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Abstract: Alpha-lipoic acid (ALA) is a natural antioxidant dithiol compound, exerting antiprolifera-
tive and antimetastatic effects in various cancer cell lines. In our study, we demonstrated that ALA
reduces the cell growth of prostate cancer cells LNCaP and DU-145. Western blot results revealed
that in both cancer cells, ALA, by upregulating pmTOR expression, reduced the protein content of
two autophagy initiation markers, Beclin-1 and MAPLC3. Concomitantly, MTT assays showed that
chloroquine (CQ) exposure, a well-known autophagy inhibitor, reduced cells’ viability. This was
more evident for treatment using the combination ALA + CQ, suggesting that ALA can reduce cells’
viability by inhibiting autophagy. In addition, in DU-145 cells we observed that ALA affected the
oxidative/redox balance system by deregulating the KEAP1/Nrf2/p62 signaling pathway. ALA
decreased ROS production, SOD1 and GSTP1 protein expression, and significantly reduced the
cytosolic and nuclear content of the transcription factor Nrf2, concomitantly downregulating p62,
suggesting that ALA disrupted p62-Nrf2 feedback loop. Conversely, in LNCaP cells, ALA exposure
upregulated both SOD1 and p62 protein expression, but did not affect the KEAP1/Nrf2/p62 signaling
pathway. In addition, wound-healing, Western blot, and immunofluorescence assays evidenced
that ALA significantly reduced the motility of LNCaP and DU-145 cells and downregulated the
protein expression of TGFβ1 and vimentin and the deposition of fibronectin. Finally, a soft agar assay
revealed that ALA decreased the colony formation of both the prostate cancer cells by affecting the
anchorage independent growth. Collectively, our in vitro evidence demonstrated that in prostate
cancer cells, ALA reduces cell growth and counteracts both migration and invasion. Further studies
are needed in order to achieve a better understanding of the underlined molecular mechanisms.
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1. Introduction

Prostate cancer is among the most common solid malignancies, the prognoses of
which vary widely according to age, ethnicity, genetic background, and, above all, tumor
grade and stage at primary diagnosis. Thus, the life expectancy for men with localized
and early-stage prostate cancer can be as high as 99% over 10 years, while men who are
diagnosed with late-stage disease have an overall survival at 5 years of 30% [1]. The
androgen receptor (AR) is one of the most studied and therapeutically targeted oncogenes
in prostate cancer, but androgen deprivation therapy (ADT), as well as AR signaling in-
hibitors, frequently lead to alterations of AR expression or post-translational modifications,
resulting in resistance to therapy over time, occurring via multiple mechanisms that are
still undergoing investigation [2]. Despite the availability of multiple classes of therapy,
metastatic castration-resistant prostate cancer is associated with a poor prognosis and worse
overall survival rates. Therefore, the future challenge is classifying prostate cancer into
high and low risk of disease progression under ADT and developing therapeutic strategies
based on personalized genetic and cellular profiles combined with standard risk factors
and therapies.

Also known as “self-eating”, autophagy is a catabolic process playing an essential role
in cellular homeostasis, since it promotes the generation of energy required for cellular
equilibrium, especially during nutrient deprivation. In cancer cells, autophagy shows
both protective and detrimental effects. On the one hand, it can support cell growth by
facilitating nutrient recycling, mainly upon hypoxia conditions; on the other hand, the
excessive degradation of cellular components can cause cancer cell death [3]. Interestingly,
autophagy can regulate the proliferation and metastasis capacity of prostate cancer cells
and its manipulation can affect how prostate cancer cells respond to chemotherapy and
radiotherapy, potentially influencing the therapeutic outcome [4–7].

In recent decades, several researchers have demonstrated that some nutraceuticals can
counteract tumor development and progression by targeting the cancerous cells at multiple
levels, such as by promoting cell cycle arrest or apoptosis, suppressing metastasis, invasion,
angiogenesis, and by modifying the redox status and the tumor microenvironment Further-
more, some natural bioactive compounds are able to resensitize drug-resistant tumors via
their pleiotropic capability to affect different intra-cellular pathways [8]. Interestingly, a
recent extensive review by Hitesh Chopra et al. described the main experimental evidence
demonstrating the effectiveness of nanonutraceutical approaches in the management of
prostate cancer, highlighting that nutraceuticals could represent a promising therapeutic
tool in prostate cancer therapy [9].

A growing number of studies have demonstrated that α-lipoic acid (ALA), a natural
dithiol compound with marked antioxidant properties, displays antiproliferative and
antimetastatic potential in various cancer cell lines by affecting different oncogenic signaling
pathways. Furthermore, favorable results emerging from a few preclinical cancer models
and human studies with ALA and its derivatives have opened promising scenarios for
their potential application either alone or in combination with anticancer drugs in the
management of tumors of different origins [10–26].

In this study, prompted by these emerging findings, we have investigated the effects
of ALA exposure in both AR+ and AR− prostate cancer cell lines, LNCaP and DU-145,
respectively.

2. Results
2.1. ALA Reduces Prostate Cancer Cells’ Viability by Inhibiting Autophagy

A cell viability assay was used to investigate the cytotoxic effects of ALA exposure in
prostate cancer cell lines, LNCaP and DU-145. To this purpose, the cells were synchronized
in SFM for 12 h and then treated with increasing doses of ALA (25–1000 µM) for 48 h. MTT
assay results demonstrated that ALA exposure promoted a significant dose-dependent
reduction in cell viability (Figure 1a), with a half-maximal inhibitory concentration (IC50),
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estimated as 271 µM for LNCaP (p = 0.028) and 278 µM for DU-145 (p = 0.020). Therefore,
these concentrations were used for all the successive experiments.
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downregulation of Beclin-1 and MAPLC3β (Figure 2a,b). In order to confirm the capability 
of ALA to reduce autophagic flux, we performed Western blot (Figure 2c) and IF (Figure 
2d,e) assays, treating cells with a wide autophagy inhibitor, chloroquine (CQ) (25 µM), 
and ALA alone or in combination with CQ. As expected, CQ promoted p62/SQTM1 
accumulation and decreased MAPLC3β expression in both cancer cells (Figure 2c–e). 
Similar results were observed in LNCaP and DU-145 cells exposed to ALA, except for 
p62/SQTM1, which was downregulated upon ALA exposure in DU-145 cells (Figure 2c–
e). Finally, no significant difference was observed for MAPLC3β in both cancer cell lines 
exposed to combined treatment CQ + ALA vs. CQ or ALA alone (Figure 2c,d). Conversely, 
we observed a significant modulation of p62/SQTM1 in LNCaP and DU-145 cells exposed 
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Next, to strengthen the hypothesis that autophagy inhibition can impair cancer cells’ 
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an additive antiproliferative effect when combined with an autophagy inhibitor. 

Figure 1. MTT assays in LNCaP and DU-145 cells were either treated or not with increasing doses
(25–1000 µM) of ALA for 48 h. Cell proliferation is expressed by fold change ± standard deviations
(SD), with respect to basal conditions, and is representative of three independent experiments, each
performed in eight replicates. Statistical significance was considered at * p < 0.05; *** p < 0.0001.
Statistical comparisons were drawn between groups using a two-tailed t-test (C) = control.

To establish whether the reduced viability induced by ALA and observed in LNCaP
and DU-145 cells could be attributed to autophagy inhibition, we first investigated the ex-
pression of p-mTOR, since in vitro evidence reported that ALA can inhibit the autophagic
flux via the activation of its negative regulator, p-mTOR [27]. Next, we evaluated the
protein expression level of key molecular markers of the autophagy machinery initiation.
Interestingly, Western blot results revealed that, in both cell lines, ALA significantly upreg-
ulated p-mTOR protein expression, concomitantly with the downregulation of Beclin-1 and
MAPLC3β (Figure 2a,b). In order to confirm the capability of ALA to reduce autophagic
flux, we performed Western blot (Figure 2c) and IF (Figure 2d,e) assays, treating cells with
a wide autophagy inhibitor, chloroquine (CQ) (25 µM), and ALA alone or in combination
with CQ. As expected, CQ promoted p62/SQTM1 accumulation and decreased MAPLC3β
expression in both cancer cells (Figure 2c–e). Similar results were observed in LNCaP and
DU-145 cells exposed to ALA, except for p62/SQTM1, which was downregulated upon
ALA exposure in DU-145 cells (Figure 2c–e). Finally, no significant difference was observed
for MAPLC3β in both cancer cell lines exposed to combined treatment CQ + ALA vs. CQ or
ALA alone (Figure 2c,d). Conversely, we observed a significant modulation of p62/SQTM1
in LNCaP and DU-145 cells exposed to the combined treatment CQ + ALA vs. ALA and
CQ alone (Figure 2c–e).

Next, to strengthen the hypothesis that autophagy inhibition can impair cancer cells’
viability, we performed the MTT assay in cells exposed to CQ, ALA, and ALA + CQ.
The MTT assay showed that, in both cancer cell lines, CQ significantly reduced cell
viability (p < 0.03 for LNCaP; p < 0.002 for DU-145) and that the combined treatment
CQ + ALA promoted a significant cell viability reduction compared to CQ and ALA alone
(p < 0.001 for LNCaP; p < 0.001 for DU-145) (Figure 2f). This data suggests that ALA could
affect prostate cancer cells’ viability by inhibiting autophagy and that the compound could
exert an additive antiproliferative effect when combined with an autophagy inhibitor.



Int. J. Mol. Sci. 2023, 24, 17111 4 of 19

2.2. ALA Affects the Oxidative/Redox System Balance of Prostate Cancer Cells

Various in vitro cancer models have demonstrated that ALA counteracts cancer pro-
gression by affecting the oxidative/redox system balance of cancer cells [28]. Therefore,
in our experiment models, we investigated whether ALA exposure modulates the ROS
content in both cell lines. Interestingly, in LNCaP cells, we observed an almost significant
increase in ROS content (p = 0.06) after ALA compared to the control, concomitantly with
a significant upregulation of the antioxidant enzyme SOD1 after 48 h. Conversely, in the
same experimental conditions, our results revealed that in DU-145 cells, ALA exposure
significantly reduced ROS production (p < 0.001) as well as SOD-1 and GSTP1 protein
expression levels (Figure 3a,b).
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Figure 2. (a) Immunoblotting analysis showing an increased protein expression of p-mTOR in both 
cell lines after exposure for 48 h to ALA. GAPDH was used as a loading control. The bars represent 
the mean ± SD of three experiments in which the band intensities were evaluated as the optical 
density and are represented as fold change for treated vs. untreated cells normalized for the loading 
control. * p < 0.05 treated vs. untreated cells. (b) Western blotting analysis showing protein reduction 
in Beclin-1 and MAPLC3β protein expressions in LNCaP and DU-145 cells. GAPDH was used as a 
loading control. The bars represent the mean ± SD of three experiments in which band intensities 
were evaluated as the optical density and are represented as fold change for treated vs. untreated 
cells normalized for the loading control. * p < 0.05; *** p < 0.0001 treated vs. untreated cells. (c) 
Immunoblotting analysis showing protein expression of SQSMT1/p62 and MAPLC3β after 
treatment with ALA and CQ alone and in combination (CQ + ALA). The optical density is evaluated 
as fold change for treated vs. untreated cells normalized for the loading control (** p <0.001; *** p < 
0.0001) and ALA and CQ treatment vs. CQ + ALA exposure normalized for the loading control. (* p 
< 0.05; ** p < 0.001; *** p < 0.0001); n.s not significant. (d,e) IF of SQSMT1/p62 and MAPLC3β 
expression in LNCaP cells (d) and DU-145 (e) treated with ALA, CQ and CQ + ALA. The bars 
represent the mean ± SD fluorescence intensity, represented as fold change for treated vs. untreated 
cells and ALA and CQ treatment vs. CQ + ALA * p < 0.05; ** p < 0.001; *** p < 0.0001. Scale bar: 25 µm 
(f) MTT assay in prostate cancer cells. LNCaP and DU-145 cells were treated or not with 25 µM of 
CQ, ALA and in combination CQ + ALA. Cell proliferation is expressed as fold change ± standard 
deviations (SD), with respect to basal conditions, and is representative of three independent 
experiments, each performed in eight replicates. Statistical significance was considered at * p < 0.05; 
** p < 0.001; *** p < 0.0001. Statistical comparisons were drawn between groups using a two-tailed t-
test (C) = control. 
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Figure 2. (a) Immunoblotting analysis showing an increased protein expression of p-mTOR in both
cell lines after exposure for 48 h to ALA. GAPDH was used as a loading control. The bars represent
the mean ± SD of three experiments in which the band intensities were evaluated as the optical
density and are represented as fold change for treated vs. untreated cells normalized for the load-
ing control. * p < 0.05 treated vs. untreated cells. (b) Western blotting analysis showing protein
reduction in Beclin-1 and MAPLC3β protein expressions in LNCaP and DU-145 cells. GAPDH was
used as a loading control. The bars represent the mean ± SD of three experiments in which band
intensities were evaluated as the optical density and are represented as fold change for treated vs.
untreated cells normalized for the loading control. * p < 0.05; *** p < 0.0001 treated vs. untreated cells.
(c) Immunoblotting analysis showing protein expression of SQSMT1/p62 and MAPLC3β after
treatment with ALA and CQ alone and in combination (CQ + ALA). The optical density is evalu-
ated as fold change for treated vs. untreated cells normalized for the loading control (** p <0.001;
*** p < 0.0001) and ALA and CQ treatment vs. CQ + ALA exposure normalized for the loading
control. (* p < 0.05; ** p < 0.001; *** p < 0.0001); n.s not significant. (d,e) IF of SQSMT1/p62 and
MAPLC3β expression in LNCaP cells (d) and DU-145 (e) treated with ALA, CQ and CQ + ALA.
The bars represent the mean ± SD fluorescence intensity, represented as fold change for treated vs.
untreated cells and ALA and CQ treatment vs. CQ + ALA * p < 0.05; ** p < 0.001; *** p < 0.0001. Scale
bar: 25 µm (f) MTT assay in prostate cancer cells. LNCaP and DU-145 cells were treated or not with
25 µM of CQ, ALA and in combination CQ + ALA. Cell proliferation is expressed as fold change
± standard deviations (SD), with respect to basal conditions, and is representative of three inde-
pendent experiments, each performed in eight replicates. Statistical significance was considered at
* p < 0.05; ** p < 0.001; *** p < 0.0001. Statistical comparisons were drawn between groups using a
two-tailed t-test (C) = control.

Conversely, the protein expression of GSTP1 in LNCaP cells was not detectable, since
it is well known that the hypermethylation of the CpG islands at the promoter of GSTP1
that occurs during prostate carcinogenesis leads to transcriptional inactivation [29].

Next, we explored whether ALA was able to modulate the activation of the transcrip-
tion factor Nrf2, playing an important role in response to oxidative stress and promoting
antiapoptotic and prosurvival actions in cancer cells [30]. Our Western blot results demon-
strated that, in LNCaP cells, Nrf2 was undetectable in the nuclear compartment and that
ALA treatment did not modulate its cytosolic content (Figure 3c). Interestingly, in DU-145
cells, Nrf2 was also expressed in the nuclear compartments of untreated cells, suggesting its
basal overactivation and that ALA significantly decreased its content in both cytosolic and
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nuclear compartments (Figure 3c). It has been reported that p62/SQSTM1 competes with
Nrf2 to bind to KEAP1, promoting the dissociation of NRF2-KEAP1 and activating NRF2,
which can in turn directly induce p62 transcription, thus forming a p62-NRF2 feedback
loop [31]. This evidence could explain the downregulation of p62/SQSTM1 observed upon
ALA exposure despite the fact that the compound inhibits autophagy (Figures 2c and 3c).
Conversely, in LNCaP cells, ALA increased p62/SQSTM1 expression (Figure 3c), most likely
because in this prostate cancer cell line ALA does not affect the Nrf2/KEAP1/p62/SQSTM1
axis or the oxidative/redox balance system.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 21 
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Figure 3. (a) Nanoequivalents of hydroperoxides detected by Lipocell assay in untreated (control)
and treated cells. n.s. not significant; * p < 0.05 (b) Immunoblotting showing SOD-1 and GSTP1
protein expressions in LNCaP and DU-145 cells after treatment for 48 h with ALA. For LNCaP GSTP1,
protein expression is undetectable, as described in the text below. GAPDH was used as a loading
control. The bars represent the mean ± SD of three experiments. Optical density was represented as
fold change for treated vs. untreated cells normalized for the loading control. * p < 0.05; ** p < 0.001
treated vs. untreated cells. (c) Western blotting of the cytosolic and nuclear protein extracts shows
that in LNCaP there was a low increase in cytosolic fraction, depending on whether the nuclear
fraction was undetectable after exposure to ALA. Instead, in DU-145 cells, a significant reduction
in cytosolic and nuclear fraction of Nrf2 protein expression after exposure to ALA was observed.
GAPDH and Lamin B were used as loading controls. Immunoblotting of p62/SQSTM1 showed an
upregulation of protein expression in LNCaP cells and a downregulation in the DU-145 cell line. The
bars represent the mean ± SD of three experiments in which the band intensities were evaluated as
the optical density and are represented as fold change for treated vs. untreated cells normalized for
the loading control. ** p < 0.001 treated vs. untreated cells; n.s. not significant.
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2.3. ALA Counteracts Prostate Cancer Cell Motility by Reducing Epithelial to Mesenchymal
Transition (EMT)

We assessed a wound-healing assay in order to investigate the ability of ALA to
counteract the migratory properties of prostate cancer cell lines. Our results revealed that
ALA treatment significantly counteracted wound closure (Figure 4a) compared with the
untreated cells. Interestingly, we observed that the antimigratory effects promoted by ALA
treatment were more evident in DU-145 cells than in LNCaP cells. Data collection showed
that in DU-145 cells, there was a wound closure at 24 h (p = 0.054) that resulted in significant
reduction after 48 h of treatment (p = 0.033). Instead, in treated LNCaP cells, we observed
decreased cell migration with a less marked wound closure over time, but with a significant
reduction after 72 h of treatment (p = 0.042) (Figure 4a,b).

The images provided in Supplementary Video S1 documented that ALA reduces
the migratory capacity of both cancer cell lines, although a different rate of migration
resulted between LNCaP and DU-145 cells. These findings were further strengthened by
the Western blot results, demonstrating that ALA counteracted cancer cell migration by
affecting players driving the epithelial–mesenchymal transition (EMT) process.
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Figure 4. A wound-healing assay was performed as described previously. In (a) we showed the
scratch in LNCaP cell lines (untreated vs. ALA) and in (b) the DU-145 cells (control vs. ALA). Cell
migration was monitored by using a Leica DMi8 inverted microscope (Leica THUNDER Imager
Live Cell, Wetzlar, Germany). Time-lapse images were captured every 20 min for 72 h, using an ×10
objective and a phase contrast filter. The bars showed a normalized area of each cell line after ALA
treatment with respect to the untreated cell. The ImageJ software (version 2.1.0/1.53c) was used to
analyze the time-lapse images as previously described [32] with the following parameters: variance
window radius 20, threshold value 20, percentage of saturated pixels 0.001 and variance window
radius 20, threshold value 30, percentage of saturated pixels 0.001 for DU-145 and LNCaP cells,
respectively. Statistics and figures were obtained using R (R version 4.2.1, RStudio version 2021.09.0).
Scale bar: 100 µm, * p < 0.05 treated vs. untreated cells; n.s. not significant.
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Interestingly, we observed that ALA promoted a significant downregulation of TGFβ1
and Vimentin in both cell lines (Figure 5a), strongly suggesting that ALA could counteract
the EMT process. In addition, we evaluated the expression of the transcription factor
NF-kB, promoting survival, proliferation, and invasion in prostate cancer [33,34], and
whose activation is reduced by ALA in other cancer cell models [25]. By using cytosolic
and nuclear fractions of both cell lines, we observed that, in LNCaP and DU-145 cells,
ALA significantly reduced the cytosolic and nuclear content of NF-kB, suggesting that its
inhibition could be involved in the antimigratory and antiproliferative effects promoted by
ALA (Figure 5b).

This data was also confirmed by immunofluorescence assay (IF), which was performed
in both cell lines treated for 24 h with ALA (Figure 5c). The fluorescent microscopy image
documented that fibronectin’s expression was downregulated after ALA treatment, further
confirming that ALA efficaciously counteracts the EMT process.

2.4. ALA Inhibits the Colony-Forming Ability of Prostate Cancer Cell Lines

Finally, to imitate in vivo the cancer cell growth, we performed a soft agar assay.
LNCaP and DU-145 were seeded as described previously and were treated with ALA. After
two weeks, colonies were photographed using a Leica DMi8 inverted microscope (Leica
THUNDER Imager Live Cell) and we observed that ALA significantly inhibited the colony
forming area to 1.782 ± 401.2 (p < 0.05) and 1862.8 ± 227.3 (p < 0.05) in LNCaP and DU-145,
respectively, compared to untreated cells (2.548 ± 317.2, LNCaP; 2167.2± 252.9, DU-145)
(Figure 6). Interestingly, our data suggested that ALA could play an important role in the
tumorigenic mechanism.
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2.4. ALA Inhibits the Colony-Forming Ability of Prostate Cancer Cell Lines 
Finally, to imitate in vivo the cancer cell growth, we performed a soft agar assay. 

LNCaP and DU-145 were seeded as described previously and were treated with ALA. 

Figure 5. (a) Western blotting analysis shows a downregulation of TGFβ-1 and Vimentin proteins
expression in both LNCaP and DU-145 after ALA treatment for 48 h. The bars represent the mean ±
SD of three experiments. Optical density was evaluated as the optical density and is represented as
fold change for treated vs. untreated cells normalized for the loading control. * p < 0.05; ** p < 0.001;
*** p < 0.0001 treated vs. untreated cells. GAPDH was used as loading control. (b) Immunoblotting
showing pNF-kB protein expressions in LNCaP and DU-145 cells exposed for 48 h to ALA. GAPDH
was used as a loading control. The bars represent the mean ± SD of three experiments in which band
intensities were evaluated as the optical density and are represented as fold change for treated vs.
untreated cells normalized for the loading control. * p < 0.05; ** p < 0.001 treated vs. untreated cells.
(c) Immunofluorescence assay (IF) of fibronectin protein was assessed for both prostate cancer cell
lines. Cell monolayers were seeded and then treated with ALA for 24 h. The image showed a reduc-
tion in the signals of the fibronectin after ALA treatment (third panels) in both cell lines compared to
untreated cells. The bars represent the mean ± SD of three experiments. Mean fluorescence intensity
is represented as fold change for treated vs. untreated cells. *** p < 0.0001. Scale bar: 12.5 µm.
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Figure 6. A soft agar assay was conducted on LNCaP and DU-145 untreated and treated with ALA.
The images were taken after 15 days using a Leica DMi8 inverted microscope. The figure shows
untreated cells on the left, with a mean area of colony of 2.548 ± 317.2 (mean ± SD) for LNCaP
cells and 2.167 ± 252.9 for DU-145 cell lines (left panels). Meanwhile, the treated cells (right panels)
showed a significance reduction in colony area of 1.782 ± 401.3 and 1.862.8 ± 227.3 for LNCaP and
DU-145, respectively. Colony formation was reduced in both cell lines in the presence of treatment.
The histograms show a reduction in colony area both in LNCaP and in DU-145 cell lines. For statistical
analysis we used the ImageJ software (version 2.1.0/1.53c). * p < 0.05 treated vs. untreated cells. Scale
bar: 250 µm.

3. Discussion

In this in vitro study, we have demonstrated that in AR+ and AR− prostate cancer cells,
α-lipoic acid (ALA) reduces cell proliferation by inhibiting autophagy, and efficaciously
counteracts cellular migration and invasion.

ALA is a disulfide compound synthesized from octanoic acid in the mitochondria; it
may also be found in the human diet, such as in meat, potatoes, and fresh egg yolk. ALA is
well known for its powerful antioxidative effects and is commonly used in the treatment
of chronic inflammatory diseases associated with high levels of oxidative stress, such as
diabetic polyneuropathy, Alzheimer’s disease, and renal diseases [35–37]. A growing body
of evidence has demonstrated that ALA can also suppress the growth, migration, and
invasion of various cancer cell lines, although the underlying mechanisms of action of ALA
are complex and vary according to the type of cancer cell [10–13,16–27,38,39]. Few studies



Int. J. Mol. Sci. 2023, 24, 17111 13 of 19

have investigated the cytotoxic effect of ALA in human prostate cancer cells, demonstrating
that the compound, alone or in combination with other natural bioactives, promotes cell
apoptosis [14,15]. Our results suggest that the reduced cell viability induced by ALA and
observed in both cancer cell lines, could occur via mTOR-mediated inhibition of autophagy.
In both cell lines, we found that ALA significantly reduced the expression of two key
masters of autophagy initiation: Beclin-1 and LC3/I/II. We further confirm the prosurvival
effect of autophagy machinery in prostate cancer cells, since treatment with chloroquine
reduced cellular viability in both cell lines and cotreatment with ALA promoted further
reduction in viability. The key role of autophagy in prostate cancer progression and an-
drogen and chemoresistance processes has been discussed recently by Loizzo D et al.,
highlighting that the genetic signature of autophagy could be a useful tool to stratify
prostate cancer aggressiveness [6]. Interestingly, the overexpression of the major autophagy
proteins, such as Beclin-1, LC3I/II, and p62, is associated with a high Gleason score and
extraprostatic invasion [40]. The results emerging from preclinical models, showing that
the inhibition of autophagy promotes cell death, have been shifted into clinical trials in-
volving patients with refractory prostate cancer; however, the available evidence still lacks
clinical feasibility and effectiveness, most likely because of the complexity of both prostate
cancer biology and autophagy machinery functioning [41,42]. The effect promoted by ALA
treatment through autophagy inhibition has also been demonstrated in lung and breast
cancer cells [17,27]. Interestingly, Chakravarti B et al. described autophagic flux blockade
resulting from ALA-induced ROS generation in breast cancer cells. It is well known that in
cancer there is an imbalance in the oxidant/reduction reactions and that the pro-oxidant en-
vironment surrounding cancer cells offers them many survival advantages, favoring tumor
progression [17,43]. In prostate cancer, antiandrogen therapy causes hormone deprivation-
induced oxidative stress, ROS production, and amplified redox signaling networks, fa-
cilitating the selection of castrate-resistant prostate cancer cells that can metastasize to
distant sites [44]. Furthermore, ROS can either activate or prevent autophagy, depending
on the cellular microenvironment and, in turn, autophagy can eliminate the sources of ROS
production or, conversely, can promote ROS production [45]. In this scenario, a key role
is played by the KEAP1/NrF2/p62 signaling pathway, the main regulator of antioxidant
enzymes. The persistent Nrf2 activation and the adaptive antioxidant response observed
in many cancers protects cells from the oxidative damage caused by chemotherapy and
radiotherapy, concomitantly promoting cell survival and proliferation [46]. Our findings
showed that in AR− prostate cancer cells, DU-145, ALA treatment significantly reduced
ROS production, simultaneously downregulating the protein expression of two key antioxi-
dant enzymes, SOD1 and GSTP1, thus suggesting that ALA may affect the oxidative/redox
imbalance of prostate cancer cells that favor and sustain cancer cells survival. Furthermore,
in the same experimental conditions, we observed that ALA reduced the nuclear transloca-
tion of Nrf2. Canonical activation of Nrf2 occurs when KEAP1 is oxidized, triggering its
dissociation and allowing stabilized Nrf2 to translocate into the nucleus and activate the ex-
pression of numerous antioxidant, detoxification, antiapoptotic, and prosurvival genes [30].
p62, a marker of autophagy degradation, competes with NRF2 to bind KEAP1 through the
KIR domain, promoting the dissociation of NRF2-KEAP1 and activating NRF2 [31]. In ad-
dition, Nrf2 can directly induce p62 transcription and its protein expression after activation,
thus forming a p62-NRF2 feedback loop [46,47]. In line with the above-reported literature
data, our results showed that in DU-145 cells, concomitantly with decreased Nrf2 nuclear
content, ALA decreased p62 protein expression, indicating that the biological effect induced
by ALA and observed in DU-145 cells may also be a consequence of p62-NRF2 feedback
loop disruption. Moreover, this mechanism could explain the evidence that, despite the
capability of ALA to inhibit the autophagic flux, in DU-145 cells it promotes p62/SQTM1
downregulation. The relevance of the p62/Keap1/Nrf2 axis in cancer cells has been well
described recently by Wei-Lun Hsu et al., who have reported that, in colon cancer cells
exhibiting persistent Nrf2 activation, a natural compound interfered in the positive feed-
back loop p62-Keap1-Nrf2 axis of the noncanonical Keap1-Nrf2 pathway, concomitantly
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inhibiting autophagy activation and resulting in the death of cancer cells [47,48]. Overall,
these findings fit well with the data reported in the literature, highlighting that natural
compounds alone or in combination with androgen deprivation therapy or radiotherapy
could have a relevant clinical impact on prostate cancer care, by changing Nrf2 status and
prostate cancer cells’ redox homeostasis [49].

A further interesting effect exhibited by ALA in our cellular models is its ability to
efficaciously counteract the migratory potential of prostate cancer cells, which we addressed
to the downregulation of the key master driving the epithelial–mesenchymal transition
process, TGFβ1, which was observed in both cell lines treated with ALA. Furthermore, the
mitigation of EMT by ALA is further demonstrated by the significant downregulation of the
mesenchymal marker, vimentin, and by the reduced expression of the main components of
the extracellular matrix secreted by myofibroblast, fibronectin [50]. Our findings agree with
previous studies performed in different cultured tumor cell models, providing evidence
that ALA blocks invasion and metastasis by repressing TGFβ-induced EMT and the activity
of matrix metalloproteinases markers [11,21,51].

Overall, our in vitro results have demonstrated that ALA can affect two cellular path-
ways playing a significant role in the progression of prostate carcinoma: Nrf2/Keap1/p62
and autophagy machinery, as recently highlighted in the literature [6,49]. Further studies
are needed to better explain the molecular mechanisms underlying the anticancer effects
promoted by ALA in both AR+ and AR− prostate cancer cells. Furthermore, despite all
experimental studies and multiple clinical trials demonstrating the health benefits of ALA,
such as its antitumor effects, its clinical use is still widely discussed because of its short
half life and low bioavailability (30%). In addition, although the nanoformulations increase
ALA bioavailability, ALA can change the metabolism of co-administered drugs which are
taken in combination. Finally, LC-MS/MS chromatography has demonstrated that the
degradation of ALA and its related analogs by gut microbiota leads to the generation of
metabolic products that can be toxic for various organs [52]. The safe dose for action of
ALA was reported to be between 300 and 1800 mg per day [52]. In our in vitro models
we used ~60 µg/mL of ALA; therefore, the potential anticancer effect in vivo could be
achieved by using ALA doses not exceeding those considered as safe. However, consider-
ing the above-reported limitations, further studies are need in order to consider ALA as a
promising new therapeutic tool for the treatment of prostate carcinoma.

4. Materials and Methods
4.1. Cell Culture and Treatment

The prostate cancer cell lines LNCaP and DU-145 were cultured in an RPMI-1640
culture medium, supplemented with 10% fetal bovine serum, 1% glutamine, and 1 mg/mL
penicillin/streptomycin (Sigma Aldrich, Milan, Italy). Cells were cultured in 100 mm
dishes and were kept incubated at 37 ◦C in an atmosphere of 5% CO2. All experiments
were performed after 12 h of cell synchronization in serum-free media (SFM). The cells
were exposed to the following treatments: alpha-lipoic acid (ALA) (Uriach Italy SrL, Asiago
(Milan), Italy), which was dissolved in sterile dimethyl sulfoxide (DMSO, Sigma Aldrich,
Milan, Italy) and diluted in RPMI-1640 media before use; chloroquine (25 µM; Sigma
Aldrich, Milan, Italy, C6628).

4.2. Cell Viability Assay

Cell viability was determined using the 3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenyltetra-
zolium (MTT) assay. Briefly, the cells were implanted in 96-well plates at a density of
4 × 104 for LNCaP and 3 × 104 for DU-145 and were synchronized in SFM for 12 h. The
cells were exposed to treatments with increasing doses of ALA (25–1000 µM) for 48 h, as
this experimental time equalized the cell division length of both types of prostate cells [53].
Eight replicates were performed for each sample. Then, 20 µL of MTT (5 mg/mL) was
added to the cell media, and after 4 h of incubation, isopropanol (200 µL) was added to each
well and the optical density was measured at 570 nm using a Beckman Coulter microplate
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reader. For the calculation of IC50, the tool’s calculation of AAT Bioquest was used (AAT
Bioquest, Inc. Pleasanton, CA, USA (12 June 2023). Quest Graph™ IC50 Calculator. AAT
Bioquest. https://www.aatbio.com/tools/ic50-calculator, accessed on 24 November 2023).

4.3. Protein Extraction and Western Blotting Analysis

The cells were grown in 100 mm dishes at 70–80% confluence and were treated with
media containing ALA. After 48 h of treatment, the cell monolayers were washed with
cold PBS and were solubilized in a RIPA buffer (Cell Signaling Technology, Danvers, MA,
USA), plus phenylmethanesulfonyl fluoride (PMSF) at 1 mM concentration. The cell
lysates were quantified spectrophotometrically using the Bio-Rad Bradford Assay (Bio-Rad
Laboratories, Hercules, CA, USA). All of the samples were loaded on a 10% or 15% SDS–
polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with antibodies
directed against cyclin D1 (CD1) (ab40754, Abcam, Cambridge, UK), Vimentin (sc-6260),
TGFβ-1 (sc-146), GSTP-1 (sc-376481), SOD-1 (sc-8637), Beclin-1 (sc-48341), MAP-LC3β(sc-
28266), p62/SQSTM1 (sc-28359), p-mTORSer 2448 (sc-101738), and Total mTOR (sc-136269)
(Santa Cruz Biotechnology, Dallas, TX, USA). As the internal control, all the membranes
were probed with anty-glyceraldehyde-3-phosphate dehydrogenase, GAPDH (sc-47724),
and Lamin-B (sc-6217) antibodies (Santa Cruz Biotechnology). The antigen–antibody com-
plex was detected through incubation of the membranes for 1 h at room temperature with
peroxidase-coupled goat antimouse, antirabbit, or antigoat IgG and revealed using the
enhanced chemiluminescence system (Clarity Western ECL Substrate, Biorad, Hercules,
CA, USA). The blots were then exposed to film (Santa Cruz Biotechnology). The intensity
of bands representing the relevant proteins was measured using ImageJ densitometry
scanning software. Nuclear and cytosolic extracts were obtained from cultured cells as
described previously [54]. Proteins of the nuclear and cytosolic fractions were determined
using a Bio-Rad Bradford Assay (Bio-Rad Laboratories). Equal amounts of proteins (25 µg)
were resolved using 10% SDS–polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose membranes, and probed against antibodies to NF-/B (p65) (sc-8008), Nrf2 (sc-365949)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).

4.4. Wound-Healing Assay

DU-145 and LNCaP cells were seeded in 24-well plates and grown in complete growth
media until a confluent monolayer was formed. At least 12 h before treatment, the complete
growth media was replaced with SFM for starvation. The confluent cell sheet was wounded
by scratching the culture well surface with a 100 µL pipette tip and cells were washed
with 1× PBS to remove any cell fragments or detached cells before incubation in media
containing 271 µM and 278 µM of ALA for LNCaP and DU-145, respectively, or DMSO in
the controls. Cell migration was monitored by using a Leica DMi8 inverted microscope
(Leica THUNDER Imager Live Cell, Wetzlar, Germany) equipped with an environmental
chamber in order to maintain cells at 37 ◦C in a humidified 5% CO2 atmosphere. Time-lapse
images were captured every 20 min for 48 or 60 h, using an x10 objective and a phase
contrast filter. The ImageJ software (version 2.1.0/1.53c) was used to analyze the time-lapse
images using the Wound-Healing Size Tool plugin with the following parameters: variance
window radius 20, threshold value 20, percentage of saturated pixels 0.001 and variance
window radius 20, threshold value 30, and percentage of saturated pixels 0.001 for DU-145
and LNCaP cells, respectively. The following statistics and figures were obtained using R
(R version 4.2.1, RStudio version 2021.09.0).

4.5. Lipocell Assay

This method is based on the ability of peroxides to promote the oxidation of Fe2+

to Fe3+. Fe product binds to thiocyanate developing a colored complex with measurable
with photometer Free Carpe Diem (Diacron s.r.l., Grosseto, Italy). The absorbance increase
was directly proportional to the concentration of the peroxides present in the sample.
Then, the cells were sonicated, and the absorbance was read at 505 nm according to
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the manufacturer’s report. The number of hydroperoxides was calculated according to
the following formulas: Abs Sample/Abs Standard 10 = nanomoles of hydroperoxides
contained in the sample nanomoles of hydroperoxides contained in the sample/number of
cells used 2 = nanomoles of hydroperoxides million cells.

4.6. Immunofluorescence Assay

Prostate cancer cells were seeded into a six-well multiwell and synchronized in SFM
for 12 h. Cells were exposed to ALA (271 µM for LNCaP; 278 µM for DU-145) for 24 h and
then fixed with methanol followed by 5% bovine serum albumin blocking and incubated
with a rabbit antihuman fibronectin antibody (sc-9068), Santa Cruz Biotechnology, Santa
Cruz, CA, USA. LNCaP and DU-145 cells were exposed or not to the following treatment:
ALA, CQ, and ALA + CQ for 48 h, and incubated with a rabbit anti-MAP-LC3β (sc-28266)
and mouse anti p62/SQSTM1 (sc-28359) antibodies overnight. The cells were subsequently
incubated for one hour with the following secondary antibodies; anti rabbit donkey alexa
fluor 488 and anti mouse donkey alexa fluor 594. For detection of nuclei, staining with
4′,6-Diamidino-2-phenylindole (DAPI, Sigma Aldrich, Milan, Italy) was used. Fluorescence
was evaluated by three independent observers using an Olympus BX50 microscope, and
the images were taken with CSV1.14 software, using a Leica camera for image acquisition.

4.7. Soft Agar Assay

Cells 2 × 104 were plated in 2 mL of 0.35% agarose with 5% FBS in phenol red-free
media, in a 0.7% agarose base in 12-well plates. Two days after plating, media containing
control vehicle or treatments were added to the top layer, and the media were replaced
every 2 days. After 15 days, the images of colony formation were acquired using a Leica
DMi8 inverted microscope (Leica THUNDER Imager Live Cell). The ImageJ software
(version 2.1.0/1.53c) was used to analyze the images.

4.8. Statistical Analysis

Optical densities were measured using the Image J software and their results are
presented as fold induction with respect to control. All results are presented as mean ± SD
of data from three independent experiments. Data were analyzed by a two-paired Student’s
t-test by JASP 0.17.2.1 (Intel) (University of Amsterdam, The Netherlands). p < 0.05 was
considered as statistically significant and the figures were obtained using R (R version 4.2.1,
RStudio version 2021.09.0).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms242317111/s1.

Author Contributions: Conceptualization, A.P., S.B. and A.A.; methodology, S.B., A.D.B., D.L.R. and
V.R.; software, R.G. and S.B.; validation and formal analysis, A.P. and S.B.; investigation, M.D.D.;
data curation, S.B., M.D.D. and V.R.; writing original manuscript, A.P. and S.B.; review and editing,
A.A., A.P., S.L.V. and A.E.C.; and supervision, G.V. All authors have read and agreed to the published
version of the manuscript.

Funding: Research was funded by MIUR grant n. 2017FJSM9S_006 assigned to Prof. Antonio Aversa.

Institutional Review Board Statement: This study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to thank Antonio Brunetti and Camillo Palmieri (University of
Catanzaro “Magna Græcia”, Italy) for their precious support in laboratory activities.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms242317111/s1


Int. J. Mol. Sci. 2023, 24, 17111 17 of 19

References
1. Siegel, R.L.; Jemal, A.; Wender, R.C.; Gansler, T.; Ma, J.; Brawley, O.W. An Assessment of Progress in Cancer Control. CA Cancer J.

Clin. 2018, 68, 329–339. [CrossRef] [PubMed]
2. Rebello, R.J.; Oing, C.; Knudsen, K.E.; Loeb, S.; Johnson, D.C.; Reiter, R.E.; Gillessen, S.; Van der Kwast, T.; Bristow, R.G. Prostate

Cancer. Nat. Rev. Dis. Primers 2021, 7, 9. [CrossRef] [PubMed]
3. Mehta, P.; Shende, P. Dual Role of Autophagy for Advancements from Conventional to New Delivery Systems in Cancer. Biochim.

Biophys. Acta Gen. Subj. 2023, 1867, 130430. [CrossRef] [PubMed]
4. Ashrafizadeh, M.; Paskeh, M.D.A.; Mirzaei, S.; Gholami, M.H.; Zarrabi, A.; Hashemi, F.; Hushmandi, K.; Hashemi, M.; Nabavi,

N.; Crea, F.; et al. Targeting Autophagy in Prostate Cancer: Preclinical and Clinical Evidence for Therapeutic Response. J. Exp.
Clin. Cancer Res. 2022, 41, 105. [CrossRef] [PubMed]

5. Eng, C.H.; Abraham, R.T. The Autophagy Conundrum in Cancer: Influence of Tumorigenic Metabolic Reprogramming. Oncogene
2011, 30, 4687–4696. [CrossRef] [PubMed]

6. Loizzo, D.; Pandolfo, S.D.; Rogers, D.; Cerrato, C.; di Meo, N.A.; Autorino, R.; Mirone, V.; Ferro, M.; Porta, C.; Stella, A.; et al.
Novel Insights into Autophagy and Prostate Cancer: A Comprehensive Review. Int. J. Mol. Sci. 2022, 23, 3826. [CrossRef]
[PubMed]

7. Chueh, K.-S.; Lu, J.-H.; Juan, T.-J.; Chuang, S.-M.; Juan, Y.-S. The Molecular Mechanism and Therapeutic Application of Autophagy
for Urological Disease. Int. J. Mol. Sci. 2023, 24, 14887. [CrossRef]

8. Ahmad, A.; Ginnebaugh, K.R.; Li, Y.; Padhye, S.B.; Sarkar, F.H. Molecular Targets of Naturopathy in Cancer Research: Bridge to
Modern Medicine. Nutrients 2015, 7, 321–334. [CrossRef]

9. Chopra, H.; Bibi, S.; Goyal, R.; Gautam, R.K.; Trivedi, R.; Upadhyay, T.K.; Mujahid, M.H.; Shah, M.A.; Haris, M.; Khot, K.B.;
et al. Chemopreventive Potential of Dietary Nanonutraceuticals for Prostate Cancer: An Extensive Review. Front. Oncol. 2022,
12, 925379. [CrossRef]

10. Dozio, E.; Ruscica, M.; Passafaro, L.; Dogliotti, G.; Steffani, L.; Marthyn, P.; Pagani, A.; Demartini, G.; Esposti, D.;
Fraschini, F.; 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. 2010, 641, 29–34. [CrossRef]

11. Tripathy, J.; Tripathy, A.; Thangaraju, M.; Suar, M.; Elangovan, S. α-Lipoic Acid Inhibits the Migration and Invasion of Breast
Cancer Cells through Inhibition of TGFβ Signaling. Life Sci. 2018, 207, 15–22. [CrossRef] [PubMed]

12. Damnjanovic, I.; Kocic, G.; Najman, S.; Stojanovic, S.; Stojanovic, D.; Veljkovic, A.; Conic, I.; Langerholc, T.; Pesic, S. Chemo-
preventive Potential of Alpha Lipoic Acid in the Treatment of Colon and Cervix Cancer Cell Lines. Bratisl. Lek. Listy 2014,
115, 611–616. [CrossRef] [PubMed]

13. Shi, D.-Y.; Liu, H.-L.; Stern, J.S.; Yu, P.-Z.; Liu, S.-L. Alpha-Lipoic Acid Induces Apoptosis in Hepatoma Cells via the PTEN/Akt
Pathway. FEBS Lett. 2008, 582, 1667–1671. [CrossRef] [PubMed]

14. Celik, A.; Bakar-Ates, F. Alpha-Lipoic Acid Induced Apoptosis of PC3 Prostate Cancer Cells through an Alteration on Mitochon-
drial Membrane Depolarization and MMP-9 mRNA Expression. Med. Oncol. 2023, 40, 244. [CrossRef] [PubMed]

15. Fahmy, U.A. Augmentation of Fluvastatin Cytotoxicity Against Prostate Carcinoma PC3 Cell Line Utilizing Alpha Lipoic-Ellagic
Acid Nanostructured Lipid Carrier Formula. AAPS PharmSciTech 2018, 19, 3454–3461. [CrossRef] [PubMed]

16. Alhakamy, N.A.; Al-Rabia, M.W.; Asfour, H.Z.; Alshehri, S.; Alharbi, W.S.; Halawani, A.; Alamoudi, A.J.; Noor, A.O.; Bannan,
D.F.; Fahmy, U.A.; et al. 2-Methoxy-Estradiol Loaded Alpha Lipoic Acid Nanoparticles Augment Cytotoxicity in MCF-7 Breast
Cancer Cells. Dose Response 2021, 19, 15593258211055023. [CrossRef] [PubMed]

17. Chakravarti, B.; Rajput, S.; Raza, S.; Rajak, S.; Tewari, A.; Gupta, P.; Upadhyay, A.; Chattopadhyay, N.; Sinha, R.A. Lipoic Acid
Blocks Autophagic Flux and Impairs Cellular Bioenergetics in Breast Cancer and Reduces Stemness. Biochim. Biophys. Acta Mol.
Basis Dis. 2022, 1868, 166455. [CrossRef] [PubMed]

18. Choi, H.S.; Kim, J.H.; Jang, S.J.; Yun, J.W.; Kang, K.M.; Jeong, H.; Ha, I.B.; Jeong, B.K. Synergistic Tumoricidal Effects of
Alpha-Lipoic Acid and Radiotherapy on Human Breast Cancer Cells via HMGB1. Cancer Res. Treat. 2021, 53, 685–694. [CrossRef]

19. Farhat, D.; Ghayad, S.E.; Icard, P.; Le Romancer, M.; Hussein, N.; Lincet, H. Lipoic Acid-Induced Oxidative Stress Abrogates
IGF-1R Maturation by Inhibiting the CREB/Furin Axis in Breast Cancer Cell Lines. Oncogene 2020, 39, 3604–3610. [CrossRef]

20. Izadi, A.; Soukhtanloo, M.; Mirzavi, F.; Jalili-Nik, M.; Sadeghi, A. Alpha-Lipoic Acid, Auraptene, and Particularly Their
Combination Prevent the Metastasis of U87 Human Glioblastoma Cells. Evid. Based Complement. Alternat. Med. 2023,
2023, 8618575. [CrossRef]

21. Jeon, M.J.; Kim, W.G.; Lim, S.; Choi, H.-J.; Sim, S.; Kim, T.Y.; Shong, Y.K.; Kim, W.B. Alpha Lipoic Acid Inhibits Proliferation and
Epithelial Mesenchymal Transition of Thyroid Cancer Cells. Mol. Cell. Endocrinol. 2016, 419, 113–123. [CrossRef]

22. 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. 2015, 8, 36. [CrossRef] [PubMed]

23. 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. 2017, 37, 2893–2898. [CrossRef] [PubMed]

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 2005, 10, 359–368. [CrossRef] [PubMed]

25. Yoo, T.-H.; Lee, J.-H.; Chun, H.-S.; Chi, S.-G. α-Lipoic Acid Prevents P53 Degradation in Colon Cancer Cells by Blocking NF-κB
Induction of RPS6KA4. Anticancer Drugs 2013, 24, 555–565. [CrossRef] [PubMed]

https://doi.org/10.3322/caac.21460
https://www.ncbi.nlm.nih.gov/pubmed/30191964
https://doi.org/10.1038/s41572-020-00243-0
https://www.ncbi.nlm.nih.gov/pubmed/33542230
https://doi.org/10.1016/j.bbagen.2023.130430
https://www.ncbi.nlm.nih.gov/pubmed/37506854
https://doi.org/10.1186/s13046-022-02293-6
https://www.ncbi.nlm.nih.gov/pubmed/35317831
https://doi.org/10.1038/onc.2011.220
https://www.ncbi.nlm.nih.gov/pubmed/21666712
https://doi.org/10.3390/ijms23073826
https://www.ncbi.nlm.nih.gov/pubmed/35409187
https://doi.org/10.3390/ijms241914887
https://doi.org/10.3390/nu7010321
https://doi.org/10.3389/fonc.2022.925379
https://doi.org/10.1016/j.ejphar.2010.05.009
https://doi.org/10.1016/j.lfs.2018.05.039
https://www.ncbi.nlm.nih.gov/pubmed/29802942
https://doi.org/10.4149/BLL_2014_118
https://www.ncbi.nlm.nih.gov/pubmed/25573726
https://doi.org/10.1016/j.febslet.2008.04.021
https://www.ncbi.nlm.nih.gov/pubmed/18435927
https://doi.org/10.1007/s12032-023-02113-7
https://www.ncbi.nlm.nih.gov/pubmed/37453954
https://doi.org/10.1208/s12249-018-1199-5
https://www.ncbi.nlm.nih.gov/pubmed/30350252
https://doi.org/10.1177/15593258211055023
https://www.ncbi.nlm.nih.gov/pubmed/34987331
https://doi.org/10.1016/j.bbadis.2022.166455
https://www.ncbi.nlm.nih.gov/pubmed/35680107
https://doi.org/10.4143/crt.2020.1015
https://doi.org/10.1038/s41388-020-1211-x
https://doi.org/10.1155/2023/8618575
https://doi.org/10.1016/j.mce.2015.10.005
https://doi.org/10.1186/s13048-015-0165-z
https://www.ncbi.nlm.nih.gov/pubmed/26063499
https://doi.org/10.21873/anticanres.11642
https://www.ncbi.nlm.nih.gov/pubmed/28551626
https://doi.org/10.1007/s10495-005-0810-x
https://www.ncbi.nlm.nih.gov/pubmed/15843897
https://doi.org/10.1097/CAD.0b013e32836181eb
https://www.ncbi.nlm.nih.gov/pubmed/23599020


Int. J. Mol. Sci. 2023, 24, 17111 18 of 19

26. Yue, L.; Ren, Y.; Yue, Q.; Ding, Z.; Wang, K.; Zheng, T.; Chen, G.; Chen, X.; Li, M.; Fan, L. α-Lipoic Acid Targeting PDK1/NRF2
Axis Contributes to the Apoptosis Effect of Lung Cancer Cells. Oxid. Med. Cell Longev. 2021, 2021, 6633419. [CrossRef]

27. Peng, P.; Zhang, X.; Qi, T.; Cheng, H.; Kong, Q.; Liu, L.; Cao, X.; Ding, Z. Alpha-Lipoic Acid Inhibits Lung Cancer Growth via
mTOR-Mediated Autophagy Inhibition. FEBS Open Bio 2020, 10, 607–618. [CrossRef]

28. Dörsam, B.; Fahrer, J. The Disulfide Compound α-Lipoic Acid and Its Derivatives: A Novel Class of Anticancer Agents Targeting
Mitochondria. Cancer Lett 2016, 371, 12–19. [CrossRef]

29. Lin, X.; Tascilar, M.; Lee, W.H.; Vles, W.J.; Lee, B.H.; Veeraswamy, R.; Asgari, K.; Freije, D.; van Rees, B.; Gage, W.R.; et al. GSTP1
CpG Island Hypermethylation Is Responsible for the Absence of GSTP1 Expression in Human Prostate Cancer Cells. Am. J.
Pathol. 2001, 159, 1815–1826. [CrossRef]

30. Jiang, T.; Harder, B.; Rojo de la Vega, M.; Wong, P.K.; Chapman, E.; Zhang, D.D. P62 Links Autophagy and Nrf2 Signaling. Free
Radic. Biol. Med. 2015, 88, 199–204. [CrossRef]

31. Deng, Z.; Lim, J.; Wang, Q.; Purtell, K.; Wu, S.; Palomo, G.M.; Tan, H.; Manfredi, G.; Zhao, Y.; Peng, J.; et al. ALS-FTLD-Linked
Mutations of SQSTM1/P62 Disrupt Selective Autophagy and NFE2L2/NRF2 Anti-Oxidative Stress Pathway. Autophagy 2020, 16,
917–931. [CrossRef] [PubMed]

32. Suarez-Arnedo, A.; Torres Figueroa, F.; Clavijo, C.; Arbeláez, P.; Cruz, J.C.; Muñoz-Camargo, C. An Image J Plugin for the High
Throughput Image Analysis of in Vitro Scratch Wound Healing Assays. PLoS ONE 2020, 15, e0232565. [CrossRef] [PubMed]

33. Garg, R.; Blando, J.; Perez, C.J.; Wang, H.; Benavides, F.J.; Kazanietz, M.G. Activation of Nuclear Factor κB (NF-κB) in Prostate
Cancer Is Mediated by Protein Kinase C Epsilon (PKCepsilon). J. Biol. Chem. 2012, 287, 37570–37582. [CrossRef] [PubMed]

34. Staal, J.; Beyaert, R. Inflammation and NF-κB Signaling in Prostate Cancer: Mechanisms and Clinical Implications. Cells 2018,
7, 122. [CrossRef]

35. Smith, A.R.; Shenvi, S.V.; Widlansky, M.; Suh, J.H.; Hagen, T.M. Lipoic Acid as a Potential Therapy for Chronic Diseases Associated
with Oxidative Stress. Curr. Med. Chem. 2004, 11, 1135–1146. [CrossRef] [PubMed]

36. Kamt, S.F.; Liu, J.; Yan, L.-J. Renal-Protective Roles of Lipoic Acid in Kidney Disease. Nutrients 2023, 15, 1732. [CrossRef]
37. Venigalla, M.; Sonego, S.; Gyengesi, E.; Sharman, M.J.; Münch, G. Novel Promising Therapeutics against Chronic Neuroinflamma-

tion and Neurodegeneration in Alzheimer’s Disease. Neurochem. Int. 2016, 95, 63–74. [CrossRef]
38. Moungjaroen, J.; Nimmannit, U.; Callery, P.S.; Wang, L.; Azad, N.; Lipipun, V.; Chanvorachote, P.; Rojanasakul, Y. Reactive

Oxygen Species Mediate Caspase Activation and Apoptosis Induced by Lipoic Acid in Human Lung Epithelial Cancer Cells
through Bcl-2 down-Regulation. J. Pharmacol. Exp. Ther. 2006, 319, 1062–1069. [CrossRef]

39. Attia, M.; Essa, E.A.; Zaki, R.M.; Elkordy, A.A. An Overview of the Antioxidant Effects of Ascorbic Acid and Alpha Lipoic Acid
(in Liposomal Forms) as Adjuvant in Cancer Treatment. Antioxidants 2020, 9, 359. [CrossRef]

40. Giatromanolaki, A.; Sivridis, E.; Mendrinos, S.; Koutsopoulos, A.V.; Koukourakis, M.I. Autophagy Proteins in Prostate Cancer:
Relation with Anaerobic Metabolism and Gleason Score. Urol. Oncol. 2014, 32, 39.e11–39.e18. [CrossRef]

41. Farrow, J.M.; Yang, J.C.; Evans, C.P. Autophagy as a Modulator and Target in Prostate Cancer. Nat. Rev. Urol. 2014, 11, 508–516.
[CrossRef] [PubMed]

42. Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The Role of Autophagy in Cancer: Therapeutic Implications. Mol. Cancer Ther.
2011, 10, 1533–1541. [CrossRef] [PubMed]

43. Moldogazieva, N.T.; Lutsenko, S.V.; Terentiev, A.A. Reactive Oxygen and Nitrogen Species-Induced Protein Modifications:
Implication in Carcinogenesis and Anticancer Therapy. Cancer Res. 2018, 78, 6040–6047. [CrossRef] [PubMed]

44. Mondal, D.; Narwani, D.; Notta, S.; Ghaffar, D.; Mardhekar, N.; Quadri, S.S.A. Oxidative Stress and Redox Signaling in CRPC
Progression: Therapeutic Potential of Clinically-Tested Nrf2-Activators. Cancer Drug Resist. 2021, 4, 96–124. [CrossRef] [PubMed]

45. Wible, D.J.; Bratton, S.B. Reciprocity in ROS and Autophagic Signaling. Curr. Opin. Toxicol. 2018, 7, 28–36. [CrossRef]
46. Leinonen, H.M.; Kansanen, E.; Pölönen, P.; Heinäniemi, M.; Levonen, A.-L. Role of the Keap1-Nrf2 Pathway in Cancer. Adv.

Cancer Res. 2014, 122, 281–320. [CrossRef]
47. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal 2018, 29, 1727–1745. [CrossRef]
48. Hsu, W.-L.; Wang, C.-M.; Yao, C.-L.; Chen, S.-C.; Nien, C.-Y.; Sun, Y.-H.; Tseng, T.-Y.; Luo, Y.-H. Blockage of Nrf2 and Autophagy

by L-Selenocystine Induces Selective Death in Nrf2-Addicted Colorectal Cancer Cells through P62-Keap-1-Nrf2 Axis. Cell Death
Dis. 2022, 13, 1060. [CrossRef]

49. Tossetta, G.; Fantone, S.; Marzioni, D.; Mazzucchelli, R. Role of Natural and Synthetic Compounds in Modulating NRF2/KEAP1
Signaling Pathway in Prostate Cancer. Cancers 2023, 15, 3037. [CrossRef]

50. Kalluri, R.; Weinberg, R.A. The Basics of Epithelial-Mesenchymal Transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]
51. Lee, H.S.; Na, M.H.; Kim, W.K. Alpha-Lipoic Acid Reduces Matrix Metalloproteinase Activity in MDA-MB-231 Human Breast

Cancer Cells. Nutr. Res. 2010, 30, 403–409. [CrossRef] [PubMed]
52. Tripathi, A.K.; Ray, A.K.; Mishra, S.K.; Bishen, S.M.; Mishra, H.; Khurana, A. Molecular and Therapeutic Insights of Alpha-Lipoic

Acid as a Potential Molecule for Disease Prevention. Rev. Bras. Farmacogn. 2023, 33, 272–287. [CrossRef] [PubMed]

https://doi.org/10.1155/2021/6633419
https://doi.org/10.1002/2211-5463.12820
https://doi.org/10.1016/j.canlet.2015.11.019
https://doi.org/10.1016/S0002-9440(10)63028-3
https://doi.org/10.1016/j.freeradbiomed.2015.06.014
https://doi.org/10.1080/15548627.2019.1644076
https://www.ncbi.nlm.nih.gov/pubmed/31362587
https://doi.org/10.1371/journal.pone.0232565
https://www.ncbi.nlm.nih.gov/pubmed/32722676
https://doi.org/10.1074/jbc.M112.398925
https://www.ncbi.nlm.nih.gov/pubmed/22955280
https://doi.org/10.3390/cells7090122
https://doi.org/10.2174/0929867043365387
https://www.ncbi.nlm.nih.gov/pubmed/15134511
https://doi.org/10.3390/nu15071732
https://doi.org/10.1016/j.neuint.2015.10.011
https://doi.org/10.1124/jpet.106.110965
https://doi.org/10.3390/antiox9050359
https://doi.org/10.1016/j.urolonc.2013.04.003
https://doi.org/10.1038/nrurol.2014.196
https://www.ncbi.nlm.nih.gov/pubmed/25134829
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://www.ncbi.nlm.nih.gov/pubmed/21878654
https://doi.org/10.1158/0008-5472.CAN-18-0980
https://www.ncbi.nlm.nih.gov/pubmed/30327380
https://doi.org/10.20517/cdr.2020.71
https://www.ncbi.nlm.nih.gov/pubmed/35582006
https://doi.org/10.1016/j.cotox.2017.10.006
https://doi.org/10.1016/B978-0-12-420117-0.00008-6
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1038/s41419-022-05512-2
https://doi.org/10.3390/cancers15113037
https://doi.org/10.1172/JCI39104
https://doi.org/10.1016/j.nutres.2010.06.009
https://www.ncbi.nlm.nih.gov/pubmed/20650348
https://doi.org/10.1007/s43450-023-00370-1
https://www.ncbi.nlm.nih.gov/pubmed/36778891


Int. J. Mol. Sci. 2023, 24, 17111 19 of 19

53. Lupinacci, S.; Perri, A.; Toteda, G.; Vizza, D.; Lofaro, D.; Pontrelli, P.; Stallone, G.; Divella, C.; Tessari, G.; La Russa, A.; et al.
Rapamycin Promotes Autophagy Cell Death of Kaposi’s Sarcoma Cells through P75NTR Activation. Exp. Dermatol. 2022,
31, 143–153. [CrossRef] [PubMed]

54. Bossio, S.; Perri, A.; Malivindi, R.; Giordano, F.; Rago, V.; Mirabelli, M.; Salatino, A.; Brunetti, A.; Greco, E.A.; Aversa, A.
Oleuropein Counteracts Both the Proliferation and Migration of Intra- and Extragonadal Seminoma Cells. Nutrients 2022,
14, 2323. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/exd.14438
https://www.ncbi.nlm.nih.gov/pubmed/34331820
https://doi.org/10.3390/nu14112323

	Introduction 
	Results 
	ALA Reduces Prostate Cancer Cells’ Viability by Inhibiting Autophagy 
	ALA Affects the Oxidative/Redox System Balance of Prostate Cancer Cells 
	ALA Counteracts Prostate Cancer Cell Motility by Reducing Epithelial to Mesenchymal Transition (EMT) 
	ALA Inhibits the Colony-Forming Ability of Prostate Cancer Cell Lines 

	Discussion 
	Materials and Methods 
	Cell Culture and Treatment 
	Cell Viability Assay 
	Protein Extraction and Western Blotting Analysis 
	Wound-Healing Assay 
	Lipocell Assay 
	Immunofluorescence Assay 
	Soft Agar Assay 
	Statistical Analysis 

	References

