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ABSTRACT: The outbreak of Zika virus infection in 2016 led to the identification of its presence in several types of biofluids,
including semen. Later discoveries associated Zika infection with sexual transmission and persistent replication in cells of the male
reproductive tract. Prostate epithelial and carcinoma cells are favorable to virus replication, with studies pointing to transcriptomics
alterations of immune and inflammation genes upon persistence. However, metabolome alterations promoted by the Zika virus in
prostate cells are unknown. Given its chronic effects and oncolytic potential, we aim to investigate the metabolic alterations induced
by the Zika virus in prostate epithelial (PNT1a) and adenocarcinoma (PC-3) cells using an untargeted metabolomics approach and
high-resolution mass spectrometry. PNT1a cells were viable up to 15 days post ZIKV infection, in contrast to its antiproliferative
effect in the PC-3 cell lineage. Remarkable alterations in the PNT1a cell metabolism were observed upon infection, especially
regarding glycerolipids, fatty acids, and acylcarnitines, which could be related to viral cellular resource exploitation, in addition to the
over-time increase in oxidative stress metabolites associated with carcinogenesis. The upregulation of FA20:5 at 5 dpi in PC-3 cells
corroborates the antiproliferative effect observed since this metabolite was previously reported to induce PC-3 cell death. Overall,
Zika virus promotes extensive lipid alterations on both PNT1a and PC-3 cells, promoting different outcomes based on the cellular
metabolic state.
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■ INTRODUCTION

Zika virus (ZIKV) is a flavivirus from the Flaviviridae family
first detected in 1947 in Uganda.1 A self-limiting febrile disease
was reported for this arbovirus in 2015 during the outbreak in
the Americas and Pacific Islands. At that time, Zika virus
infection was associated with several cases of Guillain−Barre ́
syndrome and congenital microcephaly.2,3 Consequently, Zika
infection-related outcomes came in the spotlight for the first
time.
The gained visibility of the Zika epidemiology importance3

was supported by reports of Zika virus’s impact on neuronal
growth impairment and its oncolytic potential in neural tumor
management.4−8 Zika neurotropism and replication were
characterized by an interruption in the cell cycle and cell
death induction.6−10 In addition to nervous system tropism,
ZIKV can be transmitted sexually; viral RNA was detected in
semen for more than 60 days after symptom onset, being
accompanied by prostatitis in some cases.11−13 In this context,

the assessment of male reproductive systems’ cells to ZIKV
infection susceptibility was amplified; findings of the potential
involvement of human prostate cells as Zika replication sites
have shown stable viral RNA concentrations up to 14 days post
infection.12 Short-term ZIKV infection in prostate cancer cells
DU-145 also demonstrated high and consistent virus titter
during 72 h.7 Izuagbe et al. observed that ZIKV-persistent
infection in prostate epithelial cells led to transcriptomics
alterations in genes involved in antiviral and immune
responses, such as viral recognition, expression of cytokines,
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and interferons.14 Additionally, Machado et al. presented that
miRNAs generated during human prostate cell infection with a
Brazilian ZIKV strain had genes that were involved in
inflammation, immunity, cell survival, and proliferation as in
silico-predicted targets.15

Overall, the cell machinery is remodeled during flavivirus
replication, especially for the use of cell substrates for
replication and lipid biogenesis.16 In metabolic terms, prostate
cells are known to have a peculiar inefficient energy
metabolism in the basal state. Prostate cells rewire citrate
production to excretion by inhibiting citrate conversion to
isocitrate in the tricarboxylic acid (TCA) cycle.17−19 This
results in the accumulation of citrate and, as a consequence,
less production of energy through oxidative phosphorylation
(OXPHOS) and lipid synthesis.18,19 However, during the
malignant process, mitochondrial aconitase is less inhibited,
leading to the use of accumulated citrate for energy production
via OXPHOS, altered fatty acid (FA) metabolism, and lipid
droplet (LD) accumulation.17−21 As the tumor progresses,
metastatic cells further decrease the use of OXPHOS, being
characterized by glucose consumption and lactate production,
known as the Warburg effect.17,19 Considering the character-
istics of prostate normal cell and cancer cell metabolism and
the flavivirus replication, the impact of Zika persistent infection
in human epithelial prostate cell and cancer cell metabolism
and proliferation needs further investigation.
Studies to assess Zika infection mechanisms are important to

advance the understanding of transmission prevention and
clinical manifestations,6,8,9,22,23 to address challenges facing
new approaches for diagnosis, treatment, and vaccines,24−26

and the virus use in Zika-related therapies.4,5,10 This
comprehension can be further extended by metabolomics
using high-resolution mass spectrometry,10,16,26−28 which aims
to assess, at the low-weight-molecular level, the metabolic
alterations that result in cell phenotype. Therefore, by
associating the multifactorial characteristics of Zika infection
to the susceptibility of prostate cells to persistent infection, this
study aims to employ an untargeted metabolomic approach for
the investigation of metabolic alterations induced by Zika virus
in epithelial prostate cells (PNT1a) and prostate adenocarci-
noma (PC-3) at short- and long-term exposure.

■ EXPERIMENTAL SECTION

Zika Strain and Cell Culture

The Brazilian ZIKV strain (BeH823339, GenBank KU729217)
was isolated from a patient in 2015 at the Evandro Chagas
Institute (Para ́ state, Brazil) and kindly provided by Prof. Dr
Edison Durigon (University of Sa ̃o Paulo, USP). The ZIKV
strain stock was maintained at −80 °C in the Laboratory of
Emerging Viruses (Institute of Biology, UNICAMP). Before
cellular assays, viral stock titer was determined by a plaque
assay in Vero cells (PFU/mL).
Human prostatic immortalized cell line (PNT1a) and

human prostate adenocarcinoma cell line (PC-3) were kindly
provided by the In vitro Bioassays and Signal Transduction lab
(Institute of Biology, UNICAMP). Cells were routinely grown
at 4 × 104 cells/cm2 density in a RPMI-1640 medium
supplemented with 100 U/mL penicillin, 100 μg/mL
streptomycin, and fetal bovine serum (FBS) 10% (Gibco,
Thermo Fisher Scientific) and propagated at 37 °C in an 85%
humidified and 5% CO2 atmosphere. All lines were routinely
checked for mycoplasma.

Colony Formation Assay

PNT1a and PC-3 colony formation assays were performed by
seeding 2.8 × 103 cells/well in a six-well plate. Cells were
maintained at 37 °C in an 85% humidified and 5% CO2
atmosphere for 24 h to adhere. Cells were exposed to ZIKV
multiplicity of infection (MOI) of 1 and 5, and together with
mock cells, they were cultured for 15 days in an incubator (37
°C in an 85% humidified and 5% CO2 atmosphere). The
culture medium was topped up on days 3, 7, and 10. After 15
days, the supernatant was removed and cells were washed with
PBS and fixed and stained for 30 min with crystal violet 5%
(methanol/water). The solution was removed, and the cells
were washed three times with water. Representative images
were acquired with a phase-contrast microscope (Nikon,
Japan), and colonies were counted using ImageJ (NIH).

Viability Assay

The cell viability assay was conducted by measuring the cell
capacity in reducing MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide). PC-3 and PNT1a cells were
seeded in a 96-well plate at 2.8 × 103 cell/well density in
triplicate. After 24 h at 37 °C and 5% CO2, cells were exposed
to ZIKV MOI 1, and together with mock cells, they were
maintained in a culture for 1, 2, and 3 days. The cell
supernatant was removed and replaced by 100 μL/well of an
MTT solution (0.5 mg/mL, in an FBS-free culture medium,
sterile-filtered). After incubation for 3 h at 37 °C in an 85%
humidified and 5% CO2 atmosphere, the medium was
removed, and 100 μL/well ethanol was added to solubilize
the formazan. The microplates were shaken at a speed of 100
rpm for 10 min (Labnet orbit 1000) to solubilize the formazan
produced. Absorbance was measured at λ = 570 nm in a
microplate reader spectrophotometer (Synergy HT, BioTek).
Cell viability was calculated using mock cell absorbance as
reference, and graphs were generated using GraphPad Prism
5.0.

Metabolomics Assay

PNT1a and PC-3 cells were seeded at 4.2 × 103 cells/well
density in 24-well plates and kept at 37 °C in an 85%
humidified and 5% CO2 atmosphere. After 24 h, cells were
exposed to the ZIKV strain at MOI 1. Mock cells were kept at
the same conditions and time points, except for the exposure
to ZIKV. The cell culture medium was topped up on days 3, 7,
and 10 according to each time point. PNT1a cells were
harvested at time points of 5, 10, and 15 days post infection
(dpi), while PC-3 cells were collected at 5 dpi. The culture
medium was carefully removed, and cells were washed with a
solution of NaCl (0.9%) and scraped from wells to a plastic
tube. Cell suspensions were centrifuged for 5 min, 300g, at 4
°C to allow pellet formation. The supernatant was discarded,
and the cell pellet was resuspended in 200 μL of ice-cold
tetrahydrofuran and homogenized for 30 s. Additionally, 800
μL of ice-cold methanol was added. The cell suspension was
homogenized, sonicated for 5 min, and centrifuged for 5 min,
1230g, at 4 °C. A 10 μL aliquot of the supernatant was diluted
in 980 μL of methanol ionized with 1 μL of formic acid. Each
sample was diluted into two preparation duplicates for analysis.

Mass Spectrometry Analysis and Metabolite Annotation

The extracted samples were directly infused in a HESI-Q
Exactive Orbitrap (Thermo Scientific, Germany), with a
resolution of 140,000 FWHM. Mass spectral data were
acquired for each sample with five technical replicates using

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.2c00630
J. Proteome Res. 2023, 22, 193−203

194

pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.2c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 1. Metabolomics study to investigate PNT1a cell proliferation and metabolism during ZIKV-persistent infection. (A) Experimental design
comprising a colony formation assay and cell harvesting for metabolomics analysis. (B) Colony formation assay of PNT1a upon Zika infection with
MOI 1 and 5 compared to mock cells, maintained in a culture for 15 days. (C) PCA score plots at 5, 10, and 15 dpi time points showing the
differentiation between PNT1a-infected cells and mock cells. (D) PCA loadings highlighting metabolites that mostly contributed to the conditions
differentiated in PCA score plots. (E) Heat maps displaying the intensity levels (log2 FC) and significance (p-value < 0.05) of selected metabolites
at 5, 10, and 15 dpi of PNT1a cells. The FC ratio compares infected cells over mock cells; positive log2(FC) (in red) corresponds to metabolites
increased in ZIKV-infected cells, while negative log2(FC) (in blue) corresponds to decreased metabolites. Abbreviations: CAR, acylcarnitine; DG,
diacylglycerol; FA, fatty acid; MG, monoacylglycerol; TG, triacylglycerol. Metabolites are subjected to isomers.
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the positive ion mode and mass range from 175 to 1000m/z.
The instrument was tuned with the following parameters:
HESI 33 °C, flow rate 10 μL/min, capillary temperature 320
°C, spray voltage 3.7 kV, sheath gas flow of 5 (arbitrary units),
RF-lens 50, AGC-target 1 × 106, and 50 scans/acquisition.
XCalibur 3.0.63 software (Thermo Scientific, Germany) was
used to visualize spectral data. Mass-to-charge (m/z) values
were annotated using exact mass with accuracy <5 ppm when
compared to the METLIN database (Scripps Center for
Metabolomics, La Jolla, CA − www.metlin.scripps.edu).
Additional databases such as LIPIDMAPS (University of
California, San Diego, CA�www.lipidmaps.org), HMDB
(Human Metabolome database - www.hmdb.ca), and Kegg
(Kyoto Encyclopedia of Genes and Genomes - www.genome.
jp/kegg) as well as literature search assisted with marker
annotation and biological function assessment.

Data Analysis

Mass spectra data of cells infected with Zika virus at three
different exposure times (5, 10, and 15 dpi) were compared to
their respective mock cells. Mass signals were aligned, filtered
(interquartile), normalized by a pooled sample from the
control group (PQN), and transformed (logarithm base 10)
prior to multivariate statistical analysis using partial least-
squares discriminant analysis (PLS-DA) on the MetaboAnalyst
5.0 web server (www.metaboanalyst.ca).29 For each compar-
ison of ZIKV and mock cells at each time point, a VIP score
list > 1.1 was used to select discriminant m/z values for
annotation (described in the section above). Annotated data
sets were used to project a principal component analysis
(PCA) score plot and loadings to observe group differentiation
and marker contribution. The significance of markers’ intensity
variation was assessed by a differential analysis, where fold
changes (FCs) of logarithmic transformed data (ZIKV/Mock
cells) at each time point were compared, and a p-value (FDR-
adjusted) was attributed. Volcano plots of markers with FC >
1.5 and a p-value < 0.05 illustrate markers considered
significant for the conditions. Log2(FC) values provided for
each metabolite and their respective significance allowed the
comparison of time points through a heat map analysis. Plots
were generated with R coding.

■ RESULTS

Metabolomics of ZIKV Infection Persistence in PNT1a Cells

Zika virus is known to infect several types of human cells,
including epithelial, stromal, and prostate organoids.12,30 Here,
we aim to demonstrate that the normal human epithelial
prostate cell (PNT1a) remains viable upon ZIKV infection,
leading to metabolic changes during Zika infection persistence,
which is not well characterized. Therefore, we performed
colony formation assays and untargeted metabolomics analysis
using high-resolution mass spectrometry, as illustrated in
Figure 1A. A colony formation assay was used to evaluate the
influence of ZIKV multiplicity of infection (MOI) of 1 and 5 in
PNT1a cells’ proliferation when compared to noninfected cells
(Mock). Considering a persistent infection of 15 days, we
observed that cell exposure to ZIKV MOI 1 did not
substantially affect proliferation. As a result, a colony count
of 104% compared to the control indicates the maintenance of
cell viability and function upon persistent infection for 15 days
(Figure 1B). However, upon MOI increase to 5, a decrease to
67% in colony count was observed.

Considering the maintenance of cell viability upon infection
with ZIKV MOI 1, we performed a metabolomics assay where
harvested PNT1a mock and ZIKV-infected cells were extracted
with polar organic solvents, ionized, and directly infused in a
high-resolution mass spectrometer. Ion signals ranging from
175 to 1000m/z were processed as described in the Methods
section. Data were analyzed using multivariate statistical
analysis through PLS-DA to discriminate between mock and
ZIKV-infected groups (Supplementary Figure S1). For each
time point, 5, 10, and 15 days post infection (dpi), a list of ions
ranked by importance was used as the basis for metabolite
annotation. A total of 62 metabolites were annotated by
combining the three time points (Table S1). Fatty acids,
carnitines, and glycerolipids were among the annotated lipid
classes, in addition to small metabolites such as phosphohy-
droxypyruvate, phosphocreatine, N-lactoylphenylalanine, hy-
droxyguanosine, and dityrosine.
Together, these annotated markers supported and validated

the differentiation of mock from ZIKV-infected PNT1a cells at
5, 10, and 15 dpi using unsupervised principal component
analysis (Figure 1C). At each time point, the PCA score plot
provided a high explanation of variability through components,
with 78.8% (PC1 + PC2) for 5 dpi, 58.2% for 10 dpi, and
67.5% for 15 dpi. PCA loadings (Figure 1D) show the
metabolites with the greatest effect on each component
(loadings close to −1 or 1). In the first few days of infection
(5 dpi), ZIKV-infected cells were characterized mainly by the
variation of phosphohydroxypyruvate, phosphocreatine, N-
lactoylphenylalanine, phosphoguanidinoacetate, and lysophos-
phatidic acid (LPA 20:1) ions’ intensity. In addition to these
markers, hydroxylated fatty acids (FA 16:1;O, and FA 14:1;O)
influenced the differentiation between PNT1a ZIKV-infected
cells and mock cells at 10 dpi. Notably, at 15 dpi, we observed
a pronounced variation in the intensities of the glycerolipid
class.
Aiming to qualitatively assess how much each marker

contributed to these results, fold changes >1.5 for ZIKV-
infected PNT1a cells and PNT1a mock cells at each time point
were compared, and a p-value (FDR-adjusted) was attributed,
as shown in the volcano plots (Supplementary Figure S2 and
Table S1). Log2 FC > 1 indicates a metabolite increase in
PNT1a ZIKV-infected cells, while log2 FC < 1 indicates a
decrease. Heat maps using these results are displayed in Figure
1E. At 5 dpi, phosphohydroxypyruvate (log2 FC 3.33, p-value <
0.05), phosphocreatine (log2 FC 3.07, p-value < 0.05),
phosphoguanidinoacetate (log2 FC 3.54, p-value < 0.05), and
N-lactoylphenylalanine (log2 FC 4.32, p-value < 0.05)
intensities were found elevated in infected cells compared to
the control. However, the replication persistence promotes a
shift in these metabolites’ distribution across time points, going
to normality, while a change from decreased to increased
intensities of hydroxyguanosine, dityrosine, and aminotyrosine
in infected cells is observed. Remarkably, few species of
triacylglycerols (TG) and diacylglycerol (DG) were upregu-
lated at 5 dpi, in contrast to the decreased intensities of
monoacylglycerols (MG). However, with time, results show a
general downregulation of TG species, while MG species
increase.

Differences between PNT1a and PC-3 Metabolism upon
ZIKV Infection

The workflow for the comparison of PNT1a and prostate
adenocarcinoma cells’ (PC-3) response to Zika infection was
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Figure 2. Metabolomics study to compare PNT1a and PC-3 cell proliferation and metabolism upon short-term Zika infection. (A) Experimental
design comprising the cell viability assay (MTT), colony formation assay, and metabolomics analysis. (B) Cell viability assay using MTT at 1, 2,
and 3 dpi showing a trend of PC-3 proliferation inhibition. (C) Brightfield microscopy images acquired during colony formation assay at 5, 10, and
15 dpi, showing PC-3 cell morphology loss and an increase in the number of dead cells. (D). PCA score plot of PC-3 at 5 dpi showing the
differentiation between infected cells and mock cells. (E) PCA loadings highlighting metabolites that mostly contributed to the conditions
differentiated in the PCA score plot. (E) Heat maps displaying the intensity levels (log2 FC) and significance (p-value < 0.05) of selected
metabolites at 5 dpi for both PNT1a and PC-3 cells. FC ratio comparing infected cells with mock cells; positive log2(FC) (in red) corresponds to
metabolites increased in ZIKV-infected cells, while negative log2(FC) (in blue) corresponds to decreased metabolites. Abbreviations: CAR,
acylcarnitine; DG, diacylglycerol; FA, fatty acid; MG, monoacylglycerol; TG, triacylglycerol. Metabolites are subjected to isomers.
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composed of a cell viability assay using MTT, a colony
formation assay, and metabolomics analysis (Figure 2A). The
cell viability assay at time points 1, 2, and 3 dpi shows the
trend of decreasing PC-3 cell viability, in contrast to the
maintenance of PNT1a cell proliferation (Figure 2B).
Considering the colony formation assay with ZIKV MOI 1,
PC-3 cell proliferation was completely inhibited within 15
days, and cells loosely detached from dish plates upon crystal
violet treatment. This observation indicated that in addition to
the susceptibility to ZIKV infection, PC-3 cell viability was
compromised upon persistent replication. A deeper look with
brightfield microscopy at 5, 10, and 15 dpi (Figure 2C) shows
a progressive loss of the PC-3 cells’ characteristic elongated
morphology with an increase in dead cells.
Considering the vulnerability of PC-3 cells to ZIKV

infection when compared to PNT1a, the time point of 5 dpi
was considered for metabolomics evaluation. As previously
stated, cell extracts were directly infused into a high-resolution
mass spectrometer. Data were processed and analyzed using
PLS-DA (Supplementary Figure S3) to differentiate between
PC-3 ZIKV-infected cells and mock cells at the 5 dpi time
point and rank the most important variables (m/z) for
annotation. A combined table describing annotated markers
for PC-3 and PNT1a at 5 dpi is provided in the Supplementary
material Table S2. These markers are important to differentiate
mock cells from ZIKV-infected cells through unsupervised
analysis (PCA) (Figure 2D) with an explained variance of 70%
(PC1 + PC2). PCA loadings show the important contribution
of fatty acids (FA16:2 and FA18:3;O), N-acetyl-glucosaminyl-
amine, N-acetyl-glucosamine, and the glycerolipid class in
general, especially triacylglycerols (Figure 2E).
A volcano plot using log2(FC) > 1.5 and p-value <0.05

(FDR-adjusted) is shown in Supplementary Figure S4.
Selected metabolites were included in heat maps for qualitative
evaluation of the two cell lines’ response to short-term Zika
infection (Figure 2F). N-Lactoylphenylalanine, phosphocrea-
tine, and isoxanthopterin/xanthopterin were found to be less
increased in PC-3 when compared to PNT1a. N-Acetylglucos-
amine was found to be downregulated in both cell types, being
more intensively decreased in PC-3 cells. Additionally, FA 20:5
and FA 18:3;0 were differential metabolites when compared to
PNT1a, while several other TG species were enhanced at 5
dpi, potentially reflecting the lipid accumulation characteristic
of prostate cancer cells.

■ DISCUSSION

Evidence of the sexual transmission and long-term viral load in
the semen of Zika virus generated a series of studies to address
the impact of ZIKV replication on the male reproductive
system.11−13 Prostate cells were confirmed to favor ZIKV
infection and indicated it as a potential replication
reservoir;7,12 however, only a few studies focused on
addressing the mechanism of persistence in prostate
cells.14,15 In this study, our contributions toward under-
standing ZIKV persistence in prostate cells include (i) a
demonstration of how ZIKV infection impacts cell viability of a
prostate epithelial cell line (PNT1a) and a prostate
adenocarcinoma cell line (PC-3) in the short and long term;
(ii) the metabolic alterations induced by ZIKV-persistent
replication in PNT1a during a 15 day assay; and (iii) the
metabolic differences between the short-term infection in
PNT1a and PC-3. Therefore, this is the first metabolomic

study based on high-resolution mass spectrometry designed to
investigate Zika replication persistence in prostate cells.

ZIKV Effects on Prostate Cells Is Cell-Type Dependent

Recently, Machado et al. demonstrated that PNT1a cells are
permissive to the Brazilian ZIKV strain.15 Prostate mesen-
chymal cells and epithelial adenocarcinoma cells were
previously reported to be susceptible to Zika persistent
replication, with the detection of stable concentrations of
viral RNA in a 14 day assay.12 ZIKV RNA detection in prostate
cells was further extended to 30 dpi in vitro. Izuagbe reported
no difference in epithelial cell viability up to 30 days at low
MOI infection, regardless of the strain.14 Similarly, we
demonstrated that prolonged in vitro ZIKV infection of
PNT1a at low multiplicity (MOI) did not affect cellular
proliferation in 15 days. Even though the PNT1a ZIKV-
infected cell viability was comparable to that of mock cells,
substantial alterations in cell metabolism were observed.
Fatty acids and oxidized fatty acids (oxylipins) were found to

be remarkably altered upon prostate epithelial cell ZIKV
infection (Figure 1E). Oxylipins can be generated enzymati-
cally and nonenzymatically mediated by ROS, showing
increased and decreased levels according to molecule specie
and time point. These bioactive lipids carry out important roles
as anti-inflammatory and proinflammatory agents. For
example, we observed a significant decrease in FA 18:2;O at
5 and 10 dpi in infected cells compared to the control with a
slight increase at 15 dpi. This molecule can correspond to 9-
and/or 13-HODE (hydroxy-decadienoic acid), which exerts
proinflammatory and anti-inflammatory properties, respec-
tively. Both oxylipins were found to increase in the placenta
infected with ZIKV and in plasma of newborns with ZIKV-
induced microcephaly.31,32 In a study with blood donors,
Catala et al. demonstrated that FA and oxylipin concentrations
in red blood cells infected by ZIKV are time-dependent, with
HODE intensities increasing after 10 dpi.33

Moreover, we detected markers associated with enhanced
oxidative stress. Dityrosine, aminotyrosine, and hydroxygua-
nosine intensities in ZIKV-infected cells increase in prolonged
cellular infection (15 dpi). The nitration of tyrosine is a protein
posttranslational modification promoted by the presence of
ROS (reactive oxygen species), leading to functional
alterations; their increase is associated with inflammation-
related diseases.34,35 ROS also interacts with the guanosine
nucleoside from the RNA and DNA producing hydroxygua-
nosine, a marker associated with prostate cancer and tumor
progression.36 Alterations in tumor-related genes have been
reported by a previous study. Prostate epithelial cells infected
with ZIKV presented altered expression of innate immune
response genes, such as the interferon at 6 dpi. At 21 dpi, a
significant increase in the expression of genes involved in cell-
cycle functions and prostate tumorigenesis was observed.14

Additionally, miRNAs differentially expressed upon ZIKV
infection in PNT1a cells showed in silico predictions
correlated with inflammation, immunity, cell survival, and
proliferation genes, with these potential targets enriched in
Kegg cancer pathways.15 Regarding the immune system, IFN-γ
response, increased levels of other inflammatory cytokines (IL-
1β, TNF-α), and ROS are related to prostatitis and ultimately
linked to low-quality sperm and infertility.37 Altogether, this
suggests that the host cell response to prolonged ZIKV
infection triggers inflammatory processes, which is corrobo-
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rated by prostatitis being a recurrent symptom associated with
ZIKV infection in men.13

In contrast to PNT1a, we report prostate adenocarcinoma
cells (PC-3) as more susceptible to cell death upon ZIKV-
persistent infection, showing trends of cell proliferation
inhibition already within 72 h. When comparing PC-3
metabolic alterations to PNT1a at 5 dpi, the increase in FA
18:3;0 and FA 20:5 is more pronounced in PC-3-infected cells.
FA 20:5 (eicosapentaenoic acid) is a precursor of oxylipins,
markers previously found altered in ZIKV-infected placentas.31

It inhibits the phosphorylation of proline-rich tyrosine kinases
(PYK2) and ERK and induces overproduction of ROS,
exerting antiproliferative effects in PC-3. This anticancer effect
has been pointed out by Oono et al. as dose-dependent,
decreasing PC-3 cell proliferation, migration, and invasion.38

Consistent with a potential increase of the ROS species, we
observed a significant decrease in the antioxidant molecule
glutathione (log2 FC = −3.02, p-value < 0.05) in PC-3 ZIKV-
infected cells, while this marker was not even detected in
PNT1a. The reduction of antioxidants may lead to apoptosis
signaling.39 Additionally, the oxylipin FA 18:3;0 could
correspond to hydroxy-octadecatrienoic acid (HOTrE).
Along with 13-HODE, 13-HOTrE stimulates PPAR-γ
receptors, exhibiting anti-inflammatory properties, reducing
the accumulation of lipid droplets, and inducing apoptosis.40,41

Both HODE and HOTrE are metabolites of 15-LOX, an
enzyme overexpressed in prostate normal cells but not in PC-3.
However, PC-3 overexpresses PPAR-γ in contrast to normal
cells.41 Therefore, we hypothesize that oxylipins ligands of
PPAR-γ may promote inhibition of cell proliferation in

prostate cancer cells, but this effect may not be significant
for normal cells.

ZIKV-Induced Lipid Metabolism Remodeling

Prostate cell metabolism is heavily influenced by intracellular
zinc availability.17 In the normal metabolic state (Figure 3A),
high zinc concentrations inhibit mitochondrial aconitase,
resulting in the accumulation of citrate and its cellular
excretion to compose the seminal fluid. Considering that
citrate is not available for oxidation in the TCA cycle and
further generation of ATP by OXPHOS, prostate cells are
considered energetically inefficient.17−19 This metabolic state is
shifted during the early stages of the malignancy process, where
zinc availability is restricted and cancer cells can oxidize citrate
for energy production (Figure 3B). Stocks of acetyl-CoA
enable intensive lipid metabolism, promoting de novo
lipogenesis and lipid accumulation as lipid droplets (LDs) in
balance with increased fatty acid β-oxidation.19−21 Later,
prostate cancer cells will require extra energy input from
anaerobic glycolysis to maintain the tumoral phenotype17,18

(Figure 3C). Lipid metabolism is a key factor in cancer
progression, contributing to energy production, alterations in
membrane fluidity for increased invasiveness, and cell signal-
ing, including apoptosis.20,21,42 Lipid metabolism regulators,
such as FASN, DGAT, and SREBP, have been found
overexpressed in prostate cancer cells and, therefore,
considered targets to constrain disease progression.21,42

Likewise, lipid metabolism is fundamentally altered by
flavivirus infection and propagation. Flaviviruses induce cell
lipogenesis to create fatty acids as substrates for β-oxidation
and biosynthesis of more complex lipids; these will compose

Figure 3. Cell metabolic states reported in the literature for normal epithelial prostate cells (A), early stage (B) and metastatic prostate cancer cells
(C), and general ZIKV infection metabolic remodeling (D), highlighting the cell energetic state and lipid metabolism. Summary of the detected
metabolite behavior and their importance in lipid metabolism in PNT1a and PC-3 under short and persistent Zika infection (E). Abbreviations:
FA, fatty acid; FAO, fatty acid oxidation; LD, lipid droplet; MG, monoacylglycerol; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen
species; TG, triacylglycerol.
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membrane rearrangements, as well as accumulate in LDs16,43

(Figure 3D). Conversely, drug therapies targeting key enzymes
of lipid metabolism, such as FASN, DGAT, and SREBP, and
the PPAR-γ receptor, have been pointed out as effective for
both inhibition of flavivirus replication and cancer pro-
gression.19,21,31,39,42−44 It has been reported that DENV and
ZIKV manipulate SREBP pathways, regulating FASN, a key
enzyme in fatty acid biosynthesis, and perturbing LD
homeostasis.45 The flavivirus nonstructural protein NS3
directly interacts with FASN, promoting its delocalization to
sites of viral replication. By co-opting fatty acid biosynthesis to
the endoplasmic reticulum (ER), flavivirus establishes an
energetic source within replication complexes.46 In ZIKV-
infected placenta, FASN mRNA levels were found increased,
suggesting the upregulation of this enzyme upon infection.31

Fatty acid excess is cytotoxic for cells, and therefore, they are
transformed into complex lipids such as TGs. TGs are formed
by the action of DGAT and stored as lipid droplets derived
from ER membranes.31,43,45 While in infected placentas ZIKV
induced DGAT upregulation and accumulation of LDs, other
flavivirus and ZIKV are also known to promote lipophagy of
LDs, consequently declining TG levels throughout the
infection.43,45,47 The initial increase in LDs has been associated
with the stimulation of interferon response against Zika for
infection control.48

We observed a significant increase in TGs in infected
PNT1a cells at 5 dpi and a progressive decrease at 15 dpi. In
contrast, MGs, subproducts of TG metabolism, and
acylcarnitines presented an inverse trend (Figure 3E). These
alterations are in accordance with the accumulation of TG in
LDs in the first stages of infection followed by the expected
lipophagy promoted by the flavivirus. Moreover, since LD
accumulation is related to initial interferon activation,
enhanced TG levels on the first few days of normal prostate
cell infection could be linked to the observation of
upregulation of interferon-related genes found by Izuagbe et
al. at 6 dpi.14 While normal prostate cells do not energetically
depend on FASN, DGAT, and accumulation of LDs,17−19 the
competition for fatty acid biosynthesis and depletion of lipid
storage may be significant and depreciative to prostate cancer
cells. Acylcarnitines were found to decrease during the early
days of infection in both PNT1a and PC-3. As the infection
progresses, acylcarnitine’s levels increase in PNT1a Zika-
infected cells at 15 dpi, as a potential consequence of TG
degradation to MG and FA observed with persistent infection.
Acylcarnitines act as carriers of FAs to the mitochondria for β-
oxidation. In prostate cancer, miRNAs modulate enzymes
involved in the transport of carnitines, collaborating to control
the intense FA load to the mitochondria.49 It has been shown
that Zika infection interferes with the mitochondria morphol-
ogy, potentially causing its dysfunction.6,31 Therefore, the
increase of acylcarnitines over time may reflect Zika’s
interference with mitochondrial function.

■ CONCLUSIONS

Considering the cell metabolic remodeling promoted by ZIKV,
as it superposes important characteristics of the basal
metabolism of prostate normal and cancer cells, it is plausible
to expect that these cells will behave metabolically differently
upon infection. Additional studies to further investigate the
effects of Zika infection in similar prostate and epithelial cell
types are important to reinforce these findings and observe the
nuances that differ in cell types as reservoirs for Zika

replication. In general, the cell metabolic state of increased
fatty acid synthesis, their storage as LDs, and metabolization by
β-oxidation induced by ZIKV in normal cells are similar to the
cellular state expected from prostate cancer; this conflict for
resources may be a factor for cell proliferation inhibition.
Conversely, ZIKV may be benefited through prostate epithelial
cell metabolism, using citrate as a primary source for FA
biogenesis. As the infection persists, we observed that PNT1a
becomes more stressed, which perhaps contributes to cell
malignancy, corroborating the trends of cancer upregulated
pathways observed in previous studies of ZIKV persistence in
prostate cells.14,15 Overall, given the limitations of clinically
available material to understand Zika’s effect on the human
prostate, in vitro studies shed light on potential mechanisms of
cell metabolism remodeling upon infection and its dependence
on the cell basal metabolic state.
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