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Abstract: Anticancer activities of plant polyphenols have been demonstrated in various models of
neoplasia. However, evidence obtained in numerous in vitro studies indicates that proliferation
arrest and/or killing of cancer cells require quite high micromolar concentrations of polyphenols
that are difficult to reach in vivo and can also be (geno)toxic to at least some types of normal cells.
The ability of certain polyphenols to synergize with one another at low concentrations can be used
as a promising strategy to effectively treat human malignancies. We have recently reported that
curcumin and carnosic acid applied at non-cytotoxic concentrations synergistically cooperate to
induce massive apoptosis in acute myeloid leukemia cells, but not in normal hematopoietic and
non-hematopoietic cells, via sustained cytosolic calcium overload. Here, we show that the two
polyphenols can also synergistically suppress the growth of DU145 and PC-3 metastatic prostate
cancer cell cultures. However, instead of cell killing, the combined treatment induced a marked
inhibition of cell proliferation associated with G0/G1 cell cycle arrest. This was preceded by transient
elevation of cytosolic calcium levels and prolonged dissipation of the mitochondrial membrane
potential, without generating oxidative stress, and was associated with defective oxidative phos-
phorylation encompassing mitochondrial dysfunction. The above effects were concomitant with
a significant downregulation of mRNA and protein expression of the oncogenic kinase SGK1, the
mitochondria-hosted mTOR component. In addition, a moderate decrease in SGK1 phosphorylation
at Ser422 was observed in polyphenol-treated cells. The mTOR inhibitor rapamycin produced a
similar reduction in SGK1 mRNA and protein levels as well as phosphorylation. Collectively, our
findings suggest that the combination of curcumin and carnosic acid at potentially bioavailable
concentrations may effectively target different types of cancer cells by distinct modes of action. This
and similar combinations merit further exploration as an anticancer modality.

Keywords: prostate cancer; curcumin; carnosic acid; cell cycle; OxPhos; SGK1

1. Introduction

Historically, phytochemicals have been one of the major foundations of drug devel-
opment [1]. Curcumin (CUR), the principal curcuminoid of the Indian spice turmeric
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(Supplementary Figure S1) has been the subject of numerous studies into its value as a
cancer therapy that led to a number of clinical trials (e.g., [2–4]). The rationale for potential
therapeutic applications of this compound is based on its pleiotropic effects on multiple
cellular activities and regulatory pathways (see [4,5] for recent reviews), including the
ability to induce oxidative stress [6–10] and/or endoplasmic reticulum stress [11–14] in
various cancer cell types that lead to cell cycle arrest and cell death. However, the above
effects are usually observed at high supraphysiological concentrations of CUR (≥10 µM)
that are difficult to reach in vivo due to a low bioavailability and extensive metabolism
of this polyphenol [15,16]. Furthermore, at such concentrations CUR has been found to
induce geno/cytotoxicity to at least some types of normal cells [17–21].

Combinations of CUR with different phytochemicals or drugs have demonstrated
enhanced anticancer effects in various models of human malignancies, as compared to
single agents (see [22–24] for recent reviews). For instance, pairing CUR with the polyphe-
nols quercetin [25], resveratrol [26,27], epigallocatechin gallate [28] or ursolic acid [29]
resulted in synergistic inhibitory effects on the growth and survival of colorectal, breast
and prostate cancer cells. Our previous study has demonstrated that the combination of
CUR and the carotenoid lycopene synergistically inhibited androgen receptor signaling
in prostate cancer cells [30]. Such a combinatory approach has the potential to overcome
therapeutic limitations of plant polyphenols by minimizing their effective concentrations in
synergistically acting combinations while maintaining or increasing anticancer efficiency.

We have recently shown that co-treatment of acute myeloid leukemia (AML) cells
with CUR and carnosic acid (CA), a phenolic diterpene from rosemary (Supplementary
Figure S1) [31], at non-cytotoxic concentrations of each compound (2.5–5.0 µM CUR + 5–10 µM
CA) results in a rapid and massive cell death through the synergistic activation of both extrinsic
and intrinsic apoptotic pathways [32,33]. Interestingly, in contrast to CA, other plant phenolic
compounds, such as silibinin, rosmarinic acid, resveratrol, quercetin or parthenolide, did not
cooperate with CUR in AML cells [32,34]. In the present study, we examined whether the
two polyphenols (CUR and CA) applied at similar low concentrations (≤10 µM) would also
synergize in inducing apoptotic cell death of DU145 and PC-3 cells, the most widely studied
human metastatic prostate cancer cell lines [35]. Surprisingly, CUR + CA treatment caused
only a slight or no induction of apoptosis in these cells; however, the combination dramatically
inhibited clonal cell growth and G1-to-S cell cycle transition in a synergistic manner.

Development of primary tumors and their further dissemination to metastatic loci are
shown to be accompanied by metabolic reprogramming towards advancement of oxidative
processes and loss of apoptotic potential [36–38]. Recent discoveries in this field indicate
an active involvement of mitochondria in cancer progression and the development of
chemoresistance [39–43]. Various plant polyphenols have been shown to target mitochon-
dria in cancer cells (reviewed in [44]). Therefore, here, we focused on characterizing the
effects of CUR and CA, alone and in combination, on mitochondrial function in DU145
and PC-3 cells. The data demonstrated that the marked inhibition of cell proliferation by
CUR + CA was preceded by dissipation of the mitochondrial membrane potential (∆ψm)
and suppression of all respiratory enzyme complexes. Notably, these effects were not
accompanied by intracellular accumulation of reactive oxygen species (ROS).

2. Materials and Methods
2.1. Materials

Curcumin (≥90%) and carnosic acid (≥95%) were purchased from Cayman Chemical
(Ann Arbor, MI, USA) and Enzo Life Sciences, Inc. (Farmingdale, NY, USA), respectively.
Stock solutions of both polyphenols were prepared in DMSO and were refreshed every two
weeks. DMSO was used as a vehicle throughout all experiments at a final concentration
of 0.2%.
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2.2. Cell Lines

Metastatic human prostate cancer cells (DU145 and PC-3) were purchased from ATCC
(Manassas, VA, USA) at the available passage 60 and used up to passage 70. Cells were
maintained in RPMI 1640 medium supplemented with 10% FBS. The cells were grown at
37 ◦C in a humidified 5% CO2 atmosphere.

2.3. Alamar Blue Cell Viability Assay

Cells were seeded in a 96-well plate at a density of 9000 cells per well and treated with
vehicle or polyphenols for 48 h. The cells were incubated with 100 µL of 3% Alamar Blue
solution in a complete growth medium at 37 ◦C for 2 h [45]. The fluorescence signal of
the Alamar Blue product resorufin (585 nm) was read on a BioTek Synergy 4 microplate
reader (Winooski, VT, USA). In these and all the other experiments involving fluorescence,
curcumin autofluorescence was subtracted from the signals obtained from cells treated
with curcumin, alone and in combination with carnosic acid.

2.4. Assessment of Apoptosis

Apoptosis was evaluated using Annexin V-Propidium Iodide-based apoptosis kit
(ThermoFisher Scientific, Waltham, MA, USA) and analyzed by flow cytometry on the
BD Accuri C6 instrument. For each sample, 10,000 events were recorded. Annexin V-
positive/PI-negative cells were considered to be in the early apoptotic phase; cells positive
for both Annexin V and PI to be late apoptotic; and Annexin V-negative/PI-positive cells
to be necrotic [46].

2.5. Colony Formation Assay

Clonogenic cell growth assay was performed with 20,000 PC-3 or DU145 cells seeded
in a 6-well plate in the growth medium and incubated overnight. Cells were then treated
with vehicle or polyphenols for 7 days. Colonies were fixed with 3.7% paraformaldehyde
at room temperature for 5 min, rinsed with PBS, and stained with 0.05% crystal violet
for 30 min. Cells were then washed with tap water and drained. The stained colonies
were imaged on a Zeiss Axiovert 40 CFL inverted microscope with SPOT RT-SE™ digital
camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA) and analyzed using ImageJ
program. Quantification of cell colonies per microscopic field of view was made using a
density threshold.

2.6. Examination of Cell Cycle Distribution

Cells (1 × 106) were synchronized in serum-free growth medium for 24 h (DU145) or
48 h (PC-3) and incubated with polyphenols for 24 h. After treatment, cells were washed
with ice-cold PBS and fixed in 70% ethanol at −20 ◦C for 24 h. Cells were then rinsed twice
with PBS and incubated in 1 mL of PBS containing 0.1% Triton X-100 and 50 µg of RNAse
at room temperature for 30 min. Propidium iodide (10 µg/mL) was added to the cells for
20 min followed by fluorescence analysis in BD Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA). For each sample, 10,000 events were recorded.

2.7. Preparation of Whole Cell Lysates and Western Blotting

Cells rinsed with PBS were lysed in ice-cold buffer containing 50 mM, HEPES, pH 7.5,
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM EGTA, 2 mM sodium orthovanadate,
20 mM sodium pyrophosphate, 50 mM NaF, 1 mM DTT and 1:50 cOmplete™ protease
inhibitor cocktail (Sigma-Aldrich-Merck, Rehovot, Israel). The lysates were incubated for
10 min on ice and centrifuged at 20,000× g, 10 min, 4 ◦C. Supernatants (30 µg protein)
were subjected to SDS-PAGE and blotted into nitrocellulose membrane (Whatman, Dassel,
Germany). The membranes were blocked with 5% milk for 2 h and incubated with primary
antibodies overnight at 4 ◦C, followed by incubation with HRP-conjugated secondary
antibodies (Promega, Madison, WI, USA) for 1 h. The protein bands were visualized
using Western Lightning™ Chemiluminescence Reagent Plus (PerkinElmer Life Sciences,
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Inc., Boston, MA, USA). The Integrated Density Value (IDV) of each protein band was
quantitated using the Image Quant LAS 4000 system (GE Healthcare, Little Chalfont, UK).
The following primary antibodies were used. Cyclin D1 (sc-6281), cyclin E (sc-481), CDK2
(sc-163), CDK4 (sc-260), p21Cip1 (sc-6246) and p27Kip1 (sc-1641) were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Phospho-SGK1 (Ser78; #5599) and SGK1 (#12103)
were obtained from Cell Signaling Technology (Danvers, MA, USA), and phospho-SGK
(Ser422; #SAB4503834) from Merck-Sigma-Aldrich (Rehovot, Israel). Calreticulin (sc-11398)
or GAPDH (sc-47724) from Santa Cruz Biotechnology (Dallas, TX, USA) was used as the
loading control.

2.8. Evaluation of Cytosolic Calcium Levels

Cells (0.2 × 106) were trypsinized, washed with modified Krebs buffer (137 mM NaCl,
5 mM KCl, 1 mM KH2PO4, HEPES 20 mM, pH 7.4, 2 mM MgCl2, 2 mM CaCl2) and loaded
with 2 µM Fluo-4AM at room temperature. After incubation for 15 min, cells were rinsed
and kept in the buffer prior to measurements. For the Ca2+-free experiments, the buffer
was prepared without CaCl2 and contained 1 mM EGTA. The changes in cytosolic calcium
levels were analyzed for 30 min using BD Accuri C6 flow cytometer. For each sample,
1000 events were recorded per each one-minute time point. To assess the maximal calcium
level, 10 µM ionophore ionomycin was added in the end of each measurement.

2.9. Evaluation of the Mitochondrial Membrane Potential

Harvested cells (0.2 × 106) were rinsed with modified Krebs buffer and loaded with
75 nM MitoRed (PromoCell GmbH, Heidelberg, Germany), the mitochondria membrane
potential-sensitive indicator. After 30 min of incubation at room temperature, cells were
rinsed and kept in the same buffer prior to examination. The signal was examined on a
BD Accuri C6 flow cytometer. For the positive control, cells were treated with 2 µM FCCP
(carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone), the dose which resulted in a
collapse of the membrane potential. For each sample, 10,000 events were recorded.

2.10. Measurement of Oxidative Phosphorylation

Cellular respiration was analyzed at 37 ◦C using OROBOROS Oxygraph-2K (Inns-
bruck, Austria) [47,48]. Harvested cells were rinsed and resuspended in a modified Krebs
buffer to assess the intact cells. Once the basal level of respiration was achieved, the ATPase
inhibitor oligomycin (1 µg/mL) was added to evaluate the proton leak across the mitochon-
dria inner membrane [49]. After inhibition, the 20 nM step FCCP titration was performed
to “substitute” for the inhibited proton pump and stimulate respiration to its maximal
rate. To examine OxPhos activity of individual respiratory enzymes, the permeabilized cell
protocol was used. The addition of 10 µM digitonin compromises the plasma membrane
enabling membrane impermeable modulators to enter cells and reach the mitochondria [50].
For this experiment, the cells were resuspended in the buffer, mimicking an intracellular
environment (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM MOPS, pH 7.2, 2 mM
MgCl2, 1 mM EGTA, 0.7 mM CaCl2). The respiratory complexes were stimulated with
10 mM glutamate/2 mM malate (for complex I), 10 mM succinate (for complex II), 1 mM
ascorbate/0.3 mM TMPD (for complex IV).

2.11. Measurement of the Levels of Reactive Oxygen Species

Harvested cells (0.2 × 106) were rinsed with modified Krebs buffer and loaded with
2 µM CM-H2DCFDA, the indicator for cytosolic peroxides, or 5 µM MitoSox, the probe for
mitochondrial superoxide (ThermoFisher Scientific, Waltham, MA, USA). After incubation
for 30 min at room temperature, cells were rinsed with modified Krebs buffer and kept in
the same buffer prior to examination. Fluorescence changes were analyzed on a BD Accuri
C6 flow cytometer. H2O2 (100 µM) was used as a positive control in CM-H2DCFDA-loaded
samples, and 2.5 µM antimycin A in MitoSox-loaded samples.
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2.12. Reverse Transcription and Quantitative PCR

Total cell RNA was extracted using RNeasy Mini kit (QIAGEN) followed by treatment
with Ambion® Turbo DNase (ThermoFisher Scientific, Waltham, MA, USA). RNA quality
and concentration were determined using a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA), and was adjusted to 50 ng/µL. RNA was converted
to cDNA using the High-Capacity cDNA Reverse Transcriptase kit (Applied Biosystem,
ThermoFisher Scientific, Waltham, MA, USA) and 1 µg RNA template, using Eppendorf
Mastercycler Epigradient S (Hamburg, Germany). Initial gene profiling was performed on
cDNA from DU145 cells using Human mTOR Signaling RT2 Profiler PCR Array (SA Bio-
sciences, Qiagen, Germantown, MD, USA). GAPDH served as an internal control for gene
expression normalization. To quantify gene expression in all cell lines, primers and Taq-
Man probes for SKG1 and GAPDH were acquired from Applied Biosystem (ThermoFisher
Scientific, Waltham, MA, USA). qPCR was performed on ABI QuantStudio S3 real-time
PCR system (ThermoFisher Scientific, Waltham, MA, USA). Data were analyzed with
ABI DataAssist software (ThermoFisher Scientific, Waltham, MA, USA) using the 2−∆∆Ct

algorithm (relative quantification). Results are expressed in relative gene expression levels
(fold regulation) compared with the untreated control. The qPCR was run in triplicate and
repeated at least twice.

2.13. Statistical Analysis

Statistical analyses were performed using Prism GraphPad 7.0 software (San Diego,
CA, USA). The cooperation between curcumin and carnosic acid was assessed by the
Combination Index (CI) analysis using CompuSyn 1.0 software (ComboSyn Inc., Paramus,
NJ, USA). The CI values were calculated on the basis of the levels of cell growth inhibition
(fraction affected) by each agent individually and combination at non-constant ratios. CI
values of <1, 1, and >1 show synergism, additivity and antagonism, respectively. Statisti-
cally significant differences between the means of several groups were assessed by one-way
ANOVA with the Tukey multiple comparison post hoc analysis. The significance of the
differences between two groups was estimated by unpaired, two-tailed Student’s t-test.
Differences were considered significant at p < 0.05.

3. Results
3.1. Concentration-Dependent Effects of Curcumin, Carnosic Acid and Their Combinations on Cell
Growth and Viability

To evaluate the effects of curcumin (CUR) and carnosic acid (CA) on DU145 and
PC-3 cells, we first employed the Alamar Blue assay to assess relative changes in the
proportion of viable cells. Exposure to a range of (sub)micromolar concentrations of CUR
(0.25–10 µM) for 48 h resulted in a dose-dependent decrease in cell growth/viability, with
PC-3 cells being less responsive than DU145 cells (Figure 1a,c). When applied at the above
concentrations, CA produced only minimal effects on both cell lines (Figure 1a,c). The data
obtained in these experiments enabled us to select two relatively low concentrations of CUR
(5 µM and 7 µM) for combined treatment with gradually increasing concentrations of CA.
In DU145 cells, the combinations of 7 µM CUR and 1–5 µM CA produced a significantly
enhanced reduction in the proportion of viable cells, as compared to the sum of the effects
of single compounds (Figure 1a) or to the effect of CUR alone (Figure 1d). The combined
effects of 5 µM CUR and CA were less pronounced, without an evidence for significant
enhancement of the CUR effect by CA. Interestingly, when applied at lower concentrations
(0.25–1.0 µM), CA even abolished the inhibitory effect of 5 µM CUR (Figure 1a,d). Detailed
assessment of the cooperativity between the two polyphenols using the Combination Index
(CI) analysis revealed a clear synergistic interaction between CUR and CA (CI < 1) at 7 µM
CUR combined with 1–5 µM CA (Figure 1b), while the effects of 5 µM CUR combined
with CA were additive at most (not shown). Therefore, the combination of 7 µM CUR
and 5 µM CA, which produced the strongest synergistic reduction in cell viability (~50%
compared to DMSO), was chosen for further studies. Surprisingly, these experiments



Antioxidants 2021, 10, 1591 6 of 23

showed no evidence of cooperation between the two polyphenols for PC-3 cells, i.e., the
effects of CUR + CA combinations were similar to, or even weaker than, those of CUR
alone. Again, the addition of CA at lower concentrations significantly abrogated the effects
of CUR (Figure 1c,d).
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To examine whether the CUR ± CA-induced decreases in the relative quantity of
viable cells were due to increased cell death, we evaluated the effects of the polyphenols
using the annexin-V/PI assay in both DU145 and PC-3 cells. The results demonstrated that
following 48 h of incubation, 7 µM CUR and 5 µM CA, alone or together, had a minimal or
no apoptotic or necrotic effect on either cell line (Figure 2). For instance, treatment of PC-3
cells with CUR or CUR + CA resulted in a≤10% increase in apoptotic cell death (Figure 2b),
as compared to DMSO-treated cells (p = 0.208 or p = 0.069, respectively). This is unlike the
previously observed rapid induction of massive apoptotic cell death in CUR + CA-treated
AML cells [32,33].
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On the other hand, using the colony formation assay, we obtained strong support
for the antiproliferative activity of the polyphenol combination in both cell lines tested.
As shown in Figure 3, incubation of DU145 cells with CUR + CA for 7 days lead to an
almost complete abrogation of clonal cell growth, whereas treatment with CUR or CA
alone produced only a minor or no effect, respectively, as compared to untreated or vehicle-
treated cells. Remarkably, while exhibiting no cooperativity in PC-3 cells when applied
for 48 h (Figure 1c), the two polyphenols produced a marked synergistic suppression of
clonal growth following 7 days of incubation (Figure 3), though the effect was somewhat
less pronounced than that observed in DU145 cells.

3.2. Curcumin and Carnosic Acid Cooperate in Inducing Cell Cycle Arrest

To further characterize the cooperative antiproliferative activity of CUR and CA, we
evaluated the effects of the polyphenols, alone or together, on cell cycle distribution fol-
lowing cell synchronization at G1/S boundary by serum starvation. As exemplified in
Figure 4a, incubation of synchronized DU145 cells with vehicle in 10% FBS-containing
medium for 24 h resulted in a marked stimulation of G1-to-S cell cycle progression. Treat-
ment with 7 µM CUR or 5 µM CA resulted in a moderate decrease in the proportion of
S phase without a noticeable accumulation of cells in the G0/G1 phase. However, the
combined treatment produced a dramatic G0/G1 cell cycle arrest. The averaged data
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presented in Figure 4b demonstrate a significantly greater increase in the G1/S ratio (in-
dicative of G0/G1 arrest) by the combination compared to CUR or CA alone. Similar, but
less pronounced effects were obtained in PC-3 cells (Figure 4b).
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arrest) by the combination compared to CUR or CA alone. Similar, but less pronounced 
effects were obtained in PC-3 cells (Figure 4b). 

Figure 3. Colony formation analysis of the effects of curcumin and carnosic acid on cell growth.
(a) Representative images of Crystal Violet-stained cell colonies obtained after 7 days of cell exposure
to the indicated concentrations (in µM) of curcumin (CUR), carnosic acid (CA) and their combination
(CUR + CA). Magnification: 40×; scale bar: 400 µm. (b) Quantitative evaluation of the colony
formation data. The data are presented as averaged numbers of colonies per microscopic field of
view (mean ± SEM; n = 3). Statistically significant differences for CUR, CA or CUR + CA vs. DMSO
(* p < 0.05; *** p < 0.001 and **** p < 0.0001) and for CUR or CA applied separately vs. CUR + CA
(## p < 0.01; ### p < 0.001 and #### p < 0.0001).

The G0/G1 cell cycle arrest induced by CUR + CA was accompanied by changes in the
levels of several regulators of the G1-to-S transition, as determined in DU145 cells (Figure 4c
and Supplementary Figure S2). Exposure to CUR and, especially, to its combination with
CA for 15 h or 24 h resulted in an appreciable decrease in the level of D1 and E cyclins. The
levels of CDK4 and CDK2 were not affected; however, those of the CDK inhibitors p21Cip1

and p27Kip1 were markedly elevated following combined treatments (Figure 4c,d).



Antioxidants 2021, 10, 1591 9 of 23Antioxidants 2021, 10, x FOR PEER REVIEW 9 of 24 
 

 

 
Figure 4. Modulation of cell cycle by curcumin, carnosic acid and their combination. (a) Representative flow cytometric 
data demonstrating inhibition of cell cycle progression in DU145 cells under the indicated treatment conditions (24 h). 
Values given in parentheses are concentrations (µM). (b) Quantitative data showing inhibition of G1/S cell cycle transition. 
(c) Expression profile of cell cycle regulatory proteins. (d) Quantitative analysis of the protein expression data. Integrated 
Density Values (IDVs) of the indicated protein bands normalized to IDVs of respective calreticulin bands are shown. All 
IDV ratios are relative to that of the control (DMSO) sample at 15 h assumed as 1.0. Data are presented as mean ± SD (n = 
3). Statistically significant differences for CUR, CA or CUR + CA vs. DMSO (* p < 0.05 and ** p < 0.01) and for CUR or CA 
vs. CUR + CA (# p < 0.05 and ## p < 0.01) determined separately at 15 h and 24 h. 

The G0/G1 cell cycle arrest induced by CUR + CA was accompanied by changes in the 
levels of several regulators of the G1-to-S transition, as determined in DU145 cells (Figure 
4c and Supplementary Figure S2). Exposure to CUR and, especially, to its combination 
with CA for 15 h or 24 h resulted in an appreciable decrease in the level of D1 and E 
cyclins. The levels of CDK4 and CDK2 were not affected; however, those of the CDK in-
hibitors p21Cip1 and p27Kip1 were markedly elevated following combined treatments (Fig-
ure 4c,d). 

Figure 4. Modulation of cell cycle by curcumin, carnosic acid and their combination. (a) Representative flow cytometric
data demonstrating inhibition of cell cycle progression in DU145 cells under the indicated treatment conditions (24 h).
Values given in parentheses are concentrations (µM). (b) Quantitative data showing inhibition of G1/S cell cycle transition.
(c) Expression profile of cell cycle regulatory proteins. (d) Quantitative analysis of the protein expression data. Integrated
Density Values (IDVs) of the indicated protein bands normalized to IDVs of respective calreticulin bands are shown. All
IDV ratios are relative to that of the control (DMSO) sample at 15 h assumed as 1.0. Data are presented as mean ± SD (n = 3).
Statistically significant differences for CUR, CA or CUR + CA vs. DMSO (* p < 0.05 and ** p < 0.01) and for CUR or CA vs.
CUR + CA (# p < 0.05 and ## p < 0.01) determined separately at 15 h and 24 h.

3.3. Curcumin, Carnosic Acid and Their Combination Induce a Transient Rise of Cytosolic
Calcium Levels

We have recently reported that in AML cells, CUR + CA-induced apoptosis is associ-
ated with a sustained elevation of cytosolic calcium levels ([Ca2+]cyt) [33]. Here, we also
found that in prostate cancer cells this combination also evoked a [Ca2+]cyt rise to higher lev-
els than those observed after single treatments (Figure 5). However, in contrast to leukemia
cells, the [Ca2+]cyt elevation was transient and moderate, reaching only 30–40% of the max-
imal signal provoked by 10 µM calcium ionophore ionomycin (Supplementary Figure S3).
Further, while in CUR+CA-treated AML cells, calcium was primarily mobilized from the
endoplasmic reticulum [33], in prostate cancer cells it mainly influxed from the extracellular
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space since the use of Ca2+ free buffer resulted in an 80–90% decrease in the magnitude of
the calcium signal (Figure 5).
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Figure 5. The combination of polyphenols induces elevation of cytosolic calcium levels in prostate
cancer cells. Fluo-4 emission was recorded kinetically at 1 min intervals, starting immediately upon
the addition of 7 µM CUR, 5 µM CA or their combination (CUR + CA). The bars show peak [Ca2+]cyt

signals recorded at 6–8 min (as in Supplementary Figure S3) relative to DMSO-treated cells. Data are
presented as mean ± SEM (n = 3). Statistically significant differences for CUR, CA or CUR + CA vs.
DMSO (** p < 0.01 and *** p < 0.001) and for CUR and CA vs. CUR + CA (# p < 0.05; ## p < 0.01 and
### p < 0.001). § p < 0.05 and §§ p < 0.01, significant difference between the two indicated groups
(Student’s t-test).

3.4. Effects of Polyphenols on Mitochondrial Functions

A modest elevation of calcium in the cytosol is sufficient to initiate calcium transport
to the mitochondria [51]. The mitochondrial calcium uniport is an electrogenic process that
occurs at the cost of the mitochondrial membrane potential (∆ψm). As shown in Figure 6,
the addition of CUR or CA alone resulted in a slight reduction in ∆ψm in DU145 cells and
was practically ineffective in PC-3 cells. However, the combination of these polyphenols
markedly lowered the membrane potential to about 40% of the control level in DU145
cells, and to ~70% in PC-3 cells (Figure 6). This was a transient effect, echoing the transient
cytosolic calcium elevation, as exemplified for DU145 cells in Supplementary Figure S3.
The ∆ψm dropped within seconds after addition of the combination (0 h point in Figure 6)
and partially recovered in 4–24 h.

The alterations in ∆ψm, which are determinant of the electron transport, prompted us
to evaluate the effects of polyphenols on oxidative phosphorylation (OxPhos). We applied
the protocol of sequential addition of oligomycin, an inhibitor of ATPase, followed by
titration of the protonophore FCCP to explore possible mitochondrial damage in intact (non-
permeabilized) cells [48]. The original respirograms are available in the Supplementary
Materials (Figure S4). The addition of the CUR + CA combination stimulated mitochondrial
respiration in DU145 cells (Figure 7a) but decreased it in PC-3 cells (Figure 7b). Oligomycin
did not strongly inhibit the respiration in DU145 cells. Subsequent addition of FCCP was
not able to further stimulate respiration as it would under normal conditions, meaning
that in the presence of the combination of polyphenols, the mitochondria function at
their maximal respiratory capacity. These data correlate with a decrease in the membrane
potential (Figure 6), indicating uncoupling of OxPhos in DU145 cells. On the other hand,
the combination of polyphenols decreased the respiration in PC-3 cells (Figure 7b), so
almost no further inhibition was produced by oligomycin, and no stimulation was induced
by FCCP. Overall, the above data demonstrate that the presence of CUR + CA prevents
the modulatory action of oligomycin and FCCP on OxPhos regardless of the mode of the
mitochondrial respiratory response to the polyphenols, i.e., enhancement in DU145 cells or
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suppression in PC-3 cells (Figure 7a,b). These results suggest that the possible mechanisms
of CUR + CA effects on the mitochondrial respiration include a protonophoric activity of
the combination.
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Figure 6. Combinatory effects of curcumin and carnosic acid on the mitochondrial membrane potential. Cells were treated
with 7 µM CUR and 5 µM CA, alone and in combination (CUR + CA). The data were recorded at 5 min (0 h), 4 h and 24 h
after the addition of DMSO or polyphenols. Data are presented as mean ± SEM (n = 3) relative to DMSO-treated cells.
Statistically significant differences for CUR, CA or CUR + CA vs. DMSO (* p < 0.05; ** p < 0.01 and *** p < 0.001) and for
CUR and CA vs. CUR + CA (# p < 0.05; ## p < 0.01 and ### p < 0.001). § p < 0.05 and §§ p < 0.01, significant difference
between the indicated groups (Student’s t-test).

The activities of individual respiratory complexes were evaluated using the cells
permeabilized with the non-ionic detergent digitonin (Figure 7c,d) [50]. The integrated
state 3 activities of the complexes I (Com I), I and II (Com I–II), and all complexes (Com
I–IV) were assessed. Under permeabilized conditions, the contribution of calcium flow
observed above is discounted, since in permeabilized cells the cytosolic content is diluted
and, thus, the homeostatic integrity is compromised. This setting enables us to evaluate
the potential direct effects of polyphenols on mitochondrial enzymes beyond plasma
membrane-mediated calcium signaling.

In DU145 cells, the Com I activity was decreased by ~25% immediately (0 h) upon
addition of the polyphenols, whereas the combined activities of Com I+II did not change
significantly compared to DMSO-treated cells (Figure 7c). This is probably because of a
higher rate of Com II respiration, as it is an electroneutral transporter and, therefore, it
is less affected by membranotropic agents such as CUR. The combinatory activity of all
complexes (Com I-IV) was elevated by ~20% over the control in agreement with a decrease
in ∆ψm (Figure 6) and stimulated respiration observed in intact cells (Figure 7a). Following
combined treatment of DU145 cells for 24 h, the OxPhos activities of all complexes were
similarly reduced to the level of 60–70% of the control consistent with a decrease in ∆ψm.

In PC-3 cells, the combination of polyphenols instantly (0 h) inhibited the activity
of Com I to ~50%, of Com I+II to ~70% and of Com I-IV to ~80% of the control level
(Figure 7d). These data are in consistence with the inhibited respiration observed in intact
cells (Figure 7b). Following 24 h of incubation, the functionality of all PC-3 mitochondrial
complexes constituted only about 60% of the control, also echoing a decreased ∆ψm at 24 h.
Thus, regardless of differences in the initial responses of the mitochondria to the CUR + CA
combination, in 24 h the resulting outcome in both DU145 and PC-3 cells was a decreased
capacity of OxPhos (Figure 7c,d). The inhibitory effect of CUR + CA on Com I activity was
common for the two cell lines (Figure 7c,d). One explanation for this finding is that the
polyphenols may potentially interact with this complex in prostate cancer cells.
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absence of 7 µM CUR and 5 µM CA (CUR + CA). Abbreviations: Basal, basal respiration; Olig, oligomycin-inhibited
respiration; Max FCCP, the maximal respiratory capacity of mitochondria. (c,d) Respiration of permeabilized cells. The
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significant differences in intact cell groups (a,b) treated with CUR + CA vs. DMSO: * p < 0.05. In permeabilized cell groups
(c,d), statistically significant differences for the indicated groups vs. DMSO: * p < 0.05 and ** p < 0.01). § p < 0.05 and
§§ p < 0.01, significant difference between the two indicated groups (Student’s t-test).

3.5. Curcumin and Carnosic Acid Do Not Provoke Oxidative Stress in Prostate Cancer Cells

Retarded electron transport increases the chances of electron leakage and genera-
tion of superoxide [52]. We thus examined the levels of mitochondrial superoxide and
cytosolic reactive oxygen species (ROS) in polyphenol-treated cells [53]. Within 5 min
of the addition of CUR, alone or in combination with CA, a spike of superoxide signal
was observed in both cancer cell lines (Figure 8a), which correlates with the drop in ∆ψm
(Figure 6). This effect was transient and declined rapidly to the basal level, remaining so
after 4 h and 24 h. CA alone had almost no effect on superoxide production but potentiated
CUR-induced superoxide generation. In contrast to the mitochondrial superoxide, the
cytosolic ROS levels did not significantly rise and even tended to slightly decrease with
time (Figure 8b), suggesting that mitochondrial superoxide was effectively eliminated by
endogenous scavengers preventing massive production of ROS.
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cin [60] or vehicle for 1 h prior to addition of the combination of polyphenols. Due to lower 
rates of basal respiration in intact cells (Figure 7a,b), in order to demonstrate the cell re-
sponses to treatments the respiratory fluxes for each type of cells were normalized for 
their basal untreated respiration rates [61]. As shown in Figure 9a, rapamycin alone did 
not alter OxPhos in prostate cancer cells. However, the inhibitor caused a small but sig-
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Figure 8. Effects of polyphenols on cellular production of reactive oxygen species. (a) Transient mitochondrial superoxide
generation, as detected using the MitoSox probe following treatment with 7 µM CUR and 5 µM CA, alone and in combination
(CUR + CA); (b) Cytosolic ROS assessed with the CM-H2DCFDA probe in CUR + CA-treated cells. Changes in fluorescence
were recorded at 5 min (0 h), 4 h and 24 h after the addition of DMSO or polyphenols. Data are presented as mean ± SEM
(n = 3) relative to DMSO-treated cells. Statistically significant differences (a) for CUR, CA or CUR + CA vs. DMSO (* p < 0.05;
*** p < 0.001 and **** p < 0.0001) and for CUR and CA vs. CUR + CA (## p < 0.01, ### p < 0.001 and #### p < 0.0001). In panel (b),
significant differences for the indicated groups vs. DMSO: * p < 0.05.

3.6. Polyphenols Affect Mitochondria-Hosted mTOR Targets

The mammalian target of rapamycin (mTOR) has been shown to regulate mito-
chondrial function, e.g., by interacting with or stimulating translation of mitochondrial
proteins [54,55]. As both CUR [56,57] and CA [58,59] individually were found to affect
mTOR and its downstream effectors in various cancer cell types, we hypothesized that
the polyphenol-induced changes in the mitochondrial activities observed in our study
(Figures 6 and 7) may, at least in part, be related to the changes in mTOR signaling. To
test this, we examined whether the effects of the CUR + CA combination on respiration of
prostate cancer cells are influenced by rapamycin. Intact cells were incubated with 5 µM
rapamycin [60] or vehicle for 1 h prior to addition of the combination of polyphenols. Due
to lower rates of basal respiration in intact cells (Figure 7a,b), in order to demonstrate the
cell responses to treatments the respiratory fluxes for each type of cells were normalized for
their basal untreated respiration rates [61]. As shown in Figure 9a, rapamycin alone did not
alter OxPhos in prostate cancer cells. However, the inhibitor caused a small but significant
reduction in the stimulating effect of CUR + CA on DU145 respiration and prevented the
drop in respiration in response to the combination in PC-3 cells (Figure 9a). The original
respirograms are available in the Supplementary Materials (Figure S5).

The profile of the expression of mTOR genes that were affected by individual polyphe-
nols, their combination, or rapamycin in DU145 cells after 24 h of treatment is shown in
Figure 9b. The candidate genes that could physically be associated with mitochondria were
searched among the transcripts of the mTOR downstream factors. Among the significantly
altered genes, serum/glucocorticoid-regulated kinase 1 (SGK1) was the only one known to
encode a protein localized in the mitochondrial outer membrane [62].

In DU145 cells, SGK1 gene expression was moderately down-regulated by rapamycin
and CUR, and was not affected by CA, but when applied together the polyphenols caused
a more pronounced downregulation of this tumor-promoting kinase (Figure 9b,c). In
PC-3 cells, CA caused an elevation in SGK1 gene expression; however, CUR alone, the
combination and rapamycin significantly reduced SGK1 expression (Figure 9c).

Consistent with the mRNA expression data (Figure 9b,c), treatment with the polyphe-
nols, alone and in combination, or rapamycin resulted in a time-dependent reduction
in SGK1 protein levels in both cell lines, as compared to DMSO-treated cells (Figure 10
and Supplementary Figure S6). Remarkably, in DU145 cells treated with CUR + CA or
rapamycin for 24 h, SGK1 protein expression dropped to practically undetectable levels. In
PC-3, the above treatments induced a moderate reduction in SGK1 levels (Figure 10).
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(a) Rapamycin inhibits the effects of the polyphenol combination on mitochondrial respiration. Cells were pretreated with
vehicle (DMSO) or 5 µM rapamycin (Rap) for 1 h followed by the addition of vehicle or 7 µM CUR and 5 µM CA (CUR
+ CA). Data are presented as mean ± SEM (n = 3) relative to DMSO. Statistically significant differences for the indicated
groups vs. DMSO (* p < 0.05 and ** p < 0.01). § p < 0.05, significant differences between the indicated groups (Student’s
t-test). (b) Changes in mTOR downstream transcriptional profile upon treatment of DU145 cells with 5 µM rapamycin or
7 µM CUR, 5 µM CA or CUR + CA) for 24 h, relative to DMSO. (c) Quantitative analysis of SGK1 gene expression. Data are
presented as fold regulation vs. DMSO (mean ± SEM; n = 3), where DMSO is set as 0. Statistically significant differences for
treatments vs. control (DMSO): * p < 0.05 and ** p < 0.01.

The mTOR complex mTORC2 [63] and the 3-phosphoinositide-dependent protein ki-
nase PDK2 [64] can activate SGK1 via phosphorylation at Ser422, and the mitogen-activated
protein kinases (MAPKs) ERK5 [65] and p38 [66] via phosphorylation at Ser78. Here, we
observed that treatment with CUR, CA or their combination resulted in a moderate reduc-
tion in SGK1 phosphorylation at Ser422 as compared to vehicle-treated cells. In DU145
cells, this effect was evidenced at both 6 h and 24 h, whereas in PC-3 cells a certain decrease
in Ser422 phosphorylation was seen at 6 h, but not at 24 h (Figure 10 and Supplementary
Figure S6). Interestingly, similar to the polyphenols, treatment with rapamycin also caused
a decrease in Ser422 phosphorylation in both DU145 cells (at 6 h and 24 h) and PC-3 cells (at
6 h), implying that mTORC2, an indirect target of rapamycin [60,67,68], might be involved
in the inhibitory effects of the polyphenols. The above treatments did not consistently affect
SGK1 phosphorylation at Ser78, which mostly tended to increase slightly in the treated
cells (Figure 10).
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Figure 10. Effects of polyphenols and rapamycin on the protein expression and phosphorylation of serum- and
glucocorticoid-regulated kinase 1 (SGK1) in prostate cancer cells. DU-145 and PC-3 cells were cultured with vehicle
(DMSO), the indicated concentrations of curcumin (CUR) and carnosic acid (CA), alone and in combination, or the mTOR
inhibitor rapamycin, for 6 or 24 h. Cells samples were then subjected to Western blot analysis. Integrated Density Values
(IDVs) of the indicated protein bands normalized to IDVs of respective GAPDH bands are shown below corresponding blot
images. Representative blots of 3 similar experiments are presented.

4. Discussion

The major finding of this study is that the plant polyphenols CUR and CA applied at
low (<10 µM) concentrations, can synergistically cooperate to strongly suppress the growth
of DU145 and PC-3 metastatic prostate cancer cell cultures in a time- and cell line-dependent
manner. Notably, this effect was found to be essentially cytostatic (Figure 3), concomitant
with G0/G1 cell cycle arrest (Figure 4), with only a negligible level of cell death (Figure 2).
Inhibitory effects of various polyphenols, including CUR and CA, on cell cycle progression
in cancer cells have been associated with the upregulation of both p21Cip1 and p27Kip1

(e.g., [69,70]). Importantly, some polyphenols, such as silibinin [71] or epigallocatechin
gallate [72], were found to attenuate cellular degradation of these proteins, which was
associated with cell cycle arrest, suggesting that a similar mechanism may, at least in part,
account for the marked upregulation of p21Cip1 and p27Kip1 in CUR+CA-treated prostate
cancer cells (Figure 4c,d).

The lack of cytotoxicity in CUR+CA-treated prostate cancer cells is strikingly different
from the earlier-reported pronounced apoptotic cell death in AML cells [32–34]. Such
distinct modes of CUR+CA action on prostate and blood cancer cells, coupled with the pre-
viously observed insusceptibility of untransformed hematopoietic and non-hematopoietic
cells to this combination [32,33], indicate a remarkable cell-type dependence of the mecha-
nisms underlying its anticancer effects. In AML cells, CUR+CA treatment results in a rapid
(within 4–8 h) induction of apoptosis without inducing oxidative stress or changes in ∆ψm
and is mediated solely by Ca2+ release from the endoplasmic reticulum leading to sus-
tained [Ca2+]cyt accumulation [33,34]. Although, similar to AML cells, CUR + CA treatment
tended to lower cytosolic ROS in prostate cancer cells (Figure 8), prostate cancer cells exhib-
ited a marked decrease in ∆ψm (Figure 6) and just a transient (within minutes) extracellular
calcium-dependent [Ca2+]cyt rise (Figure 5 and Figure S3). These cell type-dependent
differences in regulatory responses might contribute to the observed distinct modes of
CUR + CA action. Recently, Einbond et al. [73] have demonstrated that CUR (3.3–10.9)
and CA (6.0–12.0 µM) can also cooperate in reducing the growth of triple-negative MDA-
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MB-468 human breast cancer cells in culture. However, this cooperation was evaluated
only on the basis of the 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H tetrazolilum bromide
(MTT) assay, which is unable to distinguish changes in cell proliferation from changes in
the extent of cell death. Therefore, the mode and the mechanism of action of CUR + CA on
these cells are unclear.

In general, the mechanisms of synergistic cell growth-inhibitory effects of CUR + CA at
low concentrations appear to differ from those underlying the effects of CUR (e.g., [8,9,11,14])
or CA [74–77] alone at higher concentrations (> 10 µM) in that the latter effects are usually
found to be mediated by the induction of generalized cellular stress responses. Interestingly,
Rodriguez-Garcia [9] reported that while the apoptotic effect of CUR on LNCaP and PC-3
prostate cancer cells was ROS-dependent and was associated with thioredoxin oxidation, the
polyphenol silibinin, which reduced ROS levels and prevented thioredoxin oxidation in these
cells, produced only a cytostatic effect. The latter finding supports, though indirectly, our data,
showing that the cytostatic effect of CUR + CA on DU145 and PC-3 cells occurs in the absence
of oxidative stress and is even associated with a slight reduction in the cytosolic ROS levels
(Figure 7b).

Synergistic anticancer effects of various polyphenol combinations have been demon-
strated in several tumor cell types (see [23,78] for recent reviews); however, the nature of
the synergy between these compounds has not been fully elucidated. Several mechanisms
of cooperation between antioxidant phytochemicals, including polyphenols, have been
proposed (reviewed in [79]). For instance, individual components of a combination may
target distinct signaling/transcriptional pathways or different proteins in the same cel-
lular regulatory pathway. Furthermore, one of the components may help regenerate or
chemically stabilize the other outside and/or inside the cell. The latter effects as well as the
ability of certain phytochemicals, e.g., CA and CUR, to suppress drug efflux/multidrug
resistance systems [80–82] may facilitate intracellular accumulation of one or both com-
pounds. Indeed, Nimiya et al. [83] have shown that different antioxidants, including the
plant phenolic compounds gallic, caffeic and rosmarinic acids, increased CUR stability in
phosphate buffer and serum-free cell culture medium at physiological pH, as measured
by colorimetric and HPLC assays. Consistent with these data, we have recently found
that the addition of CA increases intracellular CUR levels in AML cells [34]. This was
demonstrated by flow cytometry on the basis of CUR fluorescent properties [84]. In a
recent study, Levine et al. [85] also showed that combined treatment of canine cancer cell
lines with CA-rich rosemary extract and CUR-rich turmeric extract markedly increased
intracellular CUR accumulation.

The data obtained in the present study indicate that unlike CUR, CA alone had
primarily a minor or no significant influence on various cellular responses, such as changes
in cell growth (Figures 1 and 2), cell cycle distribution and regulatory protein levels
(Figure 4), [Ca2+]cyt levels (Figure 5 and Figure S3), mitochondrial superoxide production
(Figure 8) and SGK1 gene expression (Figure 9). These results suggest that in metastatic
prostate cancer cells, CA may act by potentiating CUR actions, likely by increasing its
stability and/or cellular accumulation.

The metastatic ability of cancer cells is supported by the reprogramming of metabolic
processes that include increases in the mitochondria membrane potential, rates of OxPhos,
levels of ROS and calcium retention capacity [37,43]. Therefore, chemical agents that alter
oxidative processes would perturb cancer metabolism and/or make neoplastic cells more
susceptible to pharmacological factors. In this work, we specifically addressed the effects
of CUR and CA on mitochondrial function. The immediate drop in ∆ψm observed in
both prostate cancer cell lines treated with CUR + CA (Figure 6) could be associated with
[Ca2+]cyt elevation (Figure 5), which is pumped in the mitochondria at the cost of ∆ψm.
The mitochondria depolarization was likely the reason for prolonged suppression of all
respiratory enzyme complexes, although initial respiratory responses of the two tested
cancer cells to the combination of polyphenols differed—stimulation of the electron flow in
DU145 cells and its inhibition in PC-3 (Figure 7). PC-3 cells were also less sensitive than



Antioxidants 2021, 10, 1591 17 of 23

DU145 cells to alterations of the calcium signal and ∆ψm caused by CUR + CA treatment
(Figures 5 and 6). The different responses of the mitochondria in the two prostate cancer cell
lines to the polyphenols may be associated with their distinct metabolic features which in-
clude higher rates of glutamate/malate, citrate/malate and succinate oxidation and higher
enzymatic activity of complex I in PC-3 cells compared to DU145 cells, as demonstrated in
our previous study [43]. In addition, their mitochondrial membrane characteristics, e.g.,
variation of lipid content or the degree of saturation of acyl chains [86], may also differ. Ear-
lier, using model membranes mimicking the mitochondria lipid bilayer we demonstrated
a high affinity of CUR to cardiolipin, the mitochondria-unique phospholipid [87]. This
in part explains the known curcumin’s protonophoric activity [88] and overall potential
benefits in the treatment of broad range of metabolic diseases and conditions with key
involvement of mitochondria. Still, several studies have demonstrated that in CUR-treated
non-neoplastic and cancer cells, the polyphenol primarily localizes in the endoplasmic
reticulum and lysosomes and only modestly accumulates in the mitochondria (e.g., [89,90]).
These data suggest that the effects of CUR on the mitochondria are likely to be indirect. Of
note, it has recently been suggested that physicochemical properties of polyphenols are
responsible for their anticancer properties by virtue of their protonophoric and pro-oxidant
properties rather than their specific effects on downstream molecular targets [44].

The dissimilar sensitivity of the two prostate cancer cell lines to the antiproliferative ef-
fects of CUR + CA could be related to the above differences in mitochondrial performances
as well as to genetic features linked to their metastatic loci, such as brain (DU145) and bone
(PC-3). Albeit sharing common malignant identities, the PC-3 cells were reported to have
higher metastatic potential compared to DU145 cells [91]. Prolonged energetic stress caused
by the combination of polyphenols in prostate cancer cells correlated with cell cycle arrest
(Figure 4). However, dissipation of ∆ψm and altered oxidative phosphorylation did not
lead to oxidative stress, since the massive increase in the mitochondrial superoxide signal
right after addition of the combination of polyphenols, was quickly eliminated (Figure 8).

A key metabolic regulator, mTOR, plays a significant role in tumorigenesis and has
been shown to be spatially associated with mitochondria and to control mitochondrial
functionality [54,55,68]. As an instrumental tool, we employed rapamycin, a selective
mTOR inhibitor which directly targets the mTORC1 complex and also indirectly blocks
mTORC2 activity [60,67,68]. While rapamycin did not alter cellular respiration in our
experimental setting, it moderately but significantly prevented the cell type-dependent
effects of the CUR + CA combination, i.e., stimulation of respiration in DU145 cells and
inhibition in PC-3 cells (Figure 9a), suggesting that these effects were partially mediated
by mTOR.

Our search for a possible modulation of mitochondria-destined mTOR downstream
targets by CUR and CA revealed SGK1, a multifunctional kinase which primarily localizes
in the outer mitochondria membrane [62,92] and is implicated in regulating the growth,
survival, cell cycle and apoptosis resistance of cancer cells [93]. Increased expression of
SGK1 has been shown in myeloma [94], breast [95] and prostate [96] cancer cell cultures.
Downregulation of SGK1 expression or inhibition of its kinase activity results in antiprolif-
erative and cytotoxic effects on various types of malignant cells [93], including prostate
cancer cells [96–98]. In prostate cancer, SGK1 inhibition also has anti-androgen effects [97].

To the best of our knowledge, only one publication related to the effect of CUR
on SGK1 has been cited in MEDLINE/PubMed so far, which showed that treatment of
renal carcinoma cells with 20 µM CUR did not affect either SGK1 protein levels or its
phosphorylation [99]. No evidence of SGK1 modulation by CA has yet been reported.
However, antiproliferative and cytotoxic effects of other plant phenolic compounds, such
as resveratrol [100] and genistein [101], were found to correlate with SGK1 downregulation.
Particularly, resveratrol inhibited SGK1 activity in hepatocellular carcinoma cells and also
in a cell-free kinase assay. Moreover, silencing SGK1 enhanced resveratrol-induced inhibi-
tion of cell growth and apoptotic cell death, whereas SGK1 overexpression attenuated these
effects [100]. By analogy, our finding that, similar to rapamycin, CUR ± CA suppressed
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mRNA and protein expression of SGK1 in DU145 and PC-3 cells (Figures 9b,c and 10)
suggests that SGK1 downregulation might contribute to the antiproliferative effect of these
treatments, e.g., through upregulating p21Cip1 [94] and p27Kip1 [102]. There is accumu-
lating evidence that SGK1 is an essential mediator of the phosphatidylinositol 3-kinase
(PI3K)/mTOR signaling pathway (e.g., [93]). Thus, our finding that the polyphenols atten-
uate SGK1 phosphorylation at Ser422 (Figure 10), may suggest a role of the PI3K/mTOR
pathway in the mechanism of the cytostatic effect of CUR + CA on prostate cancer cells.
Further research is required to test this suggestion.

5. Conclusions

Our findings demonstrate that the combination of CUR and CA is more efficient than
the individual compounds in arresting metastatic prostate cancer cell growth. The cytostatic
effect of the combination was more pronounced in DU145 cells compared to PC-3 cells
and was not accompanied by the induction of oxidative stress and cell death. CUR + CA-
induced inhibition of cell growth was associated with G0/G1 cell cycle arrest and inhibition
of mitochondrial function preceded by a rapid [Ca2+]cyt rise and drop in ∆ψm. Upon
treatment with CUR±CA, the two cell lines mostly differed in the response magnitude
and/or time course. Thus, while PC-3 cell growth was almost unaffected by CUR + CA
at 48 h, the two cell lines responded similarly after 7 days of treatment (Figure 1 vs.
Figure 3). Likewise, when compared to DU145 cells, PC-3 cells exhibited generally similar,
though less pronounced changes in the cell cycle (Figure 4a), Ca2+

cyt (Figure 5), ∆ψm
(Figure 6), superoxide and ROS levels (Figure 8) and SGK1 expression (Figures 9c and 10).
The main difference between DU145 and PC-3 cells was the dissimilar modulation of the
mitochondrial respiration in response to polyphenol treatment (Figures 7 and 9a), which
may or may not relate to the different sensitivity of the two cell lines to the polyphenols.

Prostate cancer is the second most common cancer in men worldwide, mainly in
countries with high Human Development Index [103,104]. Although most patients with
localized disease have high survival rates, patients with metastatic prostate cancer have
poor prognosis, with a 5-year survival rate of about 30%. Therefore, our findings presented
here warrant further testing of this combination in translational studies that may lead to
clinical development. Synergistically acting combinations of low concentrations of plant
polyphenols or related agents with enhanced anti-cancer capacities may represent a safe
and efficient way of dietary and/or pharmacological intervention in human malignancies,
including prostate cancer. We believe that under prolonged energetic stress caused by the
combination of CUR and CA, the cancer cells may become more vulnerable projecting a
better response to chemotherapeutic and/or radiation treatments. Still, deeper research is
required to elucidate the molecular mechanism of the synergistic effects of CUR and CA
on cellular signaling and integrated metabolic pathways in order to establish polyphenol-
based combinatory cancer therapeutics or adjuvants to conventional treatment modalities.
Characterization of the mechanistic interactions between the mitochondrial energetic
machinery and the mitochondria-resident SGK1 expression and activity would be of great
interest per se in understanding how the confined transcriptional control is exerted locally
over the mitochondrial functions.
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Figure 10.
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Abbreviations

CA Carnosic acid
CDK Cyclin-dependent kinase
CM-H2DCFDA 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester
CUR Curcumin
DTT Dithiothreitol
EGFR Epidermal growth factor receptor
FBS Fetal bovine serum
FCCP Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
GAPDH Glyceraldehyde phosphate dehydrogenase
HRP Horseradish peroxidase
mTOR Mammalian target of rapamycin
NFκB Nuclear factor kappa B
OxPhos Oxidative phosphorylation
ROS Reactive oxygen species
SGK1 Serum/glucocorticoid regulated kinase 1
TMPD N,N,N′,N′-Tetramethyl-p-phenylenediamine dihydrochloride
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