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Abstract

Background Prostate cancer (PCa) shows a rewired metabolism featuring increased fatty acid uptake and syn-
thesis via de novo lipogenesis, both sharply related to mitochondrial physiology. The docosahexaenoic acid (DHA)
is an omega-3 polyunsaturated fatty acid (PUFA) that exerts its antitumoral properties via different mechanisms,
but its specific action on mitochondria in PCa is not clear. Therefore, we investigated whether the DHA modulates
mitochondrial function in PCa cell lines.

Methods Here, we evaluated mitochondrial function of non-malignant PNT1A and the castration-resistant (CRPC)
prostate 22Rv1 and PC3 cell lines in response to DHA incubation. For this purpose, we used Seahorse extracellular flux
assay to assess mitochondria function, [MC]fglucose to evaluate its oxidation as well as its contribution to fatty acid
synthesis, "H-NMR for metabolite profile determination, MitoSOX for superoxide anion production, JC-1 for mitochon-
drial membrane polarization, mass spectrometry for determination of phosphatidylglycerol levels and composition,
staining with MitoTracker dye to assess mitochondrial morphology under super-resolution in addition to Transmission
Electron Microscopy, In-Cell ELISA for COX-I and SDH-A protein expression and flow cytometry (Annexin V and 7-AAD)
for cell death estimation.

Results In all cell lines DHA decreased basal respiratory activity, ATP production, and the spare capacity in mitochon-
dria. Also, the omega-3 induced mitochondrial hyperpolarization, ROS overproduction and changes in membrane
phosphatidylglycerol composition. In PNT1A, DHA led to mitochondrial fragmentation and it increased glycolysis
while in cancer cells it stimulated glucose oxidation, but decreased de novo lipogenesis specifically in 22Rv1, indi-
cating a metabolic shift. In all cell lines, DHA modulated several metabolites related to energy metabolism and it

was incorporated in phosphatidylglycerol, a precursor of cardiolipin, increasing the unsaturation index in the mito-
chondrial membrane. Accordingly, DHA triggered cell death mainly in PNTTA and 22Rv1.

Conclusion In conclusion, mitochondrial metabolism is significantly affected by the PUFA supplementation

to the point that cells are not able to proliferate or survive under DHA-enriched condition. Moreover, combination

of DHA supplementation with inhibition of metabolism-related pathways, such as de novo lipogenesis, may be syner-
gistic in castration-resistant prostate cancer.
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Introduction

Prostate cancer (PCa) is among the main cause of death
in men worldwide [1]. Most therapeutic strategies target
the androgen receptor (AR) [2] which may select cells
that are non-responsive to hormone ablation, leading to
the castration-resistant prostate cancer (CRPC) that can
ultimately result in lethality [3, 4]. This may occur due to
several mechanisms, including alterations in AR levels by
gene amplification and alternative splicing resulting in
the AR-V7, which is constitutively active [5, 6].

Metabolic reprogramming is one of the hallmarks of
cancer [7, 8]. Normal prostate cells mostly rely on glyco-
lysis due to inhibition of tricarboxylic acid cycle (TCA)
by androgens and high zinc concentration, leading to
decreased mitochondrial activity [9, 10]. However, along
PCa progression there is a shift towards lipid metabo-
lism whereby cells rely on de novo lipogenesis (DNL) by
remarkably increasing fatty acid synthase (FASN) expres-
sion while normal prostate cells display low levels of this
enzyme [11-13]. Indeed, FASN co-localizes with both
AR and AR-V7 in CRPC [14] and its genetic ablation or
pharmacological inhibition leads to tumor growth sup-
pression [15]. This indicates that lipid metabolism is cru-
cial for PCa, in particular CRPC. Therefore, this scenario
has driven efforts towards new therapeutic strategies tar-
geting cell metabolism [16, 17].

Lipid metabolism is closely associated with mitochon-
drial function either for synthesis or oxidation. In PCa,
exogenous fatty acids have been reported to exert distinct
effect depending on their unsaturation status [18-21].
Saturated fatty acids drive PCa initiation and progression
in part by enhancing the MYC program [20] while poly-
unsaturated fatty acids (PUFAs) may decrease cell and
tumor growth [21] due to several mechanism, such as
resolution of inflammation [22], modulation of metabolic
pathways [23] and apoptosis induction [24]. We have
previously reported that docosahexaenoic acid (DHA), a
PUFA from the omega-3 class, delayed PCa progression
in TRAMP mice [21] and, in CRPC cells, it accumulated
into lipid droplets, induced oxidative stress and deregu-
lated metabolism-related genes [23]. In addition, DHA
led to structural mitochondrial alterations, mainly cris-
tae misfolding, as well as mitophagy [23]. DHA effects
on mitochondria has also been reported in other studies
on PCa and linked to apoptosis, due to ROS overproduc-
tion [24], Bcl-2/caspase axis [25] and organelle perturba-
tion [26]. Also, in PNT1A prostate cells the omega-3 was
shown to impair the mitochondrial bioenergetic reserve

capacity hence the cell ability to respond to additional
insults [27].

This evidence on DHA property in affecting mito-
chondria is of particular interest given that PCa cells,
androgen-responsive and androgen-independent, have
increased mitochondrial mass [28, 29], pleomorphism
[30] and overexpression of several genes related to bio-
genesis, bioenergetics and apoptosis [31] compared to
normal cells (PrEC). In mitochondria, metabolic rewir-
ing includes the increase in fatty acid beta-oxidation
for energy supply and cell survival [32], a shift of their
metabolism towards an oxidative phenotype [33],
enhanced ATP production [34], but also the use of cat-
abolic intermediates for DNL required for membrane
synthesis and cell cycle progression [35]. In addition,
mitochondria seem to be involved in AR signaling which
is imported into mitochondria [36] where it regulates the
organelle dynamics [37] and the expression of electron
transport chain (ETC) complexes subunits [36]. Inter-
estingly, enzalutamide-resistant PCa cells switch their
metabolism from glycolysis to oxidative phosphoryla-
tion (OXPHOS) which was also observed in circulating
tumor cells in patients that became resistant to such drug
as well [38]. Therefore, several mitochondrial alterations
are involved in PCa progression which could be used as a
therapeutic strategy, especially in CRPC.

Among others omega-3, such as eicosapentaenoic acid
(EPA) and a-linoleic acid (ALA), DHA is the one with the
highest effectiveness in decreasing tumor cell viability
and inducing apoptosis [39]. DHA has a low cost produc-
tion and minimal side effects after its intake [40], being
easily obtained from diet-enriched cold water marine
fish with many benefits in health [41, 42]. Therefore, in
the present study we evaluated whether DHA modulates
mitochondrial physiology and metabolism of non-malig-
nant and CRPC cells.

Material and methods

Cell culture and incubations

Prostate epithelial human cell lines PNT1A (#95012614 —
Health Protection Agency, England, UK), 22Rv1 (#CRL-
2505 — American Type Culture Collection, USA) and PC3
(#CRL1435 — American Type Culture Collection, USA)
were cultured in RPMI 1640 medium (#R6504 — Sigma-
Aldrich, USA; #11835030 — ThermoFischer Scientific,
USA) supplemented with 10% fetal bovine serum (FBS)
(#S0011—Vitrocell, Campinas, Sdo Paulo, Brazil), 1% of
penicillin, streptomycin, and amphotericin B (#15240062
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— Life Technologies, UK) and kept in 5% of CO, at 37°C.
For cell maintenance, the medium was replaced every
2-3 days and subculture done when confluence reached
80-90%. For experiments, cells were seeded at the
desired density and attachment was allowed for 24 h.

Cells were incubated with DHA (#D2534—Sigma-
Aldrich, USA) at 100 pM for 48 h, freshly prepared in
the culture medium from 20 mM stock solution in anhy-
drous ethanol (vehicle). Concentration and time of incu-
bation were chosen based on our previous study showing
reduction of cell proliferation [23]. To ensure that the
observed effects were mainly due to DHA, control assays
were incubated with the same vehicle volume and used
reagents from same brand and condition.

Seahorse XF Cell Mito Stress Test assay

Two 100 mm dishes were seeded with 2x 10° cells each
and incubated with DHA or vehicle. After 24 h of incu-
bation, cells were collected with trypsin—-EDTA 0.25%,
counted, and reseeded at 2 x 10* density in Seahorse XF”°
V3 PS Cell Culture Microplates (#101085-004, Agilent
Technologies Inc, USA) with the same medium to avoid
changes in the DHA concentration. Then, the Seahorse
XF Cell Mito Stress Test assay (#103015-100, Agilent
Technologies Inc, USA) was performed according to the
manufactures’ instructions. Briefly, Oligomycin (1 uM),
FCCP (2 uM for PNT1A and 22Rvl; 0.5 pM for PC3)
and Rotenone/Antimycin A (0.5 uM) were loaded at the
cartridge ports. FCCP concentration and cell density
per well were determined by prior titration experiments.
Medium was removed from the microplate with the cells
and replaced with warm and freshly prepared Seahorse
XF Base Medium (#103681-100, Agilent Technologies
Inc, USA), containing 1 mM pyruvate, 2 mM glutamine
and 10 mM glucose (pH 7.4). Microplate coupled to the
cartridge was placed at 37°C in non-CO, incubator for
45 min, followed by the determination of oxygen con-
sumption (OCR) and Extracellular Acidification rates
(ECAR) with Seahorse XFe96 Analyzer (Agilent Tech-
nologies Inc, USA). At the end of readings, cells in each
well were lysed with RIPA buffer and total protein O.D.
determined by BCA assay for normalization. Calcula-
tions were done by Wave software (v.2.6.3, Agilent) as
follows: Basal Mitochondrial Respiration=(Late rate
measurement before first injection) — (Non-mitochon-
drial respiration rate); Maximal Mitochondrial Res-
piration=(Maximum rate measurement after FCCP
injection) — (Non-mitochondrial respiration rate); Pro-
ton Leak=(Minimum rate measurement after Oligo-
mycin injection) — (Non-mitochondrial respiration);
ATP-linked Production=(Late rate measurement before
Oligomycin injection) — (Minimum rate measurement
after Oligomycin injection); Spare Capacity =(Maximal
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Mitochondrial Respiration)—(Basal Mitochondrial Res-
piration); Non-mitochondrial respiration rate=Mini-
mum rate measurement after Rotenone/ Antimycin A
injection. Glycolytic Capacity was determined as ECAR
rate upon Oligomycin injection. For statistical purpose,
two independent experiments were performed with at
least 10 replicates each (n=20). Values were shown as
mean of pmolO,/minute/ protein for OCR or mpH/min-
ute/protein for ECAR plus SEM.

ATP levels

3x10* cells per well were seeded on white clear bot-
tom microplates and at the end of the experiment, 100
uL of CellTiter-Glo® 2.0 Assay (#G9241, Promega, USA)
at room temperature (RT) were added to each well and
incubated for 10 min under shaking. Then, Relative
Luminescence Units (RLU) was determined with Spec-
traMax iD5 microplate reader (Molecular Devices) and
25 pL of samples collected from each well to perform
BCA assay for normalization to protein. Three independ-
ent experiments were performed with at least 3 replicates
each (n=9). Values were shown as mean of fold-change
and SEM.

['*C]-Glucose oxidation and incorporation into lipids

Glucose complete oxidation was determined by
[**C]-CO, release after incubation with [**C]-Glucose
(ARC-0122D). Cells were seeded at 0.5x10° density
in a 60 mm dish and incubated with DHA for 48 h in
RPMI 1640 medium containing glucose at 2 g/L. Two
hours prior to the end of the experiment, 0.5 uCi/pl of
[**C]-Glucose was added in the dish. At the end of incu-
bation 100 pL of 70% perchloric acid were added to the
dish and immediately closed with a trapped Whatman
filter grade 3 circle saturated with 200 pL of pheneth-
ylamine. [**C]-CO, capture was allowed for 2 h at RT
under slow shaking and circles collected for quantifica-
tion. Lipogenesis from glucose carbons were determined
at same conditions, but for this assay ['*C]-Glucose was
added to the dish at 1 uCi/well 24 h before the end of the
experiment [14]. At the end of incubation, cells were har-
vested with trypsin—EDTA 0.25%, centrifuged at 300 g for
5 min at 4°C, washed with cold PBS, and pelleted down.
Then, cells were lysed with cold extraction solution (2 mL
methanol, 1 mL chloroform and 0.5 mL of dH,0) in glass
tubes and incubated overnight at -20°C. Samples were
centrifuged at 400 g for 10 min at 4°C, and the super-
natant was collected for lipophilic fraction extraction
with cold chloroform (1 mL) and dH,O (1 mL). Lipo-
philic phase was collected and dried at 50°C under nitro-
gen flux to avoid oxidation. Lyophilized samples were
resuspended in 500 pL of cold Bligh & Dyer solution
(2:1 volume of methanol:chloroform). For both assays,
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radioactivity was determined by liquid scintillation in
vials containing 10 mL of UltraGold™ (#6013326 — Perki-
nElmer) and assessed with -counter (Tri-carb 2910 TR
Liquid Scintillation Counter, PerkinElmer). Counts per
minute (CPM) were normalized to viable cells, assessed
by automated counter Vi-Cell Blue XR (Beckman Coul-
ter, USA) based on the trypan blue exclusion method.
Values were shown as fold-change to control and SEM.
At least three independent experiments were performed
for statistical analysis (n=6).

"H-NMR Metabolomics
For metabolomics analysis, 10° cells were seeded in
culture flasks and allowed 48 h for expansion prior to
DHA incubation. Briefly, cells were removed with 0.25%
trypsin—EDTA, centrifuged at 2000 rpm for 5 min at
4°C, washed twice in cold PBS and pellet embedded in
liquid nitrogen for quenching at least 10 min. Three con-
secutive and independent experiments were performed
(n=7) and samples were stored at -80°C. For analy-
sis, 4x 10° cells were resuspended in 650 uL of filtered
methanol 80%, 220 pL of filtered dH,O and vortexed.
Then, samples were sonicated to complete cell lysis,
added 420 pL of chloroform, vortexed again, kept on ice
for 10 min and centrifuged at 16,000 g for 20 min at 4°C.
Hydrophilic phase was collected and dried in vacuum
centrifuge for 4 h at 45°C. Then, it was resuspended in
600 pL of phosphate deuterated buffer (100 mM pH
7,4; 0,150 mM DSS). Each phase was transferred to
5 mm NMR tube and spectra were collected in Bruker
Avance HD III spectrometer operating at 600 MHz. All
measurements were performed at 298 K. The stand-
ard Bruker 1D pulse sequence NOESYPR1D was used
with a mixing time of 300 ms. A total of 512 scans were
collected with 16 dummy scans, and a spectral width
of 20 ppm and 32 k data points were used. Relaxation
delay was set to 2 s with 0.2 ms of gradient recovery. A
line broadening of 1 Hz was applied to each free induc-
tion decay (FID) before Fourier transformation. Follow-
ing, each spectrum was automatically phase corrected
and referenced to the 3-(Trimethylsilyl)-1-propanesul-
fonic acid-d6 sodium salt (DSS-d6) at 0.0 ppm. To aid
in metabolite identification, 2D "H-'"H Total Correlation
Spectroscopy (TOCSY) experiments were performed
using a DPSI sequence for mixing and pre-saturation for
water suppression in selected samples. A mixing time of
80 ms was chosen, and spectra were collected using 32
scans with 2 k data points in the direct dimension and
256 data points in the indirect dimension. Relaxation
delay was maintained at 2 s.

For data processing, noise and water signal regions
were removed from raw data. Metabolites from NMR
spectra were assigned using Chenomx Profiler software
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(NMR Suite v.10.1, Chenomx Inc; Edmonton, Canada)
library which was also used to estimate their concentra-
tion (Table S1). Then, concentrations were submitted to
MetaboAnalyst 5.0 tool [43] to calculate the principal
component analysis (PCA; Fig. S1) as well as to gener-
ate the heatmap for each cell line after sum normaliza-
tion and Pareto scaling. Features were scaled to a z-score
and clustered by Euclidean distance and Ward method.
To determine the statistically different metabolites a
t-test (p<0.05) and false discovery rate (FDR) of 0.1 were
applied. Metabolites statistically significant underwent
verification using 2D 'H-'H TOCSY experiments (Fig.S2;
S3) in the TopSpin software 4.0.7 (Bruker BioSpin GmbH,
2019). Only the statistically significant metabolites were
plotted in the bar graphs and values shown as the mean
of relative concentration to sum and SEM.

Phosphatidylglycerol quantification and lipid saturation
profile

Cells were seeded at 10° density and, after DHA incuba-
tions, collected with trypsin—EDTA 0.25%, centrifuged at
300 g for 5 min at RT and pellets stored at -80°C. Samples
were shipped out and processed by Lipometrix (Leuven,
Belgium). Briefly, cells homogenized in water (volume
equivalent to 20 pg of protein) were mixed with 800 pl
1 N HCL:CH;O0H 1:8 (v/v), 900 ul CHCl;, 200 pg/ml of
the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT;
Sigma Aldrich) and 3 cl of SPLASH® LIPIDOMIX®
Mass Spec Standard (#330707, Avanti Polar Lipids).
After vortexing and centrifugation, the lower organic
fraction was collected and evaporated using a Savant
Speedvac spd111v (Thermo Fisher Scientific) at RT and
the remaining lipid pellet used for analysis after recon-
stitution in absolute ethanol. Lipid species were ana-
lyzed by liquid chromatography electrospray ionization
tandem mass spectrometry (LC-ESI/MS/MS) on a Nex-
era X2 UHPLC system (Shimadzu) coupled with hybrid
triple quadrupole/linear ion trap mass spectrometer
(6500 +QTRAP system; AB SCIEX). Chromatographic
separation was performed on a XBridge amide column
(150 mm x4.6 mm, 3.5 pm; Waters) maintained at 35°C
using mobile phase A [1 mM ammonium acetate in
water-acetonitrile 5:95 (v/v)] and mobile phase B [1 mM
ammonium acetate in water-acetonitrile 50:50 (v/v)].
Phosphatidylglycerol (PG) was measured in negative ion
mode by fatty acyl fragment ions. Lipid quantification
was performed by scheduled multiple reactions monitor-
ing (MRM). Peak integration was determined with the
MultiQuant™ software version 3.0.3. Signals were cor-
rected for isotopic contributions (calculated with Python
Molmass 2019.1.1), quantified based on internal standard
signals and adheres to the guidelines of the Lipidomics
Standards Initiative (LSI) (level 2 type quantification as
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defined by the LSI). Three independent experiments were
performed (n=3) for each condition and cell line.

Mitochondrial membrane potential and superoxide anion
quantification

To determine the mitochondrial membrane polariza-
tion, we performed a ratiometric assay with JC-1 dye
(#ab113850, Abcam, USA). Cells were seeded at 3x10*
density per well in a black microplate with clear bot-
tom and, at the end of the experiment, warmed JC-1 was
added to reach 10 uM in the wells. After incubation for
20 min at 37°C, the dye was removed, and wells washed
twice with 1X dilution buffer provided by the manufac-
turer. Relative Fluorescence Units (RFU) were assessed at
535/590 nm and 475/530 nm to quantify aggregated and
monomeric forms, respectively. Mitochondrial mem-
brane potential was determined by the ratio of aggregates
RFU to monomers. FCCP at 100 pM was added 4 h prior
to JC-1 in one well and used as a reference for mitochon-
drial membrane depolarization. Values were shown as
mean and SEM.

Superoxide anion production was assessed by Mito-
SOX™ Red dye (#M36008, ThermoFischer). Cells were
incubated at 3x 10* density per well in a black microplate
with clear bottom and, at the end of DHA incubation, the
medium was replaced with 5 pM of the dye, followed by
20 min of incubation at 37°C. Then, wells were washed in
warm PBS and RFU was assessed at 510/580 nm. At the
end of readings, RIPA buffer was added to each well and
protein content was determined by BCA assay for nor-
malization. Values were shown as fold-change and SEM.
For both assays described in this section, three independ-
ent experiments were performed (n=7 at least) and RFU
was collected with SpectraMax iD5 microplate reader
(Molecular Devices).

Mitochondria morphology

To assess mitochondria morphology and distribution,
cells at 10* density/well were seeded in CELL"" slide
(#543999 — Greiner Bio-one). Mitochondria and nuclei
visualization was done after staining with MitoTracker
Orange CMTMRos (#M7510 Molecular Probes, Invit-
rogen) at 50 nM and Hoechst 33342 at 1 pg/mL, respec-
tively. After 15 min of incubation at 37°C and 5% CO,, the
staining solution was removed, and cells were fixed with
4% paraformaldehyde, washed twice in PBS and slide cov-
ered with mounting media. Mitochondria network was
assessed at 554/576 nm with an inverted super-resolution
microscope AiryScan LSM880 (Carl Zeiss AG, Germany)
and DNA at 350/461 nm at 63X objective. Maximum
projection image was adopted for analysis. Transmis-
sion Electron Microscopy was performed to confirm
mitochondrial fragmentation. Briefly, 2x10° cells were
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seeded, pelleted and immersed in a fixation solution (2%
paraformaldehyde, 2.5% glutaraldehyde and 0.25% CacCl,
in 0.1 M cacodylate buffer — pH 7.4) for 2 h at RT. Pellets
were post-fixed in 2% osmium tetroxide in 0.1 M caco-
dylate for 1 h at RT. Then, samples were immersed in 0.5
uranyl acetate for 1 h, dehydrated in acetone and embed-
ded in araldite resin. Ultrathin sections were placed onto
grid and stained with 2% alcoholic uranyl acetate and 2%
lead citrate in 1 N sodium hydroxide for 10 min. Images
were acquired using a JEOL 1400Plus microscope.

In-Cell ELISA

MitoBiogenesis " In-Cell ELISA Kit (#ab140359, Abcam)
was used to determine the mitochondrial-encoded and
nuclei-encoded gene expression ratio. For this purpose,
cells at 3x10* density per well were seeded in a black
clear bottom microplate. Relative Fluorescence Units
(RFU) of succinate dehydrogenase A (SDH-A) and subu-
nit I of Complex IV (COX-I) were determined according
to manufactures’ instructions and normalized to Janus
Green optical density measured at 595 nm to account for
differences in cell density. Readings were collected with
SpectraMax iD5 microplate reader (Molecular Devices).
Three independent experiments were performed with at
least 3 replicates each (n=9).

Annexin V assay

Cell death was assessed by flow cytometry using the
BD Pharmingen™ Annexin V Apoptosis Detection Kit I
(#559763, BD Biosciences). Briefly, cells were seeded at
10° density and, at the end of DHA incubation, collected
with trypsin—EDTA 0.25%, centrifuged at 1500 RPM for
5 min at RT and stained according to the manufacturer’s
instructions. Cell populations were immediately gated as
viable (Annexin V-/7-AAD-), early apoptosis (Annexin
V+/7-AAD-), late apoptosis (Annexin V+/7-AAD+)
and potentially necrosis (Annexin V-/7-AAD+). Data
was acquired for 2x 10* events with BD FACS Canto II
using BD FACS Diva'" software and analyzed with Flow-
ing 2.5.1 software. Values were shown as fold-change
from two independent experiments and a representative
flow cytometry chart was plotted for each tested condi-
tion with mean of events.

Statistical analysis

Statistical analyses were performed with GraphPad
Prism® software (v.9.2.0). First, the distribution of sam-
ples was analyzed with Kolmogorov—Smirnov and Shap-
iro—Wilk normality tests. Parametric distributions were
submitted to unpaired t-test and non-parametric distri-
butions to Mann—Whitney. The significance level was set
at 5% (p<0.05).
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Results

DHA impairs mitochondrial function, ATP production

and the spare capacity

We reported previously that DHA at same conditions
adopted here led to a decrease in cell growth followed by
deregulation of several metabolism-related genes [23]. It
also induced alterations in mitochondria ultrastructure
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[23], but further alterations were not assessed. Therefore,
in the present study we lean on several parameters to
understand whether DHA affects mitochondria function.
Firstly, we performed a Seahorse MitoStress test. Fig-
ure 1A-B and C-D show the OCR and ECAR representa-
tive profiles, respectively, after incubation with DHA
or vehicle for each cell line. The omega-3 decreased the
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Fig. 1 DHA induces mitochondria dysfunction in PNT1A and castration-resistant prostate cells. A Example of Oxygen Consumption Rates

(OCR) calculated for each respiratory parameter from Seahorse data and (B) their representative profiles for each cell line after normalization.

C Example of Extracellular Acidification Rate (ECAR) calculated for each respiratory parameter from Seahorse data and (D) their representative
profiles for each cell line after normalization. Black and green lines show control and DHA-treated cells, respectively. E Basal Mitochondrial
Respiration without any inhibitors indicated mitochondria activity reduction. F OCR required for ATP-linked production and (G) ATP content,
measured by mono-oxygenation of luciferin. H Non-mitochondrial respiration OCR. I Maximum Mitochondrial Respiration and (J) Spare capacity
showed that DHA decreased the bioenergetic reserve. K Proton Leak. OCR values show mean and SEM of pmolO,/minute/protein (n=20, two
independent experiments) while ATP content indicates fold-change relative to control (n=9, three independent experiments). L Basal ECAR and (M)
ECAR under oligomycin inhibition, suggesting glycolytic capacity. Values show mpH/minute/protein O.D. and SEM (n =20, two independent
experiments). Legend: Ctrl - vehicle incubation; DHA — docosahexaenoic acid; *—statistically different from control (p < 0.05) after unpaired t-test
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basal mitochondrial respiration in all cell lines (Fig. 1E),
with the strongest effect on 22Rvl (54%). The OCR
required for ATP-linked production also decreased in the
same manner (Fig. 1F). The reduction in ATP levels was
confirmed by specific assay (Fig. 1G) in all cell lines (39%
in PNT1A, 25% in 22Rvl and 32% in PC3). Non-mito-
chondrial oxygen consumption decreased upon DHA
incubation (Fig. 1H). Then, we used mitochondrial stress
test data to evaluate several respiratory parameters, such
as maximal mitochondrial respiration and the organelle
ability to respond to stress, also known as spare capac-
ity. We observed that in all cell lines, DHA decreased
both maximal mitochondrial respiration (Fig. 1I) and
the spare capacity (Fig. 1J) which had the strongest
effect in PNT1A (70%) compared to 22Rvl (51%) and
PC3 (30%). Mitochondrial dysfunction and ROS pro-
duction are related to proton leak, which we confirmed
to be increased in PNT1A but decreased in 22Rv1 while
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remaining unchanged in PC3 (Fig. 1K). Next, to under-
stand whether cells rely on glycolysis, we analyzed the
Basal ECAR (Fig. 1L) and estimated the glycolytic capac-
ity (Fig. 1M) in addition to CO, production (Fig. 2A)
and lipogenesis (Fig. 2B) from [**C]-glucose carbons. In
the absence of any perturbation, DHA increased around
23% the Basal ECAR in PNT1A and reduced it 40% in
22Rv1, but no change was observed in PC3. Upon inhi-
bition of mitochondrial ATP synthesis (Fig. 1M), ECAR
reduced only in tumor cells (40% 22Rv1l and 20% PC3),
suggesting an impairment of glycolytic capacity. Given
these alterations in ECAR, we looked at glucose metabo-
lism, specifically to its oxidation and accumulation into
lipids using ['*C]-Glucose. Complete glucose oxida-
tion (Fig. 2A) increased in tumor cells at least 1.2-fold
but remained unchanged in PNT1A. Lipogenesis from
glucose (Fig. 2B) decreased in 22Rv1 while increased in
PC3 and unchanged in PNT1A. Lactate intracellular
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Fig. 2 DHA affects glucose metabolism. A [14C}—CO2 production from [MC]-qucose oxidation is increased in castrated-resistant cells. ['“C] cells.
B Lipogenesis from ["“Cl-glucose carbons is decreased in 22Rv1, increased in PC3 and unchanged in PNT1A cells.["*C]-CO, ["*Clant cells. Values
shown as mean of fold-change of CPM/viable cells related to control (vehicle) and SEM. C Lactate intracellular levels from 'H-NMR experiment.
Values were shown as mean of relative concentration to sum and SEM. D Proposed rewire of glucose metabolism. Large circles mean increase
while smaller circles decrease in PNT1A (red), 22Rv1 (blue) and PC3 (yellow). Legend: Ctrl — vehicle incubation; DHA - docosahexaenoic acid;

*—statistically different from control (p < 0.05) after unpaired t-test
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levels increased only in PNT1A cells (Fig. 2C). Metabo-
lomics data by '"H-NMR showed that DHA modulated
the metabolite profile (Fig. 3). In PNT1A (Fig. 3A-B),
the omega-3 increased leucine, su-glycero-3-phospho-
choline, choline, glycerol and isoleucine while decreased
myo-inositol, glutamate, o-phosphocholine, aspartate
and creatine. In 22Rv1 (Fig. 3C-D), DHA raised leucine,
glutathione, sn-glycero-3-phosphocholine, choline, iso-
leucine and UDP-N-Acetylglucosamine while reduced
o-acetylcholine and aspartate. Lastly, in PC3 (Fig. 3E-F)
DHA increased creatine phosphate and NAD + while
decreased only myo-inositol.

DHA induces ROS production, mitochondrial membrane

hyperpolarization and changes in PG unsaturation status

To better understand such changes behind the meta-
bolic effect, we looked at mitochondrial membrane
polarization using JC-1 dye (Fig. 4A), as it is directly
associated with ROS production, mitochondrial func-
tion, and apoptosis. We found that DHA triggered
mitochondrial membrane hyperpolarization in all cell
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lines (PNT1A 27%; 22Rv1 92%; PC3 23%). The omega-3
increased ROS production at least 1.5-fold compared to
vehicle in all cell lines (Fig. 4B), supporting the mito-
chondrial dysfunction. As to membrane composition,
we assessed the total levels and composition of the main
phospholipid found in mitochondria and precursor of
cardiolipin (CL), phosphatidylglycerol (PG) by mass
spectrometry (Fig. 4C-F). Its absolute levels decreased
65% in PNT1A (Fig. 4C) followed by an increase in the
unsaturation level in PG fraction, as shown in the bar
graphs in Fig. 4D. Among the fatty acids in PG, mostly
those with 20 and 22 carbons increased (Fig. 4D).
Regarding tumor cells, PG absolute levels increased at
least 40% (Fig. 4C) as well as the level of saturated and
monounsaturated fatty acids in PG fraction (Fig. 4E-F,
bar graphs). In all cell lines, 22:6 fatty acids concen-
tration increased, indicating DHA incorporation into
PG (Fig. 4D-F, heatmaps). Also, there was an increase
of 20:5 fatty acids concentration (EPA) in PG (Fig. 4D-
F, heatmaps), indicating its conversion from 22:6 fatty
acid.
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Fig. 4 DHA leads to mitochondria hyperpolarization, O, overproduction and changes in phosphatidylglycerol composition. A Increase

in mitochondria membrane potential after DHA incubation, assessed with JC-1 dye. Values show the mean of J-aggregates to monomers ratio

and SEM (n=9). B O, overproduction determined by MitoSOX Red. Values show the mean of fold-change relative to control and SEM (n=9).

C Phosphatidylglycerol concentrations in each cell line after DHA or vehicle incubation. Values show the mean of nmol/mg of protein and SEM
(n=3). D-F Heat maps on the left display the most significant phosphatidylglycerol fatty acid composition determined by mass spectrometry.

Red squares in each row mean increase and blue decrease in concentration (nmol/mg protein) scaled to z-score. Red dots showed statistically
different compared to the control. Graphs on the right side indicate the sum by unsaturation in among all PG detected. Values show mean of nmol/
mg protein and SEM (n=3). Three independent experiments were performed for statistical analysis. Legend: Ctrl - vehicle incubation; DHA —
docosahexaenoic acid; FA - fatty acid; PG — phosphatidylglycerol; *—statistically different from control (p < 0.05) after unpaired t-test

DHA stimulates mitochondria fragmentation

in non-malignant cells

Considering mitochondrial activity assumes distinct
morphology depending on its metabolic activity, we eval-
uated whether DHA impacts the mitochondrial network
and ultrastructure. The omega-3 induced mitochondria
fragmentation in PNTI1A, evidenced by round mito-
chondria under super-resolution microscopy and the
ultrastructure assessed by TEM (Fig. 5A-B). This was not
observed in tumor cells since their mitochondria were

more elongated and had same morphology than control
incubation (Fig. 5A-B). However, both non-malignant
and PCa cells showed cristae damage and misfolding in
the mitochondria ultrastructure (Fig. 5B).

To determine whether such fragmentation affected
the balance between nuclei- and mitochondria-
encoded proteins expression, usually performed to
evaluate biogenesis, we assessed SDH-A and COX-I by
In-Cell ELISA in addition to their ratio. DHA induced
SDH-A (Fig. 5C) and COX-I expression (Fig. 5D) in
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Fig. 5 DHA induces mitochondria fragmentation in PNT1A and organelle damage in CRPC cells. A Mitochondria network in red and nuclei

in blue (Nu) evidenced by MitoTracker Orange CMTMRos dye and Hoechst 33342, respectively. Arrows point to elongated mitochondria,

whereas arrowhead to the fragmented. Images were captured at 400 X magnification. B Ultrastructure of prostate cells by TEM. Images validate
mitochondrial fragmentation in the first two columns (bar 2 um) and damage in the third (bar 200 nm). C Expression of Succinate dehydrogenase
A (SDH-A), a nuclei-encoded protein, (D) Subunit | of Complex IV (COX-1), a mitochondria-encoded, and (E) COX-I to SDH-A ratio. Values show

the mean of Relative Fluorescence Units (RFU) per cell and SEM. Three independent experiments were performed for statistical analysis. Legend: Ctrl
- vehicle incubation; DHA — docosahexaenoic acid; Nu — nucleus; LD - lipid droplet; Mt — mitochondria; ER — endoplasmic reticulum; * — statistically

different from control (p < 0.05) after unpaired t-test

PNTI1A. In addition, there was an increase in COX-1
to SDH-A ratio (Fig. 5E) in this cell line, indicating an
imbalance in their expression supporting mitochon-
drial impairment.

DHA induces cell death in AR-positive cells

We showed here mitochondria membrane hyperpo-
larization (Fig. 4A) and increase in unsaturation status
in PG in the mitochondrial membrane, both strictly
related cell death and ROS overproduction. Therefore,
we estimated early and late apoptosis in addition to
potential necrosis by flow cytometry using Annexin V
and 7-AAD staining (Fig. 6). Regarding PNT1A cells,
we found that, on average DHA induced 2.2-fold more
late apoptosis events than vehicle (Fig. 6A-C). For
tumor cells, apoptosis was observed only in 22Rvl,
being 1.6- more early events and 1.5-fold the late
apoptosis (Fig. 6D-F). However, cell death seemed not
to be triggered by DHA on PC3 (Fig. 6G-I).

Discussion

The reliance on mitochondrial pathways varies with
PCa progression and its vulnerabilities have been
explored as a therapeutic alternative in the disease [44].
However, the role of fatty acids, mainly DHA remained
unclear. We reported previously that prostate cells are
not able to maintain proliferation or survival in DHA-
enriched condition, regardless of being non-malignant
or malignant [23], but the underlying mechanisms
were not fully elucidated. Here we described that DHA
induces mitochondrial dysfunction due to OXPHOS
impairment in the three cell lines investigated, as indi-
cated by the decrease in the basal mitochondrial respi-
ration, in the spare capacity, ATP production and ROS
overproduction. However, it seemed to rewire glucose
utilization by stimulating glycolysis in non-malignant
cells, evidence supported by the raise in lactate lev-
els. Despite not previously reported for PNT1A, the
glycolytic phenotype is associated with mitochondria
fragmentation [45], as we showed here. In the CRPC
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cells, the omega-3 rewired glucose metabolism towards
oxidation in mitochondria and decreased their capac-
ity to rely either on glycolysis or OXPHOS. Specifically,
PNTIA and 22Rvl had an increase in leucine levels
upon DHA incubation, indicating that it is probably
accumulated, supporting mitochondrial dysfunction.
Interestingly, the metabolism of CRPC cells has been
reported as avid for leucine which regulates cell prolif-
eration [46, 47].

PNTI1A is an immortalized epithelial prostate cell line
that has been investigated as normal or non-malignant
cell [48-50]. However, it has 10q arm deletion, chromo-
some losses, translocation involving chromosome 5, gene
amplification and mRNA overexpression of c-myc and
may occasionally form undifferentiated adenocarcinoma
in nude mice [51]. This evidence supports that PNT1A
as not normal (as PrEC cells), but not fully transformed
either, being proposed as a model for PCa initiation [23,
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27, 51]. In the present study, DHA showed the strong-
est effect on mitochondria in PNT1A cells. It showed a
reduction in myo-inositol, a sugar reported to improve
mitochondria function [52], detected in PCa samples [53]
and suggested as an age-independent marker of PCa in
human prostatic secretions [54]. We previously proposed
mitochondria impairment in PNT1A cells by other meth-
odology [27] and here, we described further the impact
of DHA on it. In this cells, DHA led to increase in pro-
ton leak and had the most impaired spare capacity which
occurs upon a shift from pyruvate oxidation in mito-
chondria to lactate [55]. Indeed, we observed higher basal
ECAR in PNT1A, supporting our findings and suggesting
a tentative to rescue homeostasis. In line with our work,
DHA was reported to upregulate glycolysis-related genes
concurrent to lactate production in benign tissue [56].
Therefore, it is likely that DHA seemed to induce PNT1A
cells to reassume a glycolytic phenotype, usual of normal
prostate cells, because of the mitochondrial dysfunction.

The increase in COX-1 to SDH-A ratio reflects an
imbalance in mitochondria- and nuclei-encoded pro-
teins, supporting the mitochondrial dysfunction, but
also a deregulation of ETC components which are
closely related with mitochondrial activity and mor-
phology. The fission-like shape and network fragmenta-
tion observed here reflect organelle dysfunction [57],
the glycolytic phenotype [58] and ROS overproduction.
Fragmentation and dysfunction are also related with
changes in the mitochondrial membrane composition.
Indeed, increase in proton leak and impairment of the
spare capacity are both tightly related with reduction in
CL levels [59]. PG is a precursor of CL [60] which rep-
resents 15-20% of the inner mitochondrial membrane,
stabilizes the ETC complexes [61] and is determinant
on the cristae curvature due to its unique structure [62].
n-3 fatty acids enriched diet was reported to increase
the unsaturation index of mitochondrial fatty acid in
normal tissue [63]. The increase of 22:6 fatty acid com-
position indicates that DHA is incorporated into PG in
all cell lines tested and hence likely into CL, turning the
mitochondrial membrane itself more susceptible to oxi-
dation by ROS [64]. This is particularly interesting for
PNTI1A due to the remarkable increase in PG unsatu-
ration index. The increase of PUFAs in the membranes
may cause lipoperoxidation and trigger cell death in PCa
[65], mainly ferroptosis. Therefore, the increase in lipid
droplets observed in our ultrastructural analysis, and
also previously reported for PNT1A [27], may serve as an
unsuccessful attempt to mitigate damages due to PUFAs
oxidation [66, 67] which ultimately led to cell death.

In a different manner, for the tumor cells DHA
impaired not only mitochondria but also glycolysis, a

Page 12 of 16

relevant outcome for CRPC. High glucose uptake corre-
lates with a very-high risk for resistance to castration in
PCa [68], stimulates cell proliferation and migration [69],
and glycolysis acts as an anabolic pathway [70, 71]. Dif-
ferently from PNT1A, it is likely that 22Rv1 and PC3 cells
compensated the deficit from mitochondria dysfunction
by routing glucose to OXPHOS. However, we did not
found difference in the intracellular lactate levels, which
needs further investigation, since other metabolites can
affect its levels, such as amino acids. Specially in 22Rv1,
DHA led to a decrease in basal ECAR indicating that
anaerobic glycolysis was decreased while aerobic glucose
increased at the expense of lipogenesis and likely of fatty
acid p-oxidation, since o-acetylcarnitine levels decreased.
Despite basal ECAR itself has been widely accepted as an
indicator of glycolysis, determination of lactate levels in
the medium and extracellular flux analysis with 2-deoxi-
glucose (2-D@) injection would strength our findings.
Despite of this limitation, the decrease of de novo lipo-
genesis is a relevant outcome given that this is a hallmark
in CRPC, being studied as a potential target [14, 15]. On
the other hand, PC3 cells showed an increase either in
aerobic glycolysis or lipogenesis from glucose carbons
after DHA incubation. However, this did not mean a
metabolic shift towards cell survival. In fact, the decrease
in spare capacity along with glycolysis and glycolytic
capacity features a metabolic weakness [55, 72]. Although
apoptosis was not found at higher levels in tumor cells
compared to PNT1A, the impairment of their spare
capacity means that the potential for drug resistance is
dramatically weakened. DHA was previously reported to
sensitize cancer cells and increase the efficacy of chemo-
therapy [73-75], but the underlying mechanisms were
not elucidated. Reduced maximum velocity indicates
loss of ETC integrity [76] which is directly related with
the spare capacity [77] that is associated with lipid oxi-
dation [78]. In the present study, CRPC cells showed
increased PG levels, which is harmful to mitochondria
function [79] and suggests that CL synthesis is impaired.
In addition, there was an increase in DHA-enriched PG,
suggesting that these cells could be more susceptible to
lipoperoxidation. However, CRPC cells seemed to bal-
ance the unsaturation in mitochondrial membrane by
increasing saturated fatty acids. To the best of our knowl-
edge, this is the first report of DHA incorporation in PG,
the decrease of spare capacity in the CRPC cells and sug-
gests that the omega-3 may be a potential co-adjuvant in
chemotherapy.

The lower mitochondrial sensibility to DHA observed
to PC3 is probably due its metabolic phenotype closer
to glycolytic while AR-expressing cells like LNCaP are
more oxidative [80]. This makes sense since LNCaP
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has 4.6-fold more mitochondria mass compared with
PrEC while PC3 has only 2.3-fold [28]. Such differences
in mitochondrial physiology may explain the distinct
response in the metabolic profile between the CRPC
cells. 22Rv1, also an AR-expressing cell line, were more
responsive to DHA than PC3 regarding the basal OCR,
which can be supported by the decrease in aspartate lev-
els since it can be derived mostly from oxaloacetate, an
intermediate of TCA cycle. Despite not statistically sig-
nificant (p=0.03, FDR=0.1058), the increase in succinate
levels in 22Rv1 may also indicate its accumulation which
is related to mitochondria dysfunction [81, 82], includ-
ing ROS generation [81]. Although less responsive, myo-
inositol decreased in PC3 cells, indicating mitochondria
damage, but also creatine phosphate increased, suggest-
ing reduced breakdown and supporting the decrease in
ATP production. Taken together, these findings show
that among CRPC cells, 22Rv1l was more responsive to
DHA than PC3. Indeed, DHA at same conditions led to
G2/M arrest in PC3 [23]. These outcomes, in addition to
our findings on cell death, may be also related with native
characteristics of mitochondria in each cell line. PC3 cells
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show resistance in opening the permeability pore tran-
sition (mPTP) compared with other PCa cells, such as
LNCaP [28], lower mitochondrial membrane hyperpo-
larization, an event related with ROS overproduction [23,
27], all crucial event for cell death. In addition, PC3 cells
seemed to increase AMP levels (p=0.02, FDR=0.11)
which triggers AMPK and protects cells from cell death
[83]. Taken together, this body of evidence indicates dis-
tinct resistance to cell death due to DHA, being non-
malignant and CRPC androgen-positive cells more
susceptible than androgen-negative cells. However, DHA
led to important metabolic fragilities that may be com-
bined with other therapies.

Conclusion

The summary of our findings was illustrated in Fig. 7. In
conclusion, DHA induced the mitochondria dysfunc-
tion and lowered the capability of both non-malignant
and CRPC cells to respond to insults. In addition, DHA
helped to shift the glucose metabolism towards anaero-
bic glycolysis in non-malignant cells and to OXPHOS
in CRPC, decreasing lipogenesis from glucose carbons
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Fig. 7 Summary. DHA led to mitochondria dysfunction in non-malignant and CRPC cell lines by inducing ROS, impairment of ATP production

and spare capacity. Such effect led to distinct outcomes depending on the molecular background. DHA turned PNT1A cells more glycolytic,
increased proton leak and induced to changes in the mitochondrial membrane composition that raised the unsaturation status hence more
susceptible to oxidative damage. Also, the omega-3 induced mitochondria fragmentation. In CRPC cells, DHA induced reprogramming of glucose
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to determine the outcome of these alterations, being cell death triggered in PNT1A and 22Rv1 and cell cycle arrest in PC3. Legend: ROS - reactive
oxygen species; ATP — adenosine triphosphate; CRPC — castrated-resistant prostate cancer; AR — androgen receptor; PG — phosphatidylglycerol; SFAs
- saturated fatty acids; MUFAs — monounsaturated fatty acids; DHA — docosahexaenoic acid
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mainly in 22Rvl. The omega-3 was incorporated in the
mitochondrial membrane of all cell lines but increased
the unsaturation index mostly in PNT1A. This cell line
had the stronger effect due to DHA since it induced to
mitochondrial fragmentation and triggered cell death.
Therefore, DHA supplementation can be considered as
a supplement to other therapeutic strategies that affect
convergent pathways such as those outlined here, mainly
in CRPC.
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