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Highlights

¢ AGP enhances CCL-2 mRNA expression and secretion in a dose-dependent manner.
e AGP increases ROS generation and lipid peroxidation.

o The effects of AGP on oxidative stress are suppressed by a PPARy antagonist, cPA.
e PPARy regulation may explain cellular changes in atherosclerosis.

Abstract

We previously showed that an alkyl-ether analog of lysophosphatidic acid, AGP (alkyl-
glycerophosphate), accumulates in human atherosclerotic plaques and is a potent agonist of
peroxisome proliferator-activated receptor-gamma (PPARY). On the other hand, cyclic
phosphatidic acid (cPA), similar in structure to AGP, can negatively regulate PPARY.
However, in this study, cPA had no effect on the expression and secretion of C-C motif
chemokine 2 (CCL-2), a chemokine that is also linked to inflammatory responses and
atherosclerosis. We showed that AGP enhances CCL-2 mRNA expression and secretion in a
dose-dependent manner. Furthermore, oxidative stress plays a major role in the pathology of
cardiovascular diseases; we showed that AGP triggers ROS generation and lipid peroxidation
and that ROS and 8-isoprostane generation can be suppressed by a PPARy antagonist. These
results suggest that an imbalance of the PPARYy agonist-antagonist equilibrium is involved in

changes in cellular functions, including ROS generation and lipid peroxidation.
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Introduction

Inflammation and oxidative stress are major factors involved in the pathogenesis of
cardiovascular diseases (Garcia et al. 2017). We previously reported that an alkyl-ether
analog of lysophosphatidic acid, AGP, accumulates in human atherosclerotic plaques and is a
potent agonist of peroxisome proliferator-activated receptor-gamma (PPARY) (Tsukahara et
al. 2013). Oxidative stress and lipid peroxidation are well-known contributors to disease
pathogenesis. Numerous lines of evidence have linked PPARY activation with inhibiting
inflammation, COX, and eNOS and inducing anti-oxidant responses (Kvandova et al. 2016).
However, whether AGP is deleterious or protective via PPAR gamma agonism remains unclear.
AGP has a higher potency for PPARy activation than LPA (Tsukahara ez al. 2006). Binding
studies using the PPARy ligand-binding domain showed that binding of the AGP was similar
to that of the TZD rosiglitazone. We previously identified cyclic phosphatidic acid (cPA) as
an endogenous PPARY antagonist generated by phospholipase D2 (PLD2) (Tsukahara et al.
2010). These observations suggest that activation of PPARYy is likely to lead to a complex
cellular response. A recent study indicated that PPARY plays important roles in the type-2
immune responses which are well-established drivers of chronic inflammatory diseases such
as endothelial dysfunction, as evidenced by PPARy expression in inflammatory cells, such as
dendritic cells, and T cells (Nobs et al. 2017). These results suggest that PPARy activation is
an important regulatory factor in vascular inflammation (Chandra et al. 2017). Elevated levels
of pro-inflammatory cytokines and chemokines are hallmarks of metabolic syndrome (Volp et
al. 2008). Chemokines are also involved in the pathogenesis of atherosclerosis by promoting
the directed migration of inflammatory cells (Reape & Groot 1999). Our previous study
reported that LPA enhanced CCL-2 mRNA expression and protein secretion in a dose-
dependent manner in C2C12 myoblasts (Tsukahara & Haniu 2012). CCL-2 is a relatively
basic 8.7-kDa and is a heparin-binding C—C chemokine produced by monocytes. It is
expressed in various tissues, including endothelial, bronchial, epithelial, and smooth muscle
cells (De Rossi et al. 2000). CCL-2, an important chemokine, has a critical role in the

migration of bone marrow-derived and tissue-resident cells to sites of inflammation



(Deshmane et al. 2009). There is evidence for the importance of CCL-2 in atherosclerosis in
humans (Harrington 2000). For example, CCL-2 mRNA expression has been detected in
endothelial cells in atherosclerotic arteries of patients (Lin et al. 2014). The expression level
of CCL-2 is upregulated after exposure to pro-inflammatory stimuli and tissue injury, which
are associated with atherosclerotic lesions (Lin et al. 2014). Furthermore, reactive oxygen
species (ROS) are key mediators of signaling pathways that underlie vascular inflammation in
atherogenesis (Mittal ef al. 2014). Lipid peroxidation occurs naturally at low levels in the
body and is mainly mediated by reactive oxygen species (Mylonas & Kouretas 1999). A
previous study suggested that LPA produces an increase in lipid peroxidation in the
pathogenesis of atherosclerotic vascular disease (Shao & Heinecke 2009). Lectin-like
oxidized low-density lipoprotein is involved in endothelial dysfunction and injury upon
stimulation by AGP (Zhang et al. 2004). Thus, oxidative stress and lipid peroxidation
contribute substantially to the pathogenesis of cardiovascular diseases. Therefore, well-
characterized vascular models with human relevance are needed for basic research. Here, we
used human umbilical vein endothelial cells (HUVECs:) to study the role of AGP-mediated

PPARYy activation, oxidative stress, and peroxidation in the regulation of cellular function.

Results

Analysis of endogenous PPARy expression and activation in HUVECs

Two PPARy isoforms, PPARy; and PPARY,, which originate from alternative splicing, have
been detected in mammals. As shown in Fig. 1A, we first examined the expression of
PPARyl and PPARy2 mRNA in HUVEC:. In contrast to PPARy! mRNA expression, PPARy2
expression was low in HUVECs. PPARY, and PPARY; protein expression levels also differed,
and were consistent with the differences in mRNA levels (Fig. 1B). The protein had a
molecular mass of approximately 50 kDa, consistent with the reported value for the PPARy1
protein (Tontonoz et al. 1994). Next, to determine if PPARy expressed in HUVECs is
functional, we transfected cells with a pGL3-PPRE-acyl-CoA oxidase luciferase reporter

plasmid. Luciferase activity in cells treated with 0.1, 1, and 10 pM rosiglitazone, a full



PPARYy agonist, as a positive control for 24 h was approximately 1.8-fold higher (0.1 pM)
than that in vehicle (DMSO)-treated cells. Furthermore, luciferase activity increased in
HUVECs after exposure to AGP in a dose-dependent manner, and this activation was
attenuated by the PPARY antagonists T0070907 and cPA. The latter, cPA, has been reported
to inhibit PPARYy, demonstrating the opposite effect to that of AGP (Tsukahara et al. 2006)
(Tsukahara et al. 2010). These results together suggest that rosiglitazone and AGP can
activate the PPRE-ACox-Luc reporter gene depending on the expression of PPARy in

HUVECs.

AGP-mediated PPARy activation increased CCL-2 expression and secretion in HUVECs
Endothelial cells produce a variety of cytokines and chemokines (Turner et al. 2014). To
examine the modulation of CCL-2 secretion from endothelial cells after AGP treatment,
HUVECs were grown to 80 % confluence. After treatment with AGP, cytokine responses in
HUVECs were analyzed based on mRNA expression. First, HUVECs were stimulated with
AGP (1, 3, and 10 pM) and LPS (10 ng/mL) as a positive control. Total RNA was isolated
and subjected to reverse transcription RT-PCR to evaluate the mRNA levels of CCL-2. A
recent study has suggested a potential regulatory role of PPARy-dependent CCL-2 expression
and production in vascular diseases (Verma & Szmitko 2006) (Panzer ef al. 2002). As shown
in Fig.2A, AGP increased CCL-2 mRNA expression in HUVECs treated with AGP for 24 h at
1, 3, and 10 uM, and this effect was attenuated by T0070907 and cPA. These results further
confirmed the role of AGP in the induction of CCL-2 in HUVECsS. Furthermore, to determine
whether AGP-induced CCL-2 production is dependent on PPARy, HUVECs were treated
with PPARy siRNA. As shown in Fig. 2B, a real-time PCR analysis showed that PPARy
mRNA expression levels in siRNA-transfected cells were reduced by 90% compared to the
expression levels in control siRNA-transfected cells. A western blot analysis using an anti-
PPARYy antibody showed that PPARY knockdown in HUVECs was effective (Fig. 2C). CCL-2
concentrations in the clarified culture supernatants were then measured by ELISA. The

induction of CCL-2 production by AGP was inhibited in PPARy siRNA-transfected HUVECs



(Fig. 2D, and E). These results confirmed that AGP-induced PPARY activation resulted in the

increase of CCL-2 production in HUVECs.

AGP-mediated PPARy activation stimulates ROS generation in HUVECs

Recent studies have suggested that ROS are important intracellular signaling messengers
linking cell dysfunction to subsequent inflammatory responses (Mittal et al. 2014). We
examined whether AGP, which generates oxidative stress via CCL-2 secretion, could enhance
ROS generation and oxidation products in HUVECs. As shown in Fig.3A, interestingly, ROS
production in HUVECs was significantly increased upon treatment with AGP in a dose-
dependent manner, and this secretion was attenuated by the PPARy antagonists T0070907 and
cPA. Our study also clearly demonstrated that 3-tert-butyl-4-hydroxyanisole (BHA) blocked
AGP-induced ROS generation. These results confirmed that AGP-induced PPARY activation
increased ROS generation in HUVECs. Reduced glutathione (GSH) is a major antioxidant
and protects cells from oxidative stress by scavenging peroxides in the cytosol and
mitochondria (Wang & Tabas 2014). Oxidative stress can result in the depletion of
intracellular GSH (Wu ef al. 2004). In this study, AGP depleted intracellular GSH in a time-
dependent manner (Fig. 3B). The exposure of cells to AGP for 60 min led to intracellular
GSH depletion of about 50% compared to levels in the control, and this depletion was
inhibited by T0070907 and cPA. These results suggest that the depletion of GSH following
AGP treatment may be due to an increase in PPARy-mediated ROS generation. On the other
hand, PPARY antagonists protect the cells against oxidative stress-mediated CCL-2 secretion

through reducing ROS levels.

The AGP-PPARy-CCL-2 axis mediated 8-isoprostane generation in HUVECs
ROS induces lipid peroxidation and disrupts the membrane lipid bilayer arrangement,
potentially increasing tissue permeability (Girotti 1985). Accurate biomarkers of lipid

peroxidation are 8-isoprostanes formed by the peroxidation of arachidonic acid (Kaviarasan et



al. 2009); upon oxidation, they combine with oxygen to produce superoxide anions. ROS
levels influence the production of 8-isoprostane, affecting the regulation of cellular and
systemic oxidative stress (Davies & Roberts 2011). As shown in Fig.4A, AGP significantly
increased 8-isoprostane production in a dose-dependent manner and this production was
attenuated by the PPARy antagonists T0070907 and cPA. We next performed an MTT assay
to investigate HUVEC growth properties. As shown in Fig.4B, AGP induced a dose-
dependent increase in the proliferation of HUVECs and this proliferation was attenuated by
the PPARY antagonists T0070907 and cPA. These results confirmed that AGP-induced

PPARYy activation resulted in an increase in the proliferation of HUVECs.

Discussion

Recent studies have suggested mechanistic links between PPARYy activation and oxidative
stress. However, there are reports that support as well as refute this notion. In vascular
endothelial cells, PPARY ligands, 15-deoxy-A12,14-prostaglandin J, (15d-PGJ,) or TZD drug,
ciglitazone stimulated both activity and expression of superoxide dismutase (SOD) in
HUVEC (Hwang et al. 2005). Another report suggested that agonist mediated-PPARYy
activation uptake of oxidized low-density lipoprotein (oxLDL) in macrophages and promotes
changes in gene expression induced by oxLDL generated by oxidative stress (Nagy et al.
1998). Activation of PPARY in response to oxLDL has been shown to induce expression of
the scavenger receptor cluster of differentiation 36 (CD36) and the nuclear receptor LXR
(Nagy et al. 1998). On the other hand, cyclic phosphatidic acid (cPA), one of nature's simplest
phospholipids binds to and inhibits the PPARY with nanomolar affinity and high specificity
through stabilizing its interaction with the corepressor SMRT (Tsukahara et al. 2010). In this
study, ROS production in HUVECs was significantly increased upon treatment with AGP in a
dose-dependent manner, and this secretion was attenuated by the synthetic and natural PPARy
antagonists T0070907 and cPA. These results confirmed that AGP-induced PPARY activation

increased ROS generation in HUVEC:s. It has been reported that ROS and oxidative stress



play critical roles in the pathogenesis of cardiovascular disease including diabetes (Giacco &
Brownlee 2010). It is likely that the cumulative impact of oxidative stress on PPARy
signaling in vascular endothelial cells are regulated not only by PPARy expression but also by
oxidative alterations in the generation of endogenous PPARY ligands. The results described in
this report show that CCL-2 expression in HUVECs increases in response to AGP and that
this increase is associated with an increase in lipid oxidation and PPARy activation. These
changes coincide with a rise in oxidative stress, an increase in 8-isoprostane production, and a
decrease in proliferation after treatment with a PPARy antagonist. There is evidence for
increased lipid oxidation, oxidative stress, and PPARY expression (Kim & Yang 2013). Using
cultured cell models, we demonstrate the existence of an AGP-activated PPARy/CCL-2/ROS
cascade; this cascade explains how a rise in AGP leads to increased oxidative stress and
increased PPARYy activation in HUVECs. The increase in ROS results in damage to the cell,
including lipid oxidization, GSH depletion, and lipid peroxidation, thus leading to a change or
loss of function. The findings of this report indicate that cPA attenuates the stimulatory
effects of AGP on the intracellular function of HUVECS. These findings are consistent with
previous reports indicating that the inhibition of PPARY with cPA in vitro (Tsukahara et al.
2006) and in vivo (Tsukahara et al. 2010) causes reciprocal changes in lipid homeostasis. In
conclusion, the results of this study support the working hypothesis that CCL-2 secretion is
due in part to an AGP-related increase in CCL-2-mediated lipid oxidation, leading to
increased oxidative stress. Because lipid oxidation also plays a fundamental pathogenetic role
in atherosclerosis, therapies that target lipoxygenases may be effective in the management of

both conditions.
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Experimental procedures

Cells, chemicals, and antibodies

HUVECs were purchased from Promo Cell (C-12203; Heidelberg, Germany) and propagated
in endothelial cell growth medium (C-22010) containing 10% fetal bovine serum (FBS) and
antibiotics. AGP 18:1 and cPA18:1 was purchased from Avanti polar lipids (Alabaster, AL,
USA). AGP and cPA was dissolved in PBS (phosphate-buffered saline) containing 0.1% fatty
acid-free bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) to generate a 10 mM

stock solution. T0070907 was purchased from Sigma-Aldrich.

Quantitative real-time PCR

Total RNA was isolated from HUVECs using a NucleoSpin® RNA II Kit (TAKARA, Otsu,
Japan). Then, 0.5 pg of total RNA was used for cDNA synthesis using a ReverTra Ace gPCR
RT Kit (Toyobo) as per the manufacturer’s instructions. mRNA levels were quantified using
an ECO Real-Time PCR System (Illumina, Inc., San Diego, CA, USA). All PCRs were
performed in 10-pL volumes in 48-well PCR plates (Illumina) with GeneAce SYBR qPCR
MIX a No ROX (Nippon Gene, Toyama, Japan) and the following primer pairs: PPARy, 5'-
GTGGCCGCAGATTTGAAAGAAG-3' (forward) and 5'-TGTCAACCATGGTCATTTCG-
3’ (reverse). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene served as an
endogenous control. The primers designed to identify the human GAPDH gene were as
follows: 5' primer, 5'-GTCGCTGTTGAAGTCAGAGG-3'; and 3’ primer, 5'-
GAAAACTGTGGCGTGATGG-3". The cycling conditions were as follows: 95°C for 10 min

(polymerase activation), followed by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for



30 s. After amplification, the samples were slowly heated from 55°C to 95°C and
fluorescence was measured continuously to obtain a melting curve. Relative mRNA levels
were quantified using the formula 2249, where ACq is the difference between the threshold

cycle of a target cDNA and an endogenous reference cDNA.

Measurement of cell proliferation

HUVECs were seeded in 96-well culture plates (5 x 10° cells/well), and AGP with or without
an T0070907 or cPA was added to cells. After 48 h, cell proliferation was determined using
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). After cells were incubated for 48 h, 10 uL
of the Cell Counting Kit-8 solution was added to each well and the plates were incubated for
2 h in an incubator at 37°C with 5% CO,. The amount of orange formazan dye was
determined by measuring absorbance at 450 nm using a microplate reader (Awareness

Technology, Westport, CT, USA).

Western blotting

Proteins from whole cells were lysed in RIPA buffer (Wako, Tokyo, Japan), separated on 5—
20% SDS-PAGE gels (e-PAGEL; ATTO, Tokyo, Japan), and electrotransferred to
Immobilon-P membranes (Millipore, Burlington, MA, USA). The membranes were blocked
in Block Ace (DS Pharma Biomedical Co. Ltd., Osaka, Japan) for 1 h and then incubated with
a primary antibody in TBS-T (Tris-buffered saline-Tween 20) with 5% Block Ace for 12 h at
4°C. Bands were visualized with EzWestLumi plus (ATTO, Amherst, NY, USA) or

SuperSignal West Dura (Thermo Fisher Scientific, Waltham, MA, USA).

Small interfering RNAs

PPARYy expression was suppressed in HUVECs by transfecting the cells with small interfering
RNAs (siRNAs) targeting PPARY (sc-29455; SCBT, CA, USA); the JetPRIME Kit (Polyplus-
transfection, New York, NY, USA) was used for transfections. Cells were plated in 24-well

plates (Iwaki, Tokyo, Japan) at a density of 5 x 10 cells/well in DMEM containing 10% FBS
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and then transfected with 100 pmol/mL mRNA-specific siRNAs or scrambled siRNAs
(control). Reductions in the expression of PPARy were confirmed by real-time PCR and

western blotting.

ROS production

HUVECs were seeded in 24-well plates at a density of 5 x 10* cells/well and incubated at
37°C for 24 h. Then, the culture medium was aspirated and cells were washed with
Dulbecco’s PBS (DPBS) followed by the addition of 1 mL of fresh culture medium
containing either DMSO or 10 uM carboxy-DCFDA (C-400; Molecular Probes, Eugene, OR,
USA). After incubation for 15 min, 10 pL. of DMSO or 10 pM carboxy-DCFDA was added to
the cells. Hydrogen peroxide (100 uM) was used as a positive control stimulus. Following
incubation for 60 min, the cells were washed by DPBS and harvested with trypsin—-EDTA.
Finally, the cells were suspended with 0.3 mL of 10% FBS in DPBS and passed through a
nylon mesh. Cells were subjected to flow cytometry (FACSCalibur™; Becton—Dickinson,

San Jose, CA, USA) until 20,000 events were recorded.

Determination of total glutathione
To estimate glutathione, ELISA, enzyme-linked immunosorbent assay was used with a

continuous glutathione reductase-catalyzed reduction of 5,5-dithio-bis (2-nitrobenzoic acid)

(DTNB) to the chromophore, whose rate was monitored spectrophotometrically at 405 nm
(OxiSelect Total Glutathione (GSSG/GSH) Assay Kit). HUVECs were lysed in 400 pL of 5%
sulfosalicylic acid by freeze-thawing. After centrifugation (10,000 x g for 5 min), the
supernatant was transferred to another tube. Then, a 10 pL aliquot was mixed with 150 uL of
potassium phosphate buffer, pH 7.0, containing 5 mM EDTA, 1.5 mg/mL DTNB, and 6
U/mL glutathione reductase. Finally, 50 uL of (0.16 mg/mL) NADPH in potassium phosphate
buffer was also added. The absorbance was read at 405 nm and quantified using microplate

reader (Awareness Technology).
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Determination of 8-Isoprostane

Total 8-iso-prostaglandin (PG) F2a concentrations were assayed in conditioned medium by a
specific enzyme immunoassay (EIA) kit (Cayman Chemical, Ann Arbor, USA). Determine
the concentration of each sample using the equation obtained from the standard curve plot.
The absorbance was read at 405 nm and quantified using microplate reader (Awareness
Technology). The assay has a range from 0.8-500 pg/ml and a sensitivity (80% B/B0) of
approximately 3 pg/ml. B/B0O curve in competitive enzyme linked immunosorbent assay

(ELISA).

Statistical analysis
The data were analyzed by unpaired Student's #-test or one-way ANOVA followed by
Newman-Keuls post hoc testing, using GraphPad Prism Ver. 5.01 (GraphPad Software Inc.).

The results are expressed as mean + SEM.
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Figure Legends

Figure 1.

(A) Real-time PCR analysis of the expression of PPARy; and PPARy, mRNA in HUVECs.
Relative mRNA levels of PPARy; and PPARy; normalized to GAPDH are expressed as means
+ standard error of the mean (n =3, " p <0.01). (B) Western blot analysis of the expression
of PPARy, and PPARY;in HUVECs. (C) HUVECs were transfected with the PPRE-luc and
CMV-B-galactosidase plasmids for 72 h and then treated with the indicated compounds for 24
h. Luciferase activity was measured in cell lysates and normalized to B-galactosidase activity.
Data represent means + standard error of the mean (n=3, " p <0.01, *¢ » <0.01, # p < 0.01,

&& 1, <0.01).

Figure 2.

cPA inhibited AGP-mediated CCL-2 expression and production in HUVECs (A) HUVECs
were treated with the indicated compounds for 24 h. Real-time PCR analysis of the expression
of CCL-2 mRNA in HUVECs. LPS (10 ng/ml) was used as a positive control. Relative
mRNA levels of CCL-2 normalized to GAPDH are expressed as means + standard error of the
mean (n=3," p <0.01). (B) Real-time PCR analysis of PPARy mRNA expression in
HUVECs. Relative PPARy levels normalized to GAPDH are expressed as means = SEM (n=3,
" p<0.01). (C) Total protein was extracted from control siRNA-transfected or PPARY
siRNA-transfected cells. Twenty-four hours later, whole-cell lysates were analyzed by
western blotting using specific antibodies against PPARy. Incubation with an anti-f-actin
antibody was used as a protein-loading control. (D) CCL-2 mRNA expression was reduced in
cPA and PPARy siRNA-transfected HUVECs. Relative mRNA levels of CCL-2 normalized
to GAPDH are expressed as means = standard error of the mean (n=3, ™ p <0.01). (E) CCL-
2 secretion was decreased in cPA and PPARy siRNA-transfected HUVECs. Data represent

means + standard error of the mean (n =3, ** p <0.01).
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Figure 3.

(A) AGP-mediated ROS production in HUVECs. ROS production was increased upon
treatment with AGP (1, 3, and 10 uM) and this secretion was attenuated by PPARy
antagonists T0070907 and cPA. BHA (50 uM) and H,O, (50 uM ) were used as positive
control. Data represent means = standard error of the mean (n =3, ™ p < 0.01, # p <0.01,% p
<0.01). (B) AGP depleted intracellular reduced glutathione (GSH) in a dose-dependent
manner. GSH production was decreased upon treatment with AGP (1, 3, and 10 uM) and this
depletion was inhibited by PPARY antagonists T0070907 (1 uM) and cPA (10 uM). The
absorbance was read at 405 nm and quantified using microplate reader. Data represent means

+ standard error of the mean (n =3, p <0.01).

Figure 4.

(A) AGP mediated 8-isoprostane production in HUVECs. AGP significantly increased 8-
isoprostane production in a dose-dependent manner and this production was attenuated by
PPARy antagonists T0070907 (1 uM) and cPA (10 uM). The absorbance was read at 405 nm
and quantified using microplate reader. Data represent means + standard error of the mean (n
=3, p <0.01). (B) Effects of combination treatments with a PPARy agonist and antagonist.
The medium was replaced with fresh medium, and AGP with or without an antagonist was
added to cells. After 48 h, cell proliferation was determined using Cell Counting Kit-8. Ten
microliters of Cell Counting Kit-8 were added to the medium and incubated for 2 h in a 5%
CO; incubator. The absorbance was read at 600 nm and quantified using microplate reader.

Data are presented as means + SEM (n = 3), “p <0.01, ™ p < 0.01.
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