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Abstract: Zika virus (ZIKV) infection in pregnancy is associated with the development of micro-
cephaly, intrauterine growth restriction, and ocular damage in the fetus. ZIKV infection of the
placenta plays a crucial role in the vertical transmission from the maternal circulation to the fetus.
Our previous study suggested that ZIKV induces endoplasmic reticulum (ER) stress and apoptosis
of placental trophoblasts. Here, we showed that palmitoleate, an omega-7 monounsaturated fatty
acid, prevents ZIKV-induced ER stress and apoptosis in placental trophoblasts. Human trophoblast
cell lines (JEG-3 and JAR) and normal immortalized trophoblasts (HTR-8) were used. We observed
that ZIKV infection of the trophoblasts resulted in apoptosis and treatment of palmitoleate to ZIKV-
infected cells significantly prevented apoptosis. However, palmitate (saturated fatty acid) did not
offer protection from ZIKV-induced ER stress and apoptosis. We also observed that the Zika viral
RNA copies were decreased, and the cell viability improved in ZIKV-infected cells treated with
palmitoleate as compared to the infected cells without palmitoleate treatment. Further, palmitoleate
was shown to protect against ZIKV-induced upregulation of ER stress markers, C/EBP homolo-
gous protein and X-box binding protein-1 splicing in placental trophoblasts. In conclusion, our
studies suggest that palmitoleate protects placental trophoblasts against ZIKV-induced ER stress
and apoptosis.

Keywords: monounsaturated fatty acids; endoplasmic reticulum stress; apoptosis; viral replication;
Zika virus; placenta; trophoblast

1. Introduction

Zika virus (ZIKV) was originally identified in the Zika forest of Uganda from the
blood sample of febrile macaque [1]. ZIKV infection of humans was first reported to
occur sporadically in the African continent in the early 1960s, but later, ZIKV infection
spread throughout the world, including Yap islands, Pacific islands, and the American
continent between 2007 and 2016 [2]. ZIKV is an arbovirus belonging to the Flaviviridae
family and is closely related to dengue, chikungunya, and yellow fever viruses [3]. ZIKV
usually causes self-limiting disease in a healthy individual, but infection during pregnancy
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often causes devastating effects to the fetus. ZIKV-infected fetus exhibits congenital Zika
syndrome, which is an array of disease manifestations that includes microcephaly, retinal
defects, and muscular-skeletal defects [4]. Further, ZIKV infection is also associated with
the development of Guillain-Barre syndrome in adults [5].

The placental route plays a major role in ZIKV transmission from the infected mother
to the fetus. Studies suggest that placental trophoblasts, endothelial cells, and Hofbauer
cells can be infected and play a crucial role in ZIKV dissemination from mother to fetus [6–9].
ZIKV is also known to cause placental dysfunction by driving an inflammatory condition
accompanied by apoptosis [8,10,11]. Further, ZIKV infection of the placental cells was
shown to compromise the normal physiological role of the placenta, which is crucial for
the fetal growth and survival [12–14]. ZIKV can also cause drastic changes in the placental
lipid metabolism affecting the nourishment of growing fetus [15].

There are several candidate ZIKV vaccines, which include DNA vaccines, mRNA
vaccine, and whole live-attenuated virus or inactivated virus vaccines [16–19]. Although
several candidate vaccines progressed to early clinical trials, they are posed with serious
challenges, such as case detection after vaccination and vaccination strategies primarily
focusing on females who are already pregnant or expecting pregnancy. Similarly, several
drug candidates, such as niclosamide (anti-parasite drug) and emricasan (pan-caspase
inhibitor) to prevent ZIKV infection have been identified [20]. However, the safety and
administration of niclosamide during pregnancy is under debate (a pregnancy category
B drug) and emricasan efficacy is solely attributed to its neuroprotective property rather
than its anti-viral activity and has not been tested in pregnant women [21]. Similarly,
sofosbuvir, a FDA-approved nucleotide analog and an inhibitor of NS5B polymerase of
Hepatitis C virus, was shown to be effective against ZIKV-infected 3 day old Swiss mice
model, but still this a pregnancy category B drug, which does not have well-documented
studies in humans [22]. With these limitations in hand, in the present study, we tested
the novel protective role of palmitoleate against ZIKV-induced trophoblast apoptosis.
Palmitoleate (16:1 n-7) is an omega-7 monounsaturated fatty acid and has been shown
to protect against saturated free fatty acid-induced apoptosis of hepatocytes, pancreatic
beta cells, and umbilical vein endothelial cells [23–25]. This led to our hypothesis that
palmitoleate prevents ZIKV-induced ER stress and apoptosis in trophoblasts. Our results
reveal that palmitoleate protects trophoblasts from ZIKV-induced ER stress and apoptosis
by downregulating the levels of ER stress markers, such as CEBP homologous protein
(CHOP) and spliced X-box binding protein (XBP1).

2. Materials and Methods
2.1. Materials

Palmitoleate (#P9417), palmitate (#P5585), fatty acid free BSA (A3803), Steriflip vac-
uum (# SCGP00525), 4′,6-diamidine-2-phenylindole dihydrochloride (DAPI) (# D9542),
and anti-flavivirus group antigen antibody (D1-4G2-4-15 clone) (# MAB 10216) were pur-
chased from Millipore Sigma, Burlington, MO, USA. Apo-ONE homogenous caspase 3/7
assay (WI # G7791) was obtained from Promega, Madison, WI, USA. Alexaflour-488 conju-
gated anti-mouse antibody (#A11001), TRIzol Reagent (# 15596018), Superscript II reverse
transcriptase, (#18064-014), RNaseOUT (#10777-019), Random Hexamers (#8080127) were
obtained from Thermo Scientific, Waltham, MA, USA and QIAamp viral-RNA isolation
kit was from Qiagen, Hilden, Germany (#52906). Hydrolysis probe for Viral E protein
detection were custom synthesized by IDT, IA. Restriction enzyme, Pst I was from New
England Biolabs Ipswich, MA, USA (MA #R0140).

2.2. Cells

JEG-3 and JAR cells, human choriocarcinoma-derived third trimester trophoblast cell
lines, HTR-8SV/neo (HTR-8), a first trimester human immortalized trophoblasts, and Vero
cells were used. MEM for JEG-3 cells and DMEM for JAR and HTR-8 cells containing 10%
fetal bovine serum and 0.01 % plasmocin was used for. Vero cells were used for plaque
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assay and cultured in DMEM (Gibco, Waltham, MA, USA) containing, sodium bicarbonate
(3.7 g/L), 1X penicillin and streptomycin, 10% FBS, and 0.01% plasmocin. All cells used in
the present study were obtained from ATCC and periodically tested for mycoplasma.

2.3. Virus and Infection of the Trophoblasts

Original Ugandan MR766 strain (MRV) or recombinant MR strain of Zika virus (r-
MRV) [26] or PRVABC59 (PRV, Asian lineage isolated from Puerto Rico) were used to infect
the cells with 0.1–1 MOI. Virus infection media containing 2× DMEM (Gibco), 2% fetal
bovine serum, 100 µg/mL streptomycin, 100 I.U./mL penicillin, 7.5% sodium bicarbonate,
20 mM HEPES, sodium pyruvate, 1× nonessential amino acids, and 0.01% plasmocin was
used. After virus adsorption, the media was replaced with DMEM or MEM containing 10%
fetal bovine serum and 1% BSA.

2.4. Treatment of Fatty Acids

Palmitoleate and palmitate were dissolved in isopropanol with a stock solution con-
centration of 80 mM. Fatty acid-free BSA (1%) was dissolved in growth media at room
temperature using a tube rotator and incubated at 37 ◦C for 30 min in a water bath and then
filter sterilized. Fatty acids were then incubated in the freshly prepared 1% fatty acid-free
BSA for fatty acid-BSA conjugation by incubating at 37 ◦C in the water bath for 20 min. We
have used 100–200 µM concentrations of fatty acids for 48–96 hpi.

2.5. Biochemical and Structural Characterization of Apoptosis

Structural and biochemical markers of apoptosis like percent apoptotic nuclei and
caspase 3/7 activity, respectively, were assessed. Percent apoptotic nuclei was quantified by
characteristic nuclear morphology and visualized by treatment with the fluorescent DNA-
binding dye, DAPI as described [27]. Briefly, cells were stained with 5 µg/mL of DAPI for
5–10 min at 37 ◦C. Apoptotic nuclei (condensed, fragmented) were counted and presented
as a percent of total nuclei. At least 100 cells were counted per well and experiments were
performed in triplicate. Caspase 3/7 activity was measured using rhodamine 110 bis-(N-
CBZ-L-aspartyl-L-glutamyl-LI-valyl-aspartic acid amide (Z-DEVD-R110) substrate. The
caspase 3 and 7 enzyme activity in the cells will cleave the DEVD peptide in the substrate
and release the rhodamine 110 fluorophore, which can be measured spectrofluorometrically
(BioTek Synergy, Winooski, VT, USA) with a 498 nm wavelength of excitation and 521 nm
emission. The data were reported as fold-change of net fluorescence compared to vehicle
treated cells, with experiments performed in triplicate or quadruplicate.

2.6. Immunofluorescence Analysis

After 48 h of ZIKV infection, the media was aspirated and the cells were washed
with phosphate buffered saline (PBS). Fixing was done with methanol and acetone at the
ratio of 1:1 and washed thrice with PBS. Primary antibody, anti-flavivirus group antigen
antibody (D1-4G2-4-15 clone) was used at a dilution of 1:500 and incubated at room
temperature for 2 h with gentle rocking. After primary antibody incubation, cells were
washed thrice with PBS in 5 min intervals. Alexaflour-488 conjugated anti-mouse antibody
(Invitrogen, Carlsbad, CA, USA) was added at a dilution of 1:1000 and kept in a shaker at
room temperature for 1 h. After incubation, the cells were washed thrice in PBS and then
visualized under Nikon A1R-Ti2 confocal system.

2.7. Quantitative Real Time Polymerase Chain Reaction

Total RNA was extracted from cells, 48–96 hpi using TRIzol reagent as described in
the manufacturer protocol. Around 1–5 µg RNA from each sample was reverse transcribed
to cDNA using random hexamers, RNaseOUT, and Superscript II. Relative CHOP mRNA
expression was quantified using Light cycler 480 SYBR Green I Master Version 13 (Roche,
Basel, Switzerland) in a Bio-Rad CFX connect Real-Time System (Hercules, CA, USA).
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CHOP published primers as described [28] were used. The housekeeping gene 18S rRNA
was used as a control, and the primer used, are listed in Table 1.

Table 1. List of primers used.

Primer Forward Primer Reverse Primer Product Length

XBP1 5′AAACAGAGTAGCAGC
TCAGACTGC 3′

5′TCCTTCTGGGTAGAC
CTCTGGGAG 3′

Unspliced forms ~474 bp
Cleaved by the restriction
endonuclease (PstI)—two

products are around 296 bp
and 183 bp are formed

Spliced forms lack restriction
enzyme site ~448 bp

GAPDH 5′AATCCCATCACCATC TTCCA 3′ 5′TTCACACCCATGACG AAC AT 3′ ~194 bp

18srRNA 5′CGTTCTTAGTTGGTG GAGCG 3′ 5′CGCTGAGCCAGT CAG TGTAG 3′ ~212 bp

CHOP
5′-

ATGGCAGCTGAGTCATTGCCTTTC-
3′

5′-
AGAAGCAGGGTCAAGAGTGGTGAA-

3
~265 bp

Viral Envelope Forward 5′-GTCGTTGCCCAACACAAG-3′

Reverse 5′-CCACTAATGTTCTTTTGCAGAC-3′

Hydrolysis
probe used for

viral E gene

5′-/56-FAM (5′ 6-carboxyfluorescein)/AGCCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABkFQ (3′

Iowa black fluorescent quencher)/-3′

2.8. Quantification of Viral RNA Copy Number Using Hydrolysis Probe

RNA form cell culture supernatant was isolated by QIAamp viral-RNA extraction kit.
RNA from cell lysate was isolated by TRIzol and cDNA synthesis was performed. TaqMan
hydrolysis probes for quantitative PCR primers targeting E gene of the ZIKV was used
(Table 1). Absolute RNA quantification was performed using a standard curve generated
from the PCR product using primers listed in Table 1, and as described in [26].

2.9. XBP1 mRNA Splicing Assay

The cDNA samples with 1:3 or 1:10 dilution was subjected to PCR to amplify XBP1
gene using the primer set (each 20 µM), as described [29]. The PCR product (around
8 µL) was digested with 1 µL of PstI (20 U) in 1 µL of 3.1 NEB buffer containing 100 mM
NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 µg/mL BSA pH 7.9, and incubated at 37 ◦C
for 2 h. The restriction enzyme digested PCR product was electrophoresed in 2% agarose
gel stained with ethidium bromide. The unspliced 474 bp nucleotide and can be cleaved
by PstI enzyme by recognition of the intact restriction site, resulting in 296 bp and 183 bp
fragments. The spliced forms lack the intact restriction enzyme site so the bands are
visualized around 448 bp. GAPDH was used as a control and was amplified using
primers listed in Table 1 [30]. Relative band intensities were analyzed using Image
J software.

2.10. Western Blot

Cell lysates were scrapped using 100 µL of lysis buffer made of 50 mM Tris pH 7.4,
150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM Na3Vo4, 1 mM PMSF, 100 mM NaF, and
1% Triton x-100. Cell supernatant obtained after 10,000× g for 10 min of centrifugation
and was used for protein estimation using the Pierce Modified Lowry 660 nm protein
assay reagent (Thermo Fisher Scientific, Waltham, MA, USA). Around 30 µg protein
was electrophoresed in a 10% SDS-polyacrylamide gel and transferred into nitrocellulose
membrane. The membrane was blocked with 5% BSA in TBST. Primary antibody was used
in 1:1000 dilution, with 5% BSA in TBST. Secondary antibody was used in 1:5000 dilution.
Washes of 10 min each for 3 times were employed after both primary and secondary
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antibody incubation. The blot was developed using Clarity Western ECL substrate (Bio-
Rad, Hercules, CA, USA).

2.11. Plaque Assay

The plaque assay was performed as described [31]. Briefly, cell culture supernatants
were collected after 48 h of ZIKV infection and fatty acid treatment (48 hpi) and diluted
serially 10−3 to 10−4 using virus infection media in duplicates. The diluted supernatant
samples were kept for virus adsorption for 1 h over 90% confluent Vero cells and the cells
were washed with PBS prior to virus adsorption. After virus adsorption, 1:1 ratio of 2%
low melting agarose and plaque assay media containing 2× DMEM, 1× penicillin and
streptomycin, 4% FBS, sodium bicarbonate 7.5%, 20 mM HEPES, sodium pyruvate, 1X
nonessential amino acids, and 0.01% plasmocin were added to each well and incubated at
37 ◦C for 4 days. Fixation of cells was done by using 10% formalin in PBS for 1 h. After the
removal of agarose overlaid in each well, fixed cells were stained with 0.1% crystal violet
staining solution for 1 h, followed by washing the plates with distilled water and allowing
it to air dry. Plaques were counted in each well and expressed plaque forming units/mL
(pfu/mL).

2.12. Percent Cell Survival Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT)

Stock solution containing 50 mg of MTT in 10 mL of PBS was filter sterilized and
stored at 4 ◦C. Approximately 20 µL of MTT stock was diluted to 100 µL in MEM media
without any FBS. Media from the cells grown in a 96-well plate was aspirated and then
110 µL of the prepared MTT solution was added to each well. After 4 h of incubation
at 37 ◦C, media was aspirated, and 100 µL of isopropanol containing 1 µL 37% HCl per
10 mL of isopropanol was added to each well. The contents were gently mixed, and the
absorbance was measured at 540 nm.

2.13. Assessment of Cell Viability Using Crystal Violet

The assay was performed as described by [32]. Briefly, in a 24-well plate 30,000 cells
were seeded and infected with ZIKV, and fatty acids were treated after 1 h of virus adsorp-
tion. After 48 h, media was aspirated and washed two times with double distilled water.
The cells were then stained with 300 µL of 0.5% crystal violet staining solution per well, for
20 min at room temperature, with gentle rocking. The excess stain after incubation was
washed four times with double distilled water and air-dried for 2 h by inverting the plate
on to a blotting paper. Once the plate was dried, around 500 µL of methanol was added to
each well and placed on a rocker for 20 min at room temperature, and the absorbance was
measured at 570 nm.

2.14. Data Analysis

Data are expressed as mean ± standard error of mean (SEM). Statistical analysis was
performed using Welch’s t-test, p value < 0.05 was considered as statistically significant.

3. Results
3.1. Palmitoleate Prevents ZIKV-Induced Placental Trophoblast Apoptosis

We observed the characteristics apoptotic nuclear morphological changes in ZIKV-
infected placental trophoblasts and showed a dramatic increase in percent apoptotic nuclei
after 1.0 MOI of PRV infection for 48–96 h in JEG-3 cells (Figure 1A,B and Supplementary
Figure S1A). Percent apoptotic nuclei significantly reduced with the treatment of 100–200 µM
of palmitoleate after 1 MOI of PRV infection for 48–96 h in JEG-3 cells compared to ZIKV in-
fection alone (Figure 1A,B, Supplementary Figure S1A). Similarly, treatment of ZIKV-infected
trophoblasts with palmitoleate significantly downregulated caspase 3/7 activity after 48–72 h
of infection compared PRV infection alone in JEG-3 cells (Figure 1A,B).
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Figure 1. Palmitoleate treatment after Zika virus (ZIKV) PRVABC59 strain (PRV) infection inhibits apoptosis in JEG-3 cells.
(A) Structural and biochemical characterization of apoptosis in JEG-3 infected with the 1.0 MOI (multiplicity of infection)
ZIKV PRV strain, 48–72 h showed an increase in percent apoptotic nuclei compared to uninfected vehicle cells. Infected
cells treated with 100 or 200 µM of palmitoleate, 48–72 hpi (hours post infection) showed a decrease in the percent apoptotic
nuclei when compared to ZIKV-infected cells alone (left panels). (B) There was a significant activation of caspase 3/7 in
ZIKV-infected cells, but caspase 3/7 activation was significantly blocked when the infected cells were treated with 100 or
200 µM of palmitoleate both at 48 and 72 hpi (right panels). Data represent mean ± SEM, n = 3. * p < 0.05 compared to
uninfected vehicles cells, # p < 0.05 compared to ZIKV-infected cells.

We next tested the protective role of palmitoleate in another human term-derived
placental trophoblast (JAR cells) using MRV, the original Ugandan strain for 48 h. JAR
cells infected with MRV showed dramatic increase in the number of cells that show
fragmented and condensed nuclei compared to vehicle cells. Increased nuclear mor-
phological changes were prevented with the treatment of palmitoleate in trophoblasts
(100–200 µM, Figure 2A). Further, increased percent apoptotic nuclei observed in 1.0 MOI
MRV infection was dramatically reduced with the treatment of 100 and 200 µM palmi-
toleate in JAR cells (Figure 2A,B). We also observed a significant decrease in caspase
3/7 activity with 200 µM of palmitoleate treatment and a trend in decreased caspase
3/7 activity with the 100 µM of palmitoleate treatment in 1.0 MOI MRV-infected tro-
phoblasts (Figure 2C). Similarly, JAR cells infected with 1.0 MOI of PRV also showed
increased caspase 3/7 activity and this was prevented with the treatment of 100–200 µM
of palmitoleate (Supplementary Figure S1B).

To test whether palmitoleate would also protect against first trimester derived pla-
cental trophoblast cells, we used HTR-8 cells. Similar to JEG-3 and JAR cells, HTR-8 cells
showed enhanced apoptosis as evidenced by an increase in the levels of percent apoptotic
nuclei and caspase 3/7 activity with 1.0 MOI of r-MRV for 72 h (Figure 2D). Treatment
of 100 and 200 µM palmitoleate to 1.0 MOI of r-MRV-infected HTR-8 cells significantly
reduced the percent apoptotic nuclei and caspase 3/7 activation (Figure 2E).
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Figure 2. Treatment of the placental cells with palmitoleate after MR766 (MRV) strain of Zika virus (ZIKV) infection
inhibits apoptosis. (A) Phase contrast (left panels) and DAPI stained (right panels) image panels: characteristic nuclear
morphological changes were detected with DAPI staining in third trimester-derived JAR cells after 48 hours post-infection
(hpi) with MRV. Vehicle cells show little to no DAPI staining. Infected panel shows higher number of DAPI stained
fragmented and condensed nuclei compared to 100 or 200 µM palmitoleate treated cells. The images shown here are
representative images. (B) JAR cells infected with 1.0 MOI MRV strain of ZIKV showed increase in the percentage apoptotic
nuclei when compared to uninfected vehicle cells. In cells treated with 100 and 200 µM palmitoleate 48 hpi showed a
significant decrease in the percent apoptotic nuclei compared to ZIKV-infected cells. (C) There was a significant increase in
caspase 3/7 activity in MRV-infected cells, but this was significantly blocked when the cells were treated with 200 µM of
palmitoleate post-infection and a trend towards downregulation at 100 µM palmitoleate treatment in the MRV-infected
cells. (D) Characteristic nuclear morphological changes were detected using DAPI staining in the first trimester derived
HTR-8 cells after 72 hpi were calculated and represented as percent apoptotic nuclei. Cells infected with 1.0 MOI r-MRV
(recombinant MR766) strain of ZIKV showed an increase in the percent apoptotic nuclei when compared to uninfected
vehicle cells. However, cells treated with 100 and 200 µM of palmitoleate post-infection showed a significant decrease in the
percentage apoptotic nuclei compared to ZIKV-infected cells. (E) There was an increase in caspase 3/7 activity in ZIKV
infected cells when compared to uninfected vehicle cells, but this activation was significantly blocked when the cells were
treated with 100 or 200 µM of palmitoleate, 72 hpi. Data represent mean ± SEM, n = 3 for percent apoptotic nuclei, and
n = 4 for caspase 3/7 activity. * p < 0.05 compared to uninfected vehicles cells, # p < 0.05 compared to ZIKV-infected cells.
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3.2. Treatment of Palmitoleate to ZIKV-Infected Trophoblasts Reduces Viral RNA Copy Number

JAR cells were infected with MRV for 72 h and palmitoleate treatment (100 and
200 µM) showed a dramatic decrease in the Zika viral (E gene) RNA copy number in
cell culture supernatant with both 0.1 and 1 MOI, and a trend towards a decrease in cell
lysate (Figure 3A,C). This suggests that palmitoleate interferes with ZIKV replication
and its release from infected placental trophoblasts. Similarly, HTR-8 cells infected with
MRV for 96 h showed a significant reduction in viral envelope RNA copy numbers with
the treatment of palmitoleate (100 and 200 µM) with 1 MOI infection and a trend towards
reduction with 0.1 MOI in cell culture supernatant (Figure 3B). Palmitoleate treatment
with both 0.1 and 1 MOI in HTR-8 cells showed only a trend towards reduction in the
viral RNA copy number in the cell lysate (Figure 3D).

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Treatment of the placental trophoblasts with palmitoleate after Zika virus (ZIKV) infection
interferes with viral replication. The presence of the viral envelope RNA copy number in the cell
culture supernatant of both (A) JAR and (B) HTR-8 cells infected with 0.1 and 1.0 MOI of ZIKV
MR766 strain 72 h and 96 hpi, respectively. When MRV-infected cells were treated with palmitoleate
(100–200 µM), there was significant reduction in the viral envelope RNA copy number in the cell
culture supernatant with both 0.1 and 1 MOI in JAR cells and with 1 MOI in HTR-8 cells (A,B). The
presence of viral envelope RNA copy number both in JAR (C) and HTR-8 (D) cell lysate infected
with 0.1 and 1.0 MOI of ZIKV MR766 strain 72 and 96 hpi, respectively. When the infected cells were
treated with 100–200 µM of palmitoleate, there was a trend showing reduced viral envelope RNA per
microgram of total RNA in both JAR cell lysate (C) and HTR-8 cell lysates (D). Data represent mean
± SEM, n = 3. # p < 0.05 compared to ZIKV-infected cells. (E–G) Viral E protein staining in JEG cells
infected with 0.1 MOI r-MRV and in cells treated with 100 or 200µM palmitoleate, 48 hpi. (E) ZIKV-
infected cells show green fluorescence indicating presence of viral E protein. (F) ZIKV-infected
JEG-3 cells treated with 200 µM palmitoleate and show a reduction in the intensity of viral E protein
staining. (G) Infected JEG-3 cells treated with 100–200 µM palmitate showed increased intensity
of viral E protein staining. Nuclei were stained with DAPI. (H) Immunoblot analysis showed a
dramatic increase in viral E protein expression with ZIKV infection in JEG-3 cells compared to vehicle
uninfected cells. Treatment of 200 µM palmitoleate to ZIKV-infected cells showed reduced viral E
protein expression compared to the ZIKV-infected cells alone.

Immunofluorescence Analysis of Zika Viral E protein

We next tested the expression of viral E protein in JEG-3 cells 48 hpi with 0.1 MOI of
r-MRV. There was an increase in the expression of Zika viral E protein in JEG-3 cells with
0.1 MOI r-MRV infection compared to the uninfected vehicle cells (Figure 3E). The viral
E protein expression was dramatically reduced in JEG-3 cells treated with palmitoleate
(200 µM) 48 hpi compared to ZIKV-infected cells alone. The viral E protein expression
dramatically increased in JEG-3 cells treated with palmitoleate (100 µM) 48 hpi and palmi-
tate (100–200 µM) (Figure 3F). The number cells in the 200 µM palmitate treated cells was
significantly less, which was comparable to infected cells alone (Figure 3G). Western blot
analysis of JEG-3 cells infected with 0.1 MOI r-MRV showed dramatic increase in viral E
protein and treatment of 100–200 µM palmitoleate showed a decrease in viral E protein
expression. Treatment of palmitate (100–200 µM) did affect the viral E protein expression
48 hpi (Figure 3H). Similarly, there was a non-significant decrease in pfu/mL in cell culture
supernatant from 200 µM palmitoleate treated cells, 48 hpi in JEG-3 cells.

Palmitate treatment at 100 or 200 µM concentration altered JEG3 viral load in cell
culture supernatant (Supplementary Figure S2A). Palmitoleate treatment (100–200 µM)
in JEG-3 cells after infection with 0.1 MOI r-MRV showed a non-significant decrease in
the viral (E gene) RNA copy number in the cell lysate. We also observed a non-significant
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decrease in viral E gene RNA copy number in the cell lysate with 100 µM palmitate
treatment. However, JEG-3 cell lysate after 200 µM palmitate treatment to 0.1 MOI r-MRV-
infected cells showed a significant reduction in the viral RNA copy number compared to
ZIKV-infected cells alone (Supplementary Figure S2B).

3.3. Palmitate Does Not Protect Against ZIKV-Induced ER Stress and Apoptosis

Treatment of JEG-3 cells with palmitate, a saturated fatty acid, after ZIKV infection,
with r-MR or PR strains, did not protect against ZIKV-induced trophoblast apoptosis
(Figure 4). There was a significant reduction in the percent apoptotic nuclei and caspase
3/7 activation with palmitoleate treatment and this protection was not observed with
the treatment of palmitate (Figure 4A–C). Additionally, treatment of palmitate to r-MRV-
infected JEG-3 cells caused a significant increase in percent apoptotic nuclei levels compared
to r-MRV infection alone (Figure 4A). These results suggest a unique protective property of
palmitoleate against ZIKV-induced trophoblast apoptosis that are not observed with the
treatment of palmitate.

Figure 4. Palmitoleate protects against ZIKV-induced apoptosis but not palmitate. (A,B) There was
significant reduction in (A) percentage apoptotic nuclei and (B) caspase 3/7 activation in JEG-3
cells treated with palmitoleate 48 hpi with 0.1 r-MRV suggesting the protective role of palmitoleate
against ZIKV-induced apoptosis. When the JEG-3 cells were treated with palmitic acid 48 hpi, there
was significant increase in the percent apoptotic nuclei and a trend towards increase in caspase 3/7
activation, suggesting that palmitate did not protect against ZIKV-induced apoptosis. Data represent
mean ± SEM, n = 3 for percentage apoptotic nuclei and n = 4 for caspase 3/7 activity. * p < 0.05
compared to uninfected vehicles cells, # p < 0.05 compared to ZIKV-infected cells. (C) Similarly,
in JEG-3 cells with 1.0 MOI of PRV for 48 h the percent apoptotic nuclei significantly reduced in
100–200 µM palmitoleate treated PRV-infected cells compared to PRV-infected cells alone; however,
treatment of palmitate to ZIKV-infected cells did not prevent ZIKV-induced apoptosis. Data represent
mean ± SEM, n = 3. * p < 0.05 compared to uninfected vehicles cells, # p < 0.05 compared to ZIKV-
infected cells.
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3.4. Palmitoleate Improves Cell Viability in ZIKV-Infected Trophoblasts

The cell survival measured using crystal violet shows a significant reduction in the
percent cell survival with 0.1 MOI r-MRV infection in JEG-3 cells, 48 hpi when compared
to uninfected vehicle cells. The percent cell survival significantly increased with the
treatment of 100 or 200 µM palmitoleate post-infection; this protection was not observed
with the treatment of palmitate after ZIKV infection (Figure 5A). Similarly, the percent
cell survivability assessed using MTT also showed significant reduction in cell survival
with 0.1 MOI r-MRV in JEG-3 cells when compared to uninfected vehicle cells. Treatment
of palmitoleate to JEG-3 cells infected with 0.1 MOI r-MRV showed a significant increase
in cell survivability with 200 µM concentration whereas a 100 µM concentration showed
a non-significant increase in percent cell survival. Surprisingly, palmitate treatment in
infected cells at 200 µM concentration showed a slight, but significant, increase in percent
survival (Figure 5B).

Figure 5. Palmitoleate improves cell viability in Zika virus (ZIKV)-infected cells. (A) The percent
cell survival using crystal violet assay significantly reduced with 0.1MOI r-MRV when compared
to uninfected vehicle cells. The percent cell survival significantly increased with 100 or 200 µM
of palmitoleate treatment but was not seen with 100–200 µM palmitate treatment, 48 hpi. (B) The
percent cell survivability using MTT showed significant improvement in cell survivability with
200 µM palmitoleate treatment in ZIKV-infected cells. Whereas 200 µM palmitate treatment in ZIKV-
infected cells also showed a significant increase in cell survivability. Data represent mean ± SEM,
n = 3 for percent cell viability using crystal violet assay and n = 4 for MTT assay. * p < 0.05 compared
to uninfected vehicles cells, # p < 0.05 compared to ZIKV-infected cells.
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3.5. Palmitoleate Protects Against ZIKV-Induced Endoplasmic Reticulum (ER) Stress

We earlier demonstrated that ZIKV infection of trophoblasts induces an increase in the
levels of C/EBP homologous protein (CHOP) mRNA and Spliced X box associated protein-
1 (XBP1) mRNA, which are key markers of ER stress [30]. We assessed the activation of ER
stress markers, namely CHOP mRNA expression and XBP1 gene splicing with palmitoleate
or palmitate treatment to ZIKV-infected JEG-3 cells. We observed significantly higher levels
of CHOP mRNA expression with 0.1 MOI r-MRV infection in JEG-3 cells, 48 hpi compared
to uninfected vehicle cells. Treatment of palmitoleate at 200 µM final concentration to the
ZIKV-infected cells showed a significant reduction in the expression of CHOP. However,
treatment of 100 µM palmitoleate showed only a trend towards a decrease in CHOP mRNA
expression compared to ZIKV-infected cells (Figure 6A). Whereas, treatment of 100 or
200 µM palmitate to ZIKV-infected cells did not significantly decrease the expression of
CHOP (Figure 6A). We next investigated XBP1 mRNA splicing levels (~448 bp band),
which was an additional indicator of ER stress in cells. Spliced XBP1 mRNA levels were
elevated with 0.1 MOI r-MRV infection in JEG-3 cells compared to uninfected vehicle cells.
Palmitoleate treatment (100 or 200 µM) was able to reduce the extensive XBP1 mRNA
splicing seen in the ZIKV-infected cells. However, treatment of palmitate did not prevent
the increased levels of spliced XBP1 caused due to ZIKV infection (Figure 6B). The relative
band intensity of spliced XBP1 showed a significant increase in percent ratio of spliced
XBP1/GAPDH in ZIKV-infected cells when compared to uninfected vehicle cells. There
was a trend towards increase in spliced XBP1/GAPDH in palmitate treated cells compared
to ZIKV infection alone. However, supplementation of palmitoleate significantly decreased
percent ratio of spliced XBP1/GAPDH (Figure 6C). A trend towards increase was also
observed with the percent ratio of unspliced XBP1/GAPDH in palmitoleate treated ZIKV
infected cells when compared to ZIKV infected cells alone or ZIKV infected cells treated
with palmitate (Figure 6D). Thus, treatment of palmitoleate appears to be a protective
nutrient therapy against ZIKV-induced ER stress and apoptosis in trophoblasts.
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Figure 6. Palmitoleate protects against ZIKV-induced ER stress but not palmitate. (A) CHOP mRNA
expression was significantly upregulated with 0.1 MOI r-MRV 48 hpi in JEG-3 cells compared to
uninfected control cells. There was significant reduction in CHOP mRNA expression in JEG-3 cells
treated with 200 µM of palmitoleate 48hpi with ZIKV suggesting protective role of palmitoleate
against ZIKV-induced apoptosis and a trend towards decreased expression with 100 µM palmitoleate
treatment, but this was not seen with the treatment of 100 or 200 µM palmitate to r-MRV-infected
cells. (B) Similarly, there was increase in XBP1 mRNA splicing in infected cells (band ~448 bp)
when compared to uninfected vehicle cells. There was significant inhibition of XBP1 mRNA splicing
with the treatment of 100 or 200 µM of palmitoleate in ZIKV-infected cells. However, the protective
properties were not seen with the treatment of palmitate to ZIKV-infected cells. (C) Quantified
levels of spliced XBP1 mRNA (448 bp) relative to GAPDH (Spliced XPB1/GAPDH). (D) Quantified
levels of unspliced XBP1 mRNA (474 bp) relative to GAPDH (Unspliced XPB1/GAPDH). Data
represent mean ± SEM, n = 3. * p < 0.05 compared to uninfected vehicles cells, # p < 0.05 compared to
ZIKV-infected cells.

4. Discussion

Zika virus is known to cause apoptosis via sustained ER stress in the trophoblasts [30].
The principal findings of the present study are: (1) palmitoleate, an omega-7 monounsat-
urated fatty acid significantly reduces ZIKV infection-induced trophoblast apoptosis; (2)
treatment of palmitoleate interferes with ZIKV replication in trophoblasts; (3) palmitoleate
treatment after ZIKV infection in trophoblasts downregulates the activation of ER stress
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markers that occur due to viral protein overload; and (4) palmitate, a saturated fatty acid
with similar carbon structure to palmitoleate augments cell death in ZIKV-infected tro-
phoblasts. The schematic representation of palmitoleate protection against ZIKV-induced
trophoblast apoptosis is shown in Figure 7.

Figure 7. The schematic diagram represents palmitoleate protection against Zika virus (ZIKV)-
induced ER stress and apoptosis in placental trophoblasts. ZIKV infection in trophoblasts elicits ER
stress via the upregulation of CHOP and XBP1 mRNA splicing, which in turn activates apoptosis.
Supplementation of palmitoleate protects against ZIKV-induced ER stress and trophoblast apoptosis.

ZIKV infection from the mother to the developing fetus is detrimental in causing
congenital Zika syndrome [4]. Trophoblasts, the epithelial cells of the placenta express
receptors, such as AXL, Tyro3, and T-cell immunoglobulin and mucin domain 1 (TIM1)
that facilitate the entry of ZIKV into these cells [33,34]. ZIKV infection of Infar1 knockout
mice shows that ZIKV is able to breach the placental barrier and affects the survivability
of the fetuses [12]. Similarly, a human STAT2 knock-in, immunocompetent mouse model
shows that a mouse adapted ZIKV strain belonging to African lineage was able to cross
the placental barrier and blood–brain barrier [35]. Therefore, transplacental route of
transmission from mother to the fetus plays a crucial role in the disease process [36,37].
In our previous study, we showed that ZIKV induces a caspase-dependent trophoblast
apoptosis as evidenced by significant increase in percent apoptotic nuclei and caspase 3/7
activation following ZIKV infection. Further, inhibition of caspases activity using Z-VAD-
fmk prevented ZIKV-induced placental trophoblast apoptosis [30]. ZIKV is also known to
cause changes in the sphingolipid metabolism in the host cells. Ceramide, a sphingolipid,
is already known to be associated with apoptosis and has been found essential for ZIKV
replication cycle in the host cells [38,39]. Ceramides are also known to cause ER stress
and affect overall lipid metabolism in hepatocytes [40]. However, the protective role of
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palmitoleate supplementation against ZIKV-induced ER stress and apoptosis via alteration
of sphingolipid metabolism needs further investigation.

There are several potential vaccine candidates, therapeutic drugs, and nutraceutical
compounds under investigation for protection and treatment against ZIKV infection [41–45].
Since the prospective target population who needs protection during outbreaks involves
pregnant women, this poses challenges regarding the safety of the vaccine candidates or
the drugs that can ensure safety to both the mother and the developing baby without any
adverse reactions [46–50]. In contrast, nutrient compounds can be an alternative strategy to
combat viral infections in the context of safety during pregnancy. For example, 25-hydroxy
cholesterol, an oxysterol metabolite, which plays a critical role in cholesterol biosynthesis and
innate immune response, was shown to be protective against ZIKV-induced microcephaly
in type I interferon α/β receptor knockout (Infar−/−) mice [51]. In an another study, it
was observed that natural polyphenols like delphinidin and epigallocatechin gallate have
anti-viral properties against flavivirus including ZIKV [52]. Curcumin, a polyphenol present
in turmeric tubers, was also found to inhibit the attachment of ZIKV to the host cells [53].
Naringenin, a flavonoid compound seen in citrus fruits, had anti-viral properties against
ZIKV infection by interacting with the protease domain of the virus [54]. In the present
study, we established the protective role of palmitoleate against ZIKV-induced apoptosis in
placental trophoblasts in an in vitro model.

Palmitoleate (16:1 n-7) is rich in dietary sources, such as sea buckthorn oil and
macadamia nuts [55]. In mammals, palmitoleate can be synthesized by stearoyl-CoA
desaturase 1 (SCD1) enzyme from the saturated fatty acid, palmitate [56]. Palmitoleate is
abundant in adipose tissue, blood cells, and it is a part of cell membrane structure [57].
Palmitoleate plays an important role in maintaining metabolic health and homeostasis by
acting as a lipokine [58]. Palmitoleate decreases fat deposition in the liver and enhances
insulin sensitivity [57]. Studies have shown that palmitoleate protects against free fatty
acid-induced hepatocyte lipoapoptosis [23] and trophoblast lipoapoptosis [59], respec-
tively. Supplementation of palmitoleate has shown to be effective against non-alcoholic
fatty liver disease and atherosclerosis in mouse models [60,61]. Palmitoleate can skew
pro-inflammatory state to anti-inflammatory state of macrophages in mice fed with high fat
diet via AMP activated protein kinase signaling [62]. Previous studies also suggest that mo-
nounsaturated fatty acids, such as palmitoleate and oleate, inhibit replication of enveloped
bacteriophage phi6 and PR4 [63,64]. Further, palmitoleate was shown to protect against
tunicamycin- and palmitate-induced ER stress and apoptosis in hepatocytes and pancreatic
beta cells, respectively [23,24]. Our data in the present study support the protective role of
palmitoleate against ZIKV-induced ER stress and apoptosis in placental trophoblasts and,
therefore, could likely serve as a therapeutic candidate or preventive nutrient compound
for ZIKV infection in pregnant mothers in disease infection prone areas.

Our data show proof that palmitoleate prevents ZIKV-induced trophoblast apoptosis.
We also saw a reduction in the viral RNA copy number in the cell culture supernatant from
JAR (0.1 and 1 MOI) and HTR-8 (1 MOI) infected cells following palmitoleate treatment.
On the other hand, we saw a trend towards reduction viral RNA copy number in both JAR
and HTR-8 cell lysate, this could be due to the fact that viral particles were already released
from the cells to the culture supernatant. We also saw a reduction in the expression of viral
E protein in JEG-3 cells infected with 0.1 MOI r-MRV and with a co-treatment of 200 µM
palmitoleate. Similarly, 200 µM palmitoleate treatment showed improved cell survivability
and reduced viral E protein staining, further suggests that it could interfere with the viral
replication. Viral E protein in ZIKV also has a lipid component and might possibly be
altered with palmitoleate treatment, which require further investigations.

Although we saw significant reduction in viral E gene copy number in 200 µM
palmitate treated JEG-3 cell lysate, this might be due to the fact that there are less viable
cells for viral replication in palmitate treated cells as observed in apoptotic nuclei and cell
viability assay. The MTT assay measures active mitochondrial dehydrogenase and we
showed that mitochondrial enzyme activity is compromised in ZIKV-infected cells alone,
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whereas palmitate treatment to ZIKV-infected cells resulted in intact mitochondrial enzyme
activity. Further, to substantiate this phenomenon, a recent study suggested that low levels
of palmitate supplementation can increase mitochondrial function [65]. Moreover, the use
of crystal violet for cell viability assessment has been shown to be more reliable than MTT
assay [66].

ZIKV is also known to alter the lipid homeostasis of the placenta by altering the or-
ganelles in the cells by forming virus replicating complexes enclosed in vesicles. ZIKV also
resulted increase in the accumulation of large lipid droplets both in infected and uninfected
bystander placental cells [15]. However further studies are required to elucidate the mecha-
nism behind the protective role of palmitoleate by affecting the viral replication. This could
be possible through ways such as (i) hindrance against Zika viral entry receptor binding;
(ii) E protein lipid component; or (iii) inhibition of specialized viral replication complex.

Studies have shown that palmitate, a saturated fatty acid, can either promote viral
infection [67] or have anti-viral properties [68] via autophagy flux mechanism. We found
that palmitate treatment augmented apoptosis in ZIKV-infected trophoblasts. A study
using influenza A virus model showed that palmitate supplementation to the cells can
enhance viral replication [69]. Similarly, Rift Valley Fever virus-infected cells were shown
to activate AMP-activated protein kinase (AMPK) and decrease viral replication by limiting
fatty acid synthesis, treatment of palmitate helped in initiating fatty acid synthesis and
aids in replication of the Rift Valley Fever virus [70]. In our study, palmitate treatment
to ZIKV-infected cells reduces the cell viability, probably inducing an alternate cell death
pathway in addition to apoptosis.

Palmitoleate is known to activate cell survival pathways and has been shown to pro-
tect against metabolic syndrome [57]. Palmitoleate plays a protective role by modulating
peroxisome proliferator-activated receptor alpha (PPARα), an important transcription fac-
tor that regulates fatty acid oxidation by activating AMPK, which in turn improves glucose
metabolism in liver cells of mice fed with high fat [56,71]. Further, post-translational modi-
fication of Wnt protein with palmitoylation results in a signaling pathway that activates
β-catenin, a cell survival signal [72,73]. Several studies have also shown that palmitoleate
supplementation helps in improving metabolic diseases in humans such as cardiovascular
diseases and diabetes mellitus [74,75]. Our study results suggests that palmitoleate treat-
ment in ZIKV-infected trophoblasts is protective against ER stress and apoptosis, thereby
considerably improves cell survival. However further mechanistic studies are underway in
elucidating the protective role of palmitoleate against ZIKV-induced trophoblast apoptosis.

5. Conclusions

Palmitoleate is protective against ZIKV-induced ER stress and apoptosis in trophoblasts.
The mechanism of palmitoleate protection against ZIKV-induced ER stress and apoptosis
is either via direct interference of viral replication or by the activation of cellular survival
pathways, or a combination of both, which needs further investigations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9060643/s1, Supplementary Figure S1. (A) Increase in percentage apoptotic
nuclei in JEG-3 cells infected with 1.0 MOI PRV 96 hpi when compared to uninfected vehicle
cells. On treatment with 100–200 µM palmitoleate post-infection, there was significant reduction
in the percent apoptotic nuclei. (B) Similarly, there was significant upregulation of caspase 3/7 in
1.0 MOI PRV infected JAR cells when compared to uninfected vehicle cells, but this was significantly
downregulated when the cells were treated with 100–200 µM palmitoleate post-infection. Data
represent mean ± SEM, n = 3. * p < 0.05 compared to uninfected vehicles cells, # p < 0.05 compared
to ZIKV-infected cells. Supplementary Figure S2. (A) Plaque assay using cell culture supernatant
showed a trend in decreased pfu/mL in 200 µM palmitoleate treated +ZIKV-infected cells. Similarly,
100 µM palmitate cells for 48 h with 0.1 MOI r-MRV showed a trend towards increase in pfu/mL
but in contrast 200 µM palmitate treatment showed a trend towards reduction in pfu/mL. Data
represent mean± SEM, n = 3. # p < 0.05 compared to ZIKV-infected cells. (B) Similarly, viral envelope
copy number in cell lysate with 200 µM palmitoleate treatment showed a trend towards reduction
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when compared 0.1 MOI r-MRV-infected cells alone but 200 µM palmitate treated cells showed a
significant reduction in the viral envelope RNA copy number 48 hpi. Data represent mean ± SEM,
n = 3. # p < 0.05 compared ZIKV-infected cells.
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