2B 
cells treated with 500 µM of α-LA for 48 h. Migrated cells were stained with crystal violet, and imaging was done 
in five different areas at a magnification of 10x. Stained migrated cells were counted and analyzed statistically by 
using a t-test. Scale bars = 400 μm. (E,F) Representative images of colony formation assay in 22Rv1 and C4-2B 
cells after 14–20 days of treatment with 500 µM of α-LA. Quantification was done by counting the number 
of colonies and represented as a bar diagram. (G) Western blot analysis of EMT markers after the treatment 
as described. Statistical significance was calculated using a t-test, and results are expressed as mean ± SEM. 
*p < 0.05, ***p < 0.005, ****p < 0.0001.
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with the CM of 22Rv1 cells compared to the control. However, the presence of 100 nM of α-LA significantly 
decreased the expression of these genes (Fig. 6C). These findings demonstrate that α-LA effectively prevents the 
PCa-mediated osteoblastic function.

α‑Lipoic acid treatment on PCa‑mediated osteoclast differentiation
Abnormal enhancement in osteoclast differentiation is the primary factor contributing to the pathologic lesions 
on bone due to PCa bone  metastasis44. Therefore, we investigated the effect of α-LA on the PCa-mediated 
differentiation of BMMs. qRT-PCR and TRAP (osteoclast marker) staining have been done to see the impact of 
α-LA on BMMs differentiation to osteoclasts (OCs). qRT-PCR data suggest that α-LA plays a crucial role in the 
PCa-mediated differentiation of BMMs cells. α-LA significantly decreases the PCa mediated OC differentiation 
genes, like TRAP, CTSK (cathepsin K), NFATc1, carbonic anhydrase, and c-fos (Fig. 7A). Furthermore, TRAP 
staining also reveals a similar observation at the differentiation of BMMs in the validation of OC differentiation 
and function (Fig. 7B,C).

Similarly, pit resorption assay on unique bone surfaces enabled us to observe the severity of OC activity on the 
bone surface environment. Single and multiple pit clusters were observed in various treatment groups (Fig. 7D). 
In normal OC differentiation conditions, multiple pit clusters were observed. Moreover, the BMMs were grown in 
50% CM of 22Rv1, and a lot more resorbed pit clusters were formed, showing that 50% CM vigorously increased 

Figure 6.  α-LA treatment inhibits PCa-mediated osteoblast differentiation. (A) PCa interaction with bone cells 
promotes osteoblast differentiation, which was inhibited by treatment with 100 nM of α-LA. Undifferentiated 
MC3T3-E1 cells were treated with various proportions of 22Rv1 condition medium (20%, 40%, 50%, and 
50% with 100 nM of α-LA) for 48 h and subjected to alkaline phosphatase activity. (B) Representative ALP 
staining of MC3T3-E1 cells after 10 days of treatment with the alone 50% condition medium of 22Rv1 cells and 
50%CM with 100 nM of α-LA. (C) MC3T3-E1 cells were treated with the control, 20%, 50% CM, and 50% CM 
with 100 nM α-LA for 48 h in the differentiation medium of osteoblast. Total RNA was harvested, RT–qPCR 
for osteogenic genes (alkaline phosphatase: ALP, Runx-2, Col-1a, and osteocalcin) was performed, and gene 
expression was normalized to that of β-actin. Statistical significance was calculated using one-way ANOVA or 
t-test, and results were presented as mean ± SEM, p-value; **** p < 0.0001; **p < 0.0080, *p < 0.05 (compared to 
control); ####p < 0.0001; ###p < 0.0003 (compared to 50%CM without α-LA).
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the OC formation and resorption of the osteo assay surface. Indeed, we found that α-LA (100 nM), even in the 
presence of 50% CM, shows an inhibitory activity for osteoclast differentiation as evident by qRT-PCR and TRAP 

Figure 7.  α-LA treatment inhibits PCa-mediated osteoclastic differentiation and function. (A) PCa interaction 
with bone cells promotes osteoclast differentiation, which was inhibited by the treatment with 100 nM of 
α-LA. BMMs from C57BL/6J mice were cultured for 7 days with M-CSF, RANKL, and various proportions 
of 22Rv1 condition medium (20%, 50% and 50% with 100 nM of α-LA). Total RNA was harvested, RT–qPCR 
for osteoclast markers (TRAP, NFATc1, carbonic anhydrase, c-fos, and cathepsin K) was performed, and gene 
expression was normalized to that of β-actin. (B) Representative TRAP staining of BMMs cells after 7 days of 
treatment with alone 50% condition medium of 22Rv1 cells and 50%CM with 100 nM of α-LA. (C) The number 
of TRAP + ve cells was counted and represented as a bar diagram. (D) Representative images of pit resorption 
assay of BMMs cells after 7 days of treatment as described. Statistical significance was calculated using one-way 
ANOVA or t-test, and results were presented as mean ± SEM, ****p < 0.0001; ***p < 0.0004; **p < 0.008; *p < 0.05 
(compared to control); ####p < 0.0001; ###p < 0.0003; ##p < 0.003; #p < 0.01 (compared to 50%CM without α-LA).
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staining. The pit resorption experiment strongly supports this observation. Collectively, α-LA in the presence of 
50% CM of PCa cells significantly inhibits the OC differentiation, activity, and bone resorption.

Discussion
In recent years, α-LA has gained attention for its potential anti-cancer  properties45. Apart from its anti-neoplastic 
potential, α-LA is a necessary cofactor for various mitochondrial enzymes and plays a critical role in numerous 
physiological processes, notably oxidative energy  metabolism46. Due to the antioxidant properties, α-LA has been 
employed to treat chronic conditions involving higher levels of oxidative stress like Alzheimer’s and diabetic 
neuropathy. Several studies have reported the inhibitory effects of α-LA and its derivatives on tumor development 
and survival in various malignancies, with minimal impact on non-cancerous primary  cells47. However, the 
precise mechanism of cell death induced by α-LA in transformed cell lines and cancer cells is not well established. 
In this study, we selected the C4-2B and 22Rv1 PCa cell lines to investigate the anti-cancer effects of α-LA. 
The treatment of both cell lines with α-LA had a dose-dependent decrease in cell viability, and this effect was 
attenuated when cells were pretreated with N-acetyl cysteine (NAC), a ROS scavenger.

Moreover, α-LA treatment led to an increase in apoptotic cell proportion and reactive oxygen species (ROS) 
generation. Additionally, α-LA treatment reduced the migratory, colony formation, and invasive capability of 
both cell lines. The expression of HIF-1α significantly increased following α-LA treatment and was comparable 
with the changes in ROS.

It is well known that elderly individuals, those who are more prone to developing PCa often experience severe 
oxidative stress related to  age48. Excessive ROS might result in damage to important biomolecules like DNA, 
protein, or lipids and may act as anti-neoplastic agents, resulting in apoptotic or necrotic cellular  damage49,50. 
Furthermore, tumor growth generates substantially higher oxidative stress in a hypoxic tumor microenvironment 
compared to normoxic circumstances. ROS in the tumor microenvironment can act as a double-edged sword 
because, on one end, promoting programmed cell death while also supporting cancer cell proliferation and 
survival by causing DNA mutations and impairing the activities of several tumor suppressor genes such as protein 
tyrosine phosphatases (PTPs), phosphatase and tension homolog (PTEN), and MAPK phosphatases, resulting 
in the activation of the PKD-NF-KB, PI3K-PKB/Akt, AND MAPK-ERK signaling  cascades51,52. Consistent with 
the previous studies, which prove that oxidative stress is a medium through which α-LA exhibits apoptotic and 
anti-proliferative activity, it also arrests cells in the G1 phase of the cell cycle and activates p27 (kip1)-dependent 
cell cycle arrest in numerous malignancies  and36,46,53–55. Our findings also demonstrate that α-LA instigated the 
level of ROS in both the cell lines of PCa.

Furthermore, the epithelial-mesenchymal transition (EMT) of PCa cells from the initial tumor progression 
results in increased metastasis and  invasiveness56. Our findings indicate that α-LA significantly reduces the 
migratory potential of 22Rv1 and C4-2B cell lines, suggesting that elevated ROS levels might inhibit the 
migration potential of PCa cell lines. These results stand true to the previous findings, which demonstrated the 
cytotoxic potential of high  ROS57. Nonetheless, HIF-1α is a crucial mediator of apoptosis expressed primarily 
in hypoxic conditions and allows cells to survive by stimulating survival pathways along with the upregulation 
of glutathione-based antioxidant genes to combat ROS  production58–60. HIF-1α subunits have been shown to 
interact with the tumor suppressor p53 gene, leading to the stabilization and activation of p53 and initiation of 
programmed cell death in a hypoxic  environment61. On the other hand, several studies indicate that the deletion 
of the p53 gene occurs owing to the stability of HIF-1α in hypoxia cells, hence reducing the initiation of apoptotic 
 pathways62. Hypoxia-induced apoptosis occurs through the pro-apoptotic protein Nip3, one of the target genes 
of HIF-1α, which directly blocks the activity of anti-apoptotic proteins like Bcl-xl and Bcl-263.

PCa patients often develop skeletal impairment due to the dissemination of primary malignant cells, which 
preferentially invade the bone microenvironment. Successful invasion of tumor cells requires endothelial-to-
mesenchymal transitions through effector molecules like proteases and cadherins. Interestingly, our study 
demonstrates that α-LA treatment reduces the expression of mesenchymal markers with the increase in 
e-cadherin in both 22Rv1 and C4-2B cell lines at the protein level. Anatomically, the effect of PCa on bone cells 
can result in either osteolytic or osteoblastic phenotypes, with some cases displaying mixed  lesions64. This is 
consistent with previously published studies showing that α-LA supports bone formation density by regulating 
the expression of genes involved in osteoblast differentiation and  resorption65,66. Our results of ALP activity and 
reduced expression of key osteogenic genes signify that the α-LA has the potential to inhibit the PCa-induced 
osteoblastic modulation in MC3T3-E1 cells. Although the effect of prostate cancer on bone cells exhibits the 
osteoblastic phenotype, previously published reports established the importance of osteolytic components in 
the bone’s progression and establishment of PCa  cells67,68. α-LA prevents bone resorption (induced by RANKL 
and TNF-α) by reducing the NF-κB DNA binding in vivo44. Consistent with the previous reports, our data 
demonstrated that α-LA hampers the major osteolytic components, such as osteoclast differentiation, and their 
activity even in the presence of PCa-conditioned medium (22Rv1 CM) and can also protect the bone from 
resorption.

Overall, previous studies have proven the critical role of HIF-1α and the JNK/SAPK pathway in initiating 
cell death  pathways69,70. Our findings support this observation by demonstrating higher HIF-1α and p-JNK 
expression along with the enhanced expression of cleaved caspase-3 following α-LA treatment in both the PCa 
cell lines.

In conclusion, the outcomes of the current study suggest that α-LA has significant potential in managing 
prostate cancer and its impact on bone cells. However, detailed mechanistic studies are needed to undercover 
the anti-cancer potential of α-LA responsible for suppressing the proliferation of PCa cells and, subsequently, 
their effect on bone cells. Furthermore, future evaluations of α-LA on prostate cancer bone metastasis animal 
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models will provide a detailed insight into anti-metastatic potential and its effect on maintaining bone health in 
the presence of tumor microenvironment.

Data availability
The western blots used in this study have been submitted as a supplementary file in the original uncropped 
form. Other raw data supporting this study’s findings will be made available from the corresponding author 
upon reasonable request.

Received: 31 July 2023; Accepted: 12 February 2024

References
 1. Siegel, R. L., Miller, K. D., Wagle, N. S. & Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 73, 17–48. https:// doi. org/ 10. 3322/ 

caac. 21763 (2023).
 2. Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 71, 209–249. https:// doi. org/ 10. 3322/ caac. 21660 (2021).
 3. Sartor, O. & de Bono, J. S. Metastatic prostate cancer. N. Engl. J. Med. 378, 645–657. https:// doi. org/ 10. 1056/ NEJMr a1701 695 

(2018).
 4. Sharma, G. et al. Epigenetic regulation of bone remodeling and bone metastasis. Semin. Cell Dev. Biol. https:// doi. org/ 10. 1016/j. 

semcdb. 2022. 11. 002 (2022).
 5. Randall, R. L. A promise to our patients with metastatic bone disease. Ann. Surg. Oncol. 21, 4049–4050. https:// doi. org/ 10. 1245/ 

s10434- 014- 4010-1 (2014).
 6. Nieder, C., Haukland, E., Pawinski, A. & Dalhaug, A. Anaemia and thrombocytopenia in patients with prostate cancer and bone 

metastases. BMC Cancer 10, 284. https:// doi. org/ 10. 1186/ 1471- 2407- 10- 284 (2010).
 7. Bubendorf, L. et al. Metastatic patterns of prostate cancer: An autopsy study of 1,589 patients. Hum. Pathol. 31, 578–583. https:// 

doi. org/ 10. 1053/ hp. 2000. 6698 (2000).
 8. Cheung, F. Y. Revisiting the role of bone-modifying agents in the management of metastatic prostate cancer. Asia Pac. J. Clin. 

Oncol. 14(Suppl 5), 13–15. https:// doi. org/ 10. 1111/ ajco. 13061 (2018).
 9. Roberts, J. L. & Moreau, R. Emerging role of alpha-lipoic acid in the prevention and treatment of bone loss. Nutr. Rev. 73, 116–125. 

https:// doi. org/ 10. 1093/ nutrit/ nuu005 (2015).
 10. Herbert, A. A. & Guest, J. R. Lipoic acid content of Escherichia coli and other microorganisms. Arch. Microbiol. 106, 259–266. 

https:// doi. org/ 10. 1007/ BF004 46532 (1975).
 11. Shay, K. P., Moreau, R. F., Smith, E. J., Smith, A. R. & Hagen, T. M. Alpha-lipoic acid as a dietary supplement: Molecular mechanisms 

and therapeutic potential. Biochim. Biophys. Acta 1790, 1149–1160. https:// doi. org/ 10. 1016/j. bbagen. 2009. 07. 026 (2009).
 12. Salehi, B. et al. Insights on the use of alpha-lipoic acid for therapeutic purposes. Biomolecules https:// doi. org/ 10. 3390/ biom9 080356 

(2019).
 13. Dorsam, B., Goder, A., Seiwert, N., Kaina, B. & Fahrer, J. Lipoic acid induces p53-independent cell death in colorectal cancer cells 

and potentiates the cytotoxicity of 5-fluorouracil. Arch. Toxicol. 89, 1829–1846. https:// doi. org/ 10. 1007/ s00204- 014- 1434-0 (2015).
 14. Kafara, P., Icard, P., Guillamin, M., Schwartz, L. & Lincet, H. Lipoic acid decreases Mcl-1, Bcl-xL and up regulates Bim on ovarian 

carcinoma cells leading to cell death. J. Ovarian Res. 8, 36. https:// doi. org/ 10. 1186/ s13048- 015- 0165-z (2015).
 15. Kuban-Jankowska, A., Gorska-Ponikowska, M. & Wozniak, M. Lipoic acid decreases the viability of breast cancer cells and activity 

of PTP1B and SHP2. Anticancer Res. 37, 2893–2898. https:// doi. org/ 10. 21873/ antic anres. 11642 (2017).
 16. Puchsaka, P., Chaotham, C. & Chanvorachote, P. alpha-Lipoic acid sensitizes lung cancer cells to chemotherapeutic agents and 

anoikis via integrin beta1/beta3 downregulation. Int. J. Oncol. 49, 1445–1456. https:// doi. org/ 10. 3892/ ijo. 2016. 3624 (2016).
 17. Yang, L. et al. alpha-Lipoic acid inhibits human lung cancer cell proliferation through Grb2-mediated EGFR downregulation. 

Biochem. Biophys. Res. Commun. 494, 325–331. https:// doi. org/ 10. 1016/j. bbrc. 2017. 10. 030 (2017).
 18. Chakravarti, B. et al. Lipoic acid blocks autophagic flux and impairs cellular bioenergetics in breast cancer and reduces stemness. 

Biochim. Biophys. Acta Mol. Basis Dis. 1868, 166455. https:// doi. org/ 10. 1016/j. bbadis. 2022. 166455 (2022).
 19. Al-Awsi, G. R. L. et al. The chemoprotective potentials of alpha-lipoic acid against cisplatin-induced ototoxicity: A systematic 

review. Curr. Med. Chem. https:// doi. org/ 10. 2174/ 09298 67330 66623 05091 62513 (2023).
 20. Skibska, B., Kochan, E., Stanczak, A., Lipert, A. & Skibska, A. Antioxidant and anti-inflammatory effects of alpha-lipoic acid on 

lipopolysaccharide-induced oxidative stress in rat kidney. Arch. Immunol. Ther. Exp. 71, 16. https:// doi. org/ 10. 1007/ s00005- 023- 
00682-z (2023).

 21. Brillo, V., Chieregato, L., Leanza, L., Muccioli, S. & Costa, R. Mitochondrial dynamics, ROS, and cell signaling: A blended overview. 
Life https:// doi. org/ 10. 3390/ life1 10403 32 (2021).

 22. Li, R. et al. Garcinone E triggers apoptosis and cell cycle arrest in human colorectal cancer cells by mediating a reactive oxygen 
species-dependent JNK signaling pathway. Biomed. Pharmacother. 162, 114617. https:// doi. org/ 10. 1016/j. biopha. 2023. 114617 
(2023).

 23. Zhang, Y. et al. Paclitax-+el induces the apoptosis of prostate cancer cells via ROS-mediated HIF-1alpha expression. Molecules 
https:// doi. org/ 10. 3390/ molec ules2 72171 83 (2022).

 24. Wenzel, U., Nickel, A. & Daniel, H. alpha-Lipoic acid induces apoptosis in human colon cancer cells by increasing mitochondrial 
respiration with a concomitant O2-*-generation. Apoptosis 10, 359–368. https:// doi. org/ 10. 1007/ s10495- 005- 0810-x (2005).

 25. Mimeault, M. et al. Inhibition of hedgehog signaling improves the anti-carcinogenic effects of docetaxel in prostate cancer. 
Oncotarget 6, 3887–3903. https:// doi. org/ 10. 18632/ oncot arget. 2932 (2015).

 26. Senapati, S. et al. Overexpression of macrophage inhibitory cytokine-1 induces metastasis of human prostate cancer cells through 
the FAK-RhoA signaling pathway. Oncogene 29, 1293–1302. https:// doi. org/ 10. 1038/ onc. 2009. 420 (2010).

 27. Chaudhary, S., Madhukrishna, B., Adhya, A. K., Keshari, S. & Mishra, S. K. Overexpression of caspase 7 is ERalpha dependent 
to affect proliferation and cell growth in breast cancer cells by targeting p21(Cip). Oncogenesis 5, e219. https:// doi. org/ 10. 1038/ 
oncsis. 2016. 12 (2016).

 28. Khan, P. et al. MicroRNA-1 attenuates the growth and metastasis of small cell lung cancer through CXCR4/FOXM1/RRM2 axis. 
Mol. Cancer 22, 1. https:// doi. org/ 10. 1186/ s12943- 022- 01695-6 (2023).

 29. Bhatia, R. et al. Malondialdehyde-acetaldehyde extracellular matrix protein adducts attenuate unfolded protein response during 
alcohol and smoking-induced pancreatitis. Gastroenterology 163, 1064-1078.e1010. https:// doi. org/ 10. 1053/j. gastro. 2022. 06. 071 
(2022).

 30. Pothuraju, R. et al. Molecular implications of MUC5AC-CD44 axis in colorectal cancer progression and chemoresistance. Mol. 
Cancer 19, 37. https:// doi. org/ 10. 1186/ s12943- 020- 01156-y (2020).

 31. Pothuraju, R. et al. Depletion of transmembrane mucin 4 (Muc4) alters intestinal homeostasis in a genetically engineered mouse 
model of colorectal cancer. Aging 14, 2025–2046. https:// doi. org/ 10. 18632/ aging. 203935 (2022).

https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21660
https://doi.org/10.1056/NEJMra1701695
https://doi.org/10.1016/j.semcdb.2022.11.002
https://doi.org/10.1016/j.semcdb.2022.11.002
https://doi.org/10.1245/s10434-014-4010-1
https://doi.org/10.1245/s10434-014-4010-1
https://doi.org/10.1186/1471-2407-10-284
https://doi.org/10.1053/hp.2000.6698
https://doi.org/10.1053/hp.2000.6698
https://doi.org/10.1111/ajco.13061
https://doi.org/10.1093/nutrit/nuu005
https://doi.org/10.1007/BF00446532
https://doi.org/10.1016/j.bbagen.2009.07.026
https://doi.org/10.3390/biom9080356
https://doi.org/10.1007/s00204-014-1434-0
https://doi.org/10.1186/s13048-015-0165-z
https://doi.org/10.21873/anticanres.11642
https://doi.org/10.3892/ijo.2016.3624
https://doi.org/10.1016/j.bbrc.2017.10.030
https://doi.org/10.1016/j.bbadis.2022.166455
https://doi.org/10.2174/0929867330666230509162513
https://doi.org/10.1007/s00005-023-00682-z
https://doi.org/10.1007/s00005-023-00682-z
https://doi.org/10.3390/life11040332
https://doi.org/10.1016/j.biopha.2023.114617
https://doi.org/10.3390/molecules27217183
https://doi.org/10.1007/s10495-005-0810-x
https://doi.org/10.18632/oncotarget.2932
https://doi.org/10.1038/onc.2009.420
https://doi.org/10.1038/oncsis.2016.12
https://doi.org/10.1038/oncsis.2016.12
https://doi.org/10.1186/s12943-022-01695-6
https://doi.org/10.1053/j.gastro.2022.06.071
https://doi.org/10.1186/s12943-020-01156-y
https://doi.org/10.18632/aging.203935


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4404  | https://doi.org/10.1038/s41598-024-54479-x

www.nature.com/scientificreports/

 32. Siddiqui, J. A. et al. GDF15 promotes prostate cancer bone metastasis and colonization through osteoblastic CCL2 and RANKL 
activation. Bone Res. 10, 6. https:// doi. org/ 10. 1038/ s41413- 021- 00178-6 (2022).

 33. Siddiqui, J. A. et al. Catabolic effects of human PTH (1–34) on bone: Requirement of monocyte chemoattractant protein-1 in 
murine model of hyperparathyroidism. Sci. Rep. 7, 15300. https:// doi. org/ 10. 1038/ s41598- 017- 15563-7 (2017).

 34. Biosse Duplan, M. et al. Microtubule dynamic instability controls podosome patterning in osteoclasts through EB1, cortactin, and 
Src. Mol. Cell Biol. 34, 16–29. https:// doi. org/ 10. 1128/ MCB. 00578- 13 (2014).

 35. Trivedi, R. et al. Kaempferol has osteogenic effect in ovariectomized adult Sprague–Dawley rats. Mol. Cell Endocrinol. 289, 85–93. 
https:// doi. org/ 10. 1016/j. mce. 2008. 02. 027 (2008).

 36. Simbula, G. et al. Increased ROS generation and p53 activation in alpha-lipoic acid-induced apoptosis of hepatoma cells. Apoptosis 
12, 113–123. https:// doi. org/ 10. 1007/ s10495- 006- 0487-9 (2007).

 37. Kluck, R. M., Bossy-Wetzel, E., Green, D. R. & Newmeyer, D. D. The release of cytochrome c from mitochondria: A primary site 
for Bcl-2 regulation of apoptosis. Science 275, 1132–1136. https:// doi. org/ 10. 1126/ scien ce. 275. 5303. 1132 (1997).

 38. van der Reest, J., Lilla, S., Zheng, L., Zanivan, S. & Gottlieb, E. Proteome-wide analysis of cysteine oxidation reveals metabolic 
sensitivity to redox stress. Nat. Commun. 9, 1581. https:// doi. org/ 10. 1038/ s41467- 018- 04003-3 (2018).

 39. Aruoma, O. I., Halliwell, B., Hoey, B. M. & Butler, J. The antioxidant action of N-acetylcysteine: its reaction with hydrogen peroxide, 
hydroxyl radical, superoxide, and hypochlorous acid. Free Radic. Biol. Med. 6, 593–597. https:// doi. org/ 10. 1016/ 0891- 5849(89) 
90066-x (1989).

 40. Han, Y. H. & Park, W. H. The effects of MAPK inhibitors on a proteasome inhibitor, MG132-induced HeLa cell death in relation 
to reactive oxygen species and glutathione. Toxicol. Lett. 192, 134–140. https:// doi. org/ 10. 1016/j. toxlet. 2009. 10. 015 (2010).

 41. Dongre, A. & Weinberg, R. A. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. 
Nat. Rev. Mol. Cell Biol. 20, 69–84. https:// doi. org/ 10. 1038/ s41580- 018- 0080-4 (2019).

 42. Xie, Y. et al. miR-196b-5p regulates osteoblast and osteoclast differentiation and bone homeostasis by targeting SEMA3A. J. Bone 
Miner. Res. https:// doi. org/ 10. 1002/ jbmr. 4834 (2023).

 43. Henry, M. D. et al. Spiculated periosteal response induced by intraosseous injection of 22Rv1 prostate cancer cells resembles subset 
of bone metastases in prostate cancer patients. Prostate 65, 347–354. https:// doi. org/ 10. 1002/ pros. 20300 (2005).

 44. Kim, H. J. et al. Antioxidant alpha-lipoic acid inhibits osteoclast differentiation by reducing nuclear factor-kappaB DNA binding 
and prevents in vivo bone resorption induced by receptor activator of nuclear factor-kappaB ligand and tumor necrosis factor-
alpha. Free Radic. Biol. Med. 40, 1483–1493. https:// doi. org/ 10. 1016/j. freer adbio med. 2005. 10. 066 (2006).

 45. Dorsam, B. & Fahrer, J. The disulfide compound alpha-lipoic acid and its derivatives: A novel class of anti-cancer agents targeting 
mitochondria. Cancer Lett. 371, 12–19. https:// doi. org/ 10. 1016/j. canlet. 2015. 11. 019 (2016).

 46. Farhat, D. et al. Lipoic acid-induced oxidative stress abrogates IGF-1R maturation by inhibiting the CREB/furin axis in breast 
cancer cell lines. Oncogene 39, 3604–3610. https:// doi. org/ 10. 1038/ s41388- 020- 1211-x (2020).

 47. Tibullo, D. et al. Biochemical and clinical relevance of alpha lipoic acid: antioxidant and anti-inflammatory activity, molecular 
pathways and therapeutic potential. Inflamm. Res. 66, 947–959. https:// doi. org/ 10. 1007/ s00011- 017- 1079-6 (2017).

 48. Damaschke, N. A., Yang, B., Bhusari, S., Svaren, J. P. & Jarrard, D. F. Epigenetic susceptibility factors for prostate cancer with aging. 
Prostate 73, 1721–1730. https:// doi. org/ 10. 1002/ pros. 22716 (2013).

 49. D’Arcy, M. S. Cell death: A review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int. 43, 582–592. https:// doi. 
org/ 10. 1002/ cbin. 11137 (2019).

 50. Khan, S. et al. 4-Chloro-orthophenylenediamine alters DNA integrity and affects cell survival: Inferences from a computational, 
biophysical/biochemical, microscopic and cell-based study. J. Biomol. Struct. Dyn. 40, 14176–14187. https:// doi. org/ 10. 1080/ 07391 
102. 2021. 20013 76 (2022).

 51. Moloney, J. N. & Cotter, T. G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 80, 50–64. https:// doi. org/ 10. 1016/j. 
semcdb. 2017. 05. 023 (2018).

 52. Sabharwal, S. S. & Schumacker, P. T. Mitochondrial ROS in cancer: Initiators, amplifiers or an Achilles’ heel?. Nat. Rev. Cancer 14, 
709–721. https:// doi. org/ 10. 1038/ nrc38 03 (2014).

 53. Dozio, E. et al. The natural antioxidant alpha-lipoic acid induces p27(Kip1)-dependent cell cycle arrest and apoptosis in MCF-7 
human breast cancer cells. Eur. J. Pharmacol. 641, 29–34. https:// doi. org/ 10. 1016/j. ejphar. 2010. 05. 009 (2010).

 54. Farhat, D. et al. Lipoic acid decreases breast cancer cell proliferation by inhibiting IGF-1R via furin downregulation. Br. J. Cancer 
122, 885–894. https:// doi. org/ 10. 1038/ s41416- 020- 0729-6 (2020).

 55. Farhat, D. & Lincet, H. Lipoic acid a multi-level molecular inhibitor of tumorigenesis. Biochim. Biophys. Acta Rev. Cancer 1873, 
188317. https:// doi. org/ 10. 1016/j. bbcan. 2019. 188317 (2020).

 56. Tseng, J. C. et al. CAPE suppresses migration and invasion of prostate cancer cells via activation of non-canonical Wnt signaling. 
Oncotarget 7, 38010–38024. https:// doi. org/ 10. 18632/ oncot arget. 9380 (2016).

 57. Reczek, C. R. et al. A CRISPR screen identifies a pathway required for paraquat-induced cell death. Nat. Chem. Biol. 13, 1274–1279. 
https:// doi. org/ 10. 1038/ nchem bio. 2499 (2017).

 58. Lu, H. et al. Chemotherapy triggers HIF-1-dependent glutathione synthesis and copper chelation that induces the breast cancer 
stem cell phenotype. Proc. Natl. Acad. Sci. USA 112, E4600-4609. https:// doi. org/ 10. 1073/ pnas. 15134 33112 (2015).

 59. Semenza, G. L. HIF-1 and mechanisms of hypoxia sensing. Curr. Opin. Cell Biol. 13, 167–171. https:// doi. org/ 10. 1016/ s0955- 
0674(00) 00194-0 (2001).

 60. Semenza, G. L. Hypoxia-inducible factors in physiology and medicine. Cell 148, 399–408. https:// doi. org/ 10. 1016/j. cell. 2012. 01. 
021 (2012).

 61. Soengas, M. S. et al. Apaf-1 and caspase-9 in p53-dependent apoptosis and tumor inhibition. Science 284, 156–159. https:// doi. 
org/ 10. 1126/ scien ce. 284. 5411. 156 (1999).

 62. Madan, E. et al. HIF-transcribed p53 chaperones HIF-1alpha. Nucleic Acids Res. 47, 10212–10234. https:// doi. org/ 10. 1093/ nar/ 
gkz766 (2019).

 63. Ray, R. et al. BNIP3 heterodimerizes with Bcl-2/Bcl-X(L) and induces cell death independent of a Bcl-2 homology 3 (BH3) domain 
at both mitochondrial and nonmitochondrial sites. J. Biol. Chem. 275, 1439–1448. https:// doi. org/ 10. 1074/ jbc. 275.2. 1439 (2000).

 64. Sottnik, J. L. & Keller, E. T. Understanding and targeting osteoclastic activity in prostate cancer bone metastases. Curr. Mol. Med. 
13, 626–639. https:// doi. org/ 10. 2174/ 15665 24011 31304 0012 (2013).

 65. Xiao, Y. et al. Dyslipidemic high-fat diet affects adversely bone metabolism in mice associated with impaired antioxidant capacity. 
Nutrition 27, 214–220. https:// doi. org/ 10. 1016/j. nut. 2009. 11. 012 (2011).

 66. Xiao, Y., Cui, J., Shi, Y. & Le, G. Lipoic acid increases the expression of genes involved in bone formation in mice fed a high-fat 
diet. Nutr. Res. 31, 309–317. https:// doi. org/ 10. 1016/j. nutres. 2011. 03. 013 (2011).

 67. Ignatoski, K. M. et al. Change in markers of bone metabolism with chemotherapy for advanced prostate cancer: Interleukin-6 
response is a potential early indicator of response to therapy. J. Interferon Cytokine Res. 29, 105–112. https:// doi. org/ 10. 1089/ jir. 
2008. 0024 (2009).

 68. Roato, I. et al. Osteoclasts are active in bone forming metastases of prostate cancer patients. PLoS ONE 3, e3627. https:// doi. org/ 
10. 1371/ journ al. pone. 00036 27 (2008).

 69. Stegen, S. et al. HIF-1alpha promotes glutamine-mediated redox homeostasis and glycogen-dependent bioenergetics to support 
post implantation bone cell survival. Cell Metab. 23, 265–279. https:// doi. org/ 10. 1016/j. cmet. 2016. 01. 002 (2016).

 70. Wu, Q. et al. JNK signaling in cancer cell survival. Med. Res. Rev. 39, 2082–2104. https:// doi. org/ 10. 1002/ med. 21574 (2019).

https://doi.org/10.1038/s41413-021-00178-6
https://doi.org/10.1038/s41598-017-15563-7
https://doi.org/10.1128/MCB.00578-13
https://doi.org/10.1016/j.mce.2008.02.027
https://doi.org/10.1007/s10495-006-0487-9
https://doi.org/10.1126/science.275.5303.1132
https://doi.org/10.1038/s41467-018-04003-3
https://doi.org/10.1016/0891-5849(89)90066-x
https://doi.org/10.1016/0891-5849(89)90066-x
https://doi.org/10.1016/j.toxlet.2009.10.015
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1002/jbmr.4834
https://doi.org/10.1002/pros.20300
https://doi.org/10.1016/j.freeradbiomed.2005.10.066
https://doi.org/10.1016/j.canlet.2015.11.019
https://doi.org/10.1038/s41388-020-1211-x
https://doi.org/10.1007/s00011-017-1079-6
https://doi.org/10.1002/pros.22716
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1080/07391102.2021.2001376
https://doi.org/10.1080/07391102.2021.2001376
https://doi.org/10.1016/j.semcdb.2017.05.023
https://doi.org/10.1016/j.semcdb.2017.05.023
https://doi.org/10.1038/nrc3803
https://doi.org/10.1016/j.ejphar.2010.05.009
https://doi.org/10.1038/s41416-020-0729-6
https://doi.org/10.1016/j.bbcan.2019.188317
https://doi.org/10.18632/oncotarget.9380
https://doi.org/10.1038/nchembio.2499
https://doi.org/10.1073/pnas.1513433112
https://doi.org/10.1016/s0955-0674(00)00194-0
https://doi.org/10.1016/s0955-0674(00)00194-0
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1126/science.284.5411.156
https://doi.org/10.1126/science.284.5411.156
https://doi.org/10.1093/nar/gkz766
https://doi.org/10.1093/nar/gkz766
https://doi.org/10.1074/jbc.275.2.1439
https://doi.org/10.2174/1566524011313040012
https://doi.org/10.1016/j.nut.2009.11.012
https://doi.org/10.1016/j.nutres.2011.03.013
https://doi.org/10.1089/jir.2008.0024
https://doi.org/10.1089/jir.2008.0024
https://doi.org/10.1371/journal.pone.0003627
https://doi.org/10.1371/journal.pone.0003627
https://doi.org/10.1016/j.cmet.2016.01.002
https://doi.org/10.1002/med.21574


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4404  | https://doi.org/10.1038/s41598-024-54479-x

www.nature.com/scientificreports/

Acknowledgements
The authors acknowledge the University of Nebraska Medical Center FACS facility for their resources and 
service. This work and the authors are, in part, supported by grants from the U.S. Department of Defense (DOD) 
through the Prostate Cancer Research Program under Award No. W81XWH-21-1-0640 (JAS) and Fred & Pamela 
Buffett Cancer Center (FPBCC) Support Grant (P30 CA036727) (JAS), National Institutes of Health (NIH) U01 
CA185148, DOD W81XWH-18-1- 0308 (SKB). The authors thank Kavita Mallya for her technical help.

Author contributions
Study design and concept: K.M.A., G.S., J.A.S. Data acquisition: K.M.A., G.S., S.T. Interpretation and analysis of 
data: K.M.A., G.S., S.T., R.P. Manuscript drafting: K.M.A., G.S. and Manuscript editing: K.M.A., G.S., S.T., J.B.K., 
R.P., B.C. Supervision: J.A.S. and Funding: S.K.B., J.A.S.

Competing interests 
SKB is co-founder of Sanguine Diagnostics and Therapeutics, Inc. Other authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 54479-x.

Correspondence and requests for materials should be addressed to S.K.B. or J.A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-54479-x
https://doi.org/10.1038/s41598-024-54479-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	α-lipoic acid modulates prostate cancer cell growth and bone cell differentiation
	Material and methods
	Cell culture and cell lines
	Cell proliferation and colony-forming assay
	Wound healing assay
	Transwell migration assay
	Western blot analysis
	RNA isolation and real-time PCR analysis
	Cell cycle analysis
	Apoptosis assay
	ROS assessment assay
	Differentiation of osteoclast from bone marrow macrophages of the mouse (BMMs)
	TRAP staining
	Pit resorption
	Differentiation of osteoblasts
	Statistical analysis

	Results
	α-Lipoic acid treatment decreases cell viability and S-phase cell cycle arrest
	α-Lipoic acid treatment induces apoptosis
	α-Lipoic acid induces cell death through ROS generation
	α-Lipoic acid induces cell death via ROS-mediated HIF-1α expression and JNKCaspase-3 signaling
	α-Lipoic acid inhibits the PCa cell migration, invasion, and colony formation
	α-Lipoic acid treatment on PCa-mediated osteoblastic function
	α-Lipoic acid treatment on PCa-mediated osteoclast differentiation

	Discussion
	References
	Acknowledgements


