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A B S T R A C T

Diabetic nephropathy (DN) is one of the major long-term complications of diabetes. Lysophosphatidic acid (LPA)
signaling has been implicated in renal fibrosis. In our previous study, we found that the LPA receptor 1/3
(LPAR1/3) antagonist, ki16425, protected against DN in diabetic db/dbmice. Here, we investigated the effects of
a specific pharmacological inhibitor of LPA receptor 1 (LPA1), AM095, on DN in streptozotocin (STZ)-induced
diabetic mice to exclude a possible contribution of LPAR3 inhibition. AM095 treatment significantly reduced
albuminuria and the albumin to creatinine ratio and significantly decreased the glomerular volume and tuft area
in the treated group compared with the STZ-vehicle group. In the kidney of STZ-induced diabetic mice, the
expression of LPAR1 mRNA and protein was positively correlated with oxidative stress. AM095 treatment in-
hibited LPA-induced reactive oxygen species production and NADPH oxidase expression as well as LPA-induced
toll like receptor 4 (TLR4) expression in mesangial cells and in the kidney of STZ-induced diabetic mice. In
addition, AM095 treatment suppressed LPA-induced pro-inflammatory cytokines and fibrotic factors expression
through downregulation of phosphorylated NFκBp65 and c-Jun N-terminal kinases (JNK) in vitro and in the
kidney of STZ-induced diabetic mice. Pharmacological or siRNA inhibition of TLR4 and NADPH oxidase mi-
micked the effects of AM095 in vitro. In conclusion, AM095 is effective in preventing the pathogenesis of DN by
inhibiting TLR4/NF-κB and the NADPH oxidase system, consequently inhibiting the inflammatory signaling
cascade in renal tissue of diabetic mice, suggesting that LPAR1 antagonism might provide a potential therapeutic
target for DN.

1. Introduction

Diabetic nephropathy (DN) is the major microvascular complication
of diabetes [1]. Around 30% of diabetic patients finally progress to end-
stage renal disease [2,3], which is characterized by glomerulosclerosis
and inter-capillary glomerulonephritis with micro/macro-albuminuria
[4,5]. Inflammation and oxidative stress are known as the major causes
for the development of DN [6].

Inflammatory cytokines, including interleukin 6 (IL6), tumor ne-
crosis factor-α (TNF-α), and transforming growth factor-β (TGF-β1) are
elevated in plasma of patients with kidney disease [7]. Kidney fibrosis is
mostly preceded by and closely associated with chronic interstitial

inflammation [7–9]. TGF-β1 is the primary factor that promotes fibrosis
in chronic kidney disease [10–13]. The activation of TGF-β1 or its
downstream signaling pathways promotes extracellular matrix expan-
sion leading to thickening of the basement membrane and glomerulo-
sclerosis in the kidney [13].

Toll like receptors (TLRs) mediate innate immune and inflammatory
responses [14–17]. TLR4 is an innate immune receptor classically ac-
tivated by lipopolysaccharide in immune cells or by endogenous ligands
(such as oxidized lipoproteins) in nonimmune cells [18,19]. TLR4 ac-
tivates nuclear factor-κB (NF-κB), the master transcription factor con-
trolling inflammatory genes. TLR4 expression increases in various cell
types and organs of diabetic patients [16,20]. Some studies have
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indicated that stress-activated protein kinases of the mitogen activated
protein kinase (MAPK) family, such as c-Jun N-terminal kinase (JNK)
and p38, are associated with DN in human and rodent models [21].
Therefore, the activation of NF-κB and MAPK may contribute to pa-
thogenesis of DN [22,23].

Lysophosphatidic acid (LPA) is a small phospholipid derivative that
acts as a potent mitogen through its G protein coupled receptors
(LPAR1-6s) [24]. The release of LPA mediates pro-inflammatory re-
sponses in several tissues including the kidney [25,26]. Recent studies
have also shown that LPA is increased in the serum of human diabetic
patients and kidney cortex of db/db mice [27,28], implicating it in
diabetic kidney diseases. AM095 is an antagonist of the LPA type 1
receptor [29]. It has been shown to inhibit LPA-induced chemotaxis in
both mouse LPA1R over-expressed CHO cell lines and human A2058
melanoma cells. In addition, AM095 suppresses LPA-induced histamine
release and reduces macrophage and lymphocyte infiltration in mice
administered with bleomycin [30]. These findings suggest that AM095
may be a potential therapeutic antagonist for blocking abnormally ac-
tivated LPA signaling in the hyperglycemia condition, thereby reducing
the inflammatory response of DN. However, it is not clear whether
AM095 is effective in DN.

In this study, we investigated the effects of LPA receptor 1 antago-
nist (AM095) in a streptozotocin (STZ)-induced mouse model of type 1
diabetes and further determined the underlying molecular mechanisms.

2. Materials and methods

2.1. Animals

Eight-week-old C57BL/6J male mice (n=50) were used for the
induction of type 1 diabetes by STZ treatment, as described elsewhere
[31]. Briefly, mice were treated with 50mg/kg of STZ i.p. daily (Sigma,
S0130) after 4 h (h) fasting in the morning for 5 days. Diabetes was
confirmed by blood glucose levels> 350mg/dl. STZ-diabetic mice with
similar body weights were then randomly divided into: STZ-vehicle
group, STZ-AM095 treated group, and STZ-losartan treated group. Age-
matched non-diabetic C57BL/6J male mice were used as the control
vehicle group. AM095 was orally injected every day in the morning at a
dosage of 10mg/kg or 30mg/kg AM095, or 10mg/kg losartan (Sigma,
61188) for 8 weeks. All procedures were approved by the Institutional
Animal Care and Use Committee at Gachon University.

2.2. Biochemical parameters of blood and urine

Mice were placed in individual mouse metabolic cages for 24 h after
4 weeks and 8weeks of administration with AM095 or losartan. Food
intake, water intake, and urine volumes were monitored. Hemoglobin
A1c (HbA1c) was determined from blood using a DCA System HbA1c
Reagent Kit (SIEMENS, New York, USA). Blood glucose from the tail
vein blood was measured using a glucose analyzer (One Touch®Ultra,
Lifescan Johnson & Johnson, Milpitas, CA) after 4 h of fasting in the
morning. The levels of cholesterol and triglyceride were assessed using
commercially available kits (ASAN HDL-Cholesterol, # AM203, ASAN;
TG-s, #AM157K, ASAN) according to manufacturer's instructions. Urine
was also collected during metabolic cage study for 24 h. All parameters,
such as creatinine and micro-albumin, were measured using a bio-
chemical analyzer (Beckman, USA).

2.3. Renal histological assessment

The mice were sacrificed, and the kidneys were harvested. The right
kidney was rapidly fixed in 10% formalin buffer and embedded in
paraffin. Sections were stained as described previously [32] with he-
matoxylin and eosin or periodic acid-Schiff, or with antibodies for 4-
hydroxynonenal (4-HNE) (Abcam, #ab46545) and fibronectin. Anti-
bodies were visualized by DAB substrate chromogen system (DAKO,

K346811) under light microscopy.

2.4. Cell culture

SV40 MES cells, a mouse mesangial cell line, were obtained from
American Type Culture Collection (Rockville, MD) and cultured in
Dulbecco's modified Eagle's medium containing 5% fetal bovine serum
and 1% penicillin-streptomycin. To investigate the effect of LPA (Avanti
Polar Lipids, Alabaster, Alabama), the cells were seeded and pretreated
with 0.1% fatty acid free-bovine serum albumin for 12–16 h, then
treated with 5 μM of LPA or 10 μM of various inhibitors (TLR4-IN-C34
for TLR4; VAS2870 for NADPH oxidase; Sigma, St. Louis, MO) 1 h prior
to LPA treatment.

2.5. ROS measurement

To assess the reactive oxidative species (ROS) caused by LPA, we
measured ROS production levels after incubation with 5 μM of di-
chlorofluorescein for 30min in the dark using flow cytometry (up to
1×104 cells) with a FACS LSRII flow cytometer equipped CellQuest™
Pro Software (BD Bioscience, San Jose, CA).

2.6. Transfection

SV40 MES13 cells were seeded in 6 well plates with 5×104 cells/
well, and then, transiently transfected with siRNA control (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and siRNA TLR4 using
Lipofectamine RNAiMAX (Invitrogen) reagent as per the manufacturer's
instructions. After 36 h, the medium was replaced with serum-free
medium containing 0.1% fatty acid-free bovine serum albumin for
12–16 h, and the cells were treated with LPA (5 μM) for 3 h.

2.7. Western blot

Total protein was isolated using mammalian protein extract buffer
(GE Life Science, 28-9712-79) containing protease inhibitor cocktail
(Sigma, P8340). Signals were detected using an enhanced chemilumi-
nescence detection system (Millipore, Watford, UK). The band density
was quantified using the Image J program and normalized by actin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The antibodies
used were as follows: anti-actin (Cell Signaling, #8457), anti-GAPDH
(Millipore, #MAB374), anti-p-NFκB p65 (Ser536) (Cell Signaling,
#3033), anti-NF-κB (Santa Cruz, sc-372), anti-p-stress activated protein
kinase (SAPK)/JNK (Cell Signaling, #9251), anti-SAPK/JNK (Cell
Signaling, #9252), anti-LPAR1 (Abcam, #ab23698), anti-fibronectin
(Santa Cruz, sc-8422), anti-gp91-phox (Santa Cruz, sc-130543), anti-
TLR4 (Santa Cruz, sc-293072), anti-collagen 1 type 1 (CoL1A1; Santa
Cruz, sc-293182), anti-extracellular signal–regulated kinase 1/2 (Erk 1/
2; Cell Signaling, #9102S), anti-p-Erk 1/2 (Cell Signaling, #9101S),
and anti-tissue inhibitor of metalloproteinase-1 (TIMP1; Santa Cruz, sc-
21734).

2.8. Reverse transcriptase-quantitative polymerase chain reaction

Total RNA was isolated from kidney tissue of STZ-induced diabetic
mice or mesangial cells using RNAiso (Takara) reagent. The cDNA was
synthesized from 2 μg total RNA using the PrimeScript 1st strand cDNA
synthesis kit (TAKARA, 6110A). Quantitative real-time PCR was per-
formed using Applied-Biosystem Prism 7900HT Real-Time PCR. The
relative gene expression levels were normalized by cyclophilin A RNA
expression. The primers used are listed in Supplementary Table 1.

2.9. Statistical analysis

All results were expressed as the mean ± SEM. All in vitro ex-
periments were conducted at least independent three times and in vivo
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experiment were performed as indicated in legends. Differences among
more than two groups were analyzed by one ANOVA followed by
Tukey's post hoc multiple comparison tests. An unpaired 2-tailed t-test
was used for analysis of two groups. Significance was determined if p
values were< 0.05.

3. Results

3.1. AM095 treatment attenuates hyperglycemia and dyslipidemia in STZ-
induced diabetic mice

We investigated the effects of AM095, a specific LPAR1 antagonist,
on DN in STZ-induced diabetic mice. STZ-induced diabetic mice were
given either AM095 (10 or 30mg/kg), vehicle, or losartan daily for
8 weeks. Losartan is an angiotensin II type 1 receptor antagonist used to
reduce the progression of renal disease and was used here as a positive
control. Body weights among the STZ groups were comparable after
8 weeks of treatment (Table 1). Triglyceride level was significantly re-
duced in STZ-30 mg AM095 mice compared with STZ-vehicle mice, but
cholesterol level was not changed (Supplementary Fig. 1). Blood glu-
cose and HbA1c were highly increased by STZ but significantly, al-
though mild, lowered in the two STZ-AM095-treated groups compared
with the STZ-vehicle group (Table 1). The losartan group showed ef-
fects similar to AM095 group (Table 1).

3.2. AM095 treatment improves kidney function in STZ-induced diabetic
mice

In order to evaluate whether AM095 improves kidney function, we
monitored food and water consumption, as well as urine volume. Food
intake, water intake, and urine volume were increased by STZ, and
these increases were ameliorated by 30mg AM095 or losartan
(Table 1). Moreover, albumin in the urine and the albumin/creatinine
ratio were increased in STZ-induced diabetic mice compared with the
vehicle control group; but only the albumin/creatinine ratio was sig-
nificantly decreased by 30mg AM095 or losartan administration
(Table 1).

3.3. AM095 treatment reduces glomerular injury in the kidney of STZ-
induced diabetic mice

Glomerular matrix expansion is a hallmark of DN in kidney [32],
therefore we investigated glomerular structural alterations in kidney
tissue by hematoxylin and eosin or Periodic Acid–Schiff staining
(Fig. 1A). The glomerular surface area and glomerular tuft area were
significantly increased in diabetic mice, and glomerular surface area
was normalized by 30mg AM095 or losartan treatment (Fig. 1B, C).
Since blood urea nitrogen and creatinine are biomarkers for renal
function, we also measured their levels in serum after 8 weeks of
AM095 treatment. These two parameters were higher in the STZ-

vehicle group; however, these rises were significantly reduced by 30mg
AM095 or losartan, suggesting that AM095 recovers renal function
(Fig. 1D, E).

3.4. The increase of LPAR1 expression is correlated with increase of
oxidative stress in the kidney of STZ-induced diabetic mice

To investigate the possibility of oxidative stress as a causative in-
termediary of LPA signaling in diabetic kidney failure, we first assessed
whether LPA signaling is activated in the STZ-diabetic model. In the
kidney tissue of STZ-induced diabetic mice, LPAR1 mRNA levels sig-
nificantly increased but the levels of mRNAs of LPAR2 and LPAR3 were
similar with those in the non-diabetic model (Fig. 2A, B, C). Con-
sistently, LPAR1 protein expression was also significantly increased
(Fig. 2D). Since the lipid-aldehyde, 4-HNE, is one of the primary by-
products of lipid peroxidation under oxidative stress, it is considered to
be an oxidative stress marker [33]. We found that 4-HNE immuno-
fluorescence in the diabetic condition was remarkably higher than that
of the vehicle control mice (Fig. 2E).

3.5. AM095 treatment suppresses ROS production by down-regulating
NADPH oxidase and TLR4 protein expression in mesangial cells treated with
LPA and in diabetic mice

To investigate whether AM095 suppresses LPA-mediated ROS pro-
duction, we measured ROS production in LPA-treated SV40 MES13
cells, a mouse mesangial cell line, using flow cytometry. We found that
LPA treatment increased ROS production, whereas AM095 treatment
significantly inhibited this increase by around 50% compared with that
in LPA only-treated cells (Fig. 3A, B). Consistently, LPA-mediated ROS
production was suppressed in cells pretreated with TLR4 inhibitor
(TLR4-IN-C34) (Supplementary Fig. 2). Considering that NADPH oxi-
dase is implicated in cellular ROS production [34], we investigated
whether LPA activates NADPH oxidase. NADPH oxidase protein ex-
pression level increased in response to LPA, whereas AM095 attenuated
this rise in mesangial cells (Fig. 3C). Similarly, NADPH oxidase mRNA
(Fig. 3D) and protein (Fig. 3E) expressions were increased in the kidney
of diabetic mice and were decreased by AM095 treatment. TLR4 acti-
vates the inflammatory response and simultaneously activates NADPH
oxidase, which is the main pathway for ROS production [34]. Thus, we
next investigated whether LPA directly induces TLR4 expression in
SV40 MES13 cells. LPA increased TLR4 protein expression, which was
reduced by AM095 treatment (Fig. 3F). In addition, TLR4 mRNA
(Fig. 3G) and protein (Fig. 3H) expressions were increased in diabetic
mice and reduced in AM095-treated mice, particularly at 30mg of
AM095.

Table 1
Effect of AM095 treatment on physiological parameters of STZ-induced diabetic mice.

Characteristic CV SV S10A S30A S10L

Body weight (g) 29.1 ± 0.5 25.5 ± 0.7 † 25.8 ± 0.5 25.7 ± 0.5 26.0 ± 0.6
Kidney weight (g) 0.31 ± 0.006 0.37 ± 0.005† 0.37 ± 0.02 0.35 ± 0.007§ 0.35 ± 0.008§

HbA1C (%) 4.37 ± 0.05 9.62 ± 0.19† 8.87 ± 0.29§ 8.68 ± 0.30§ 8.52 ± 0.35§

Blood glucose (mg/dl) 139 ± 5.04 430.77 ± 12.92† 354.28 ± 17.91§ 341.77 ± 15.23‡ 339.08 ± 28.17§

Food intake (g/g per day) 0.15 ± 0.01 0.32 ± 0.02† 0.30 ± 0.02 p=0.09 0.29 ± 0.02§ 0.27 ± 0.02§

Water intake (ml/g per day) 0.14 ± 0.01 0.74 ± 0.08† 0.70 ± 0.09 0.48 ± 0.06§ 0.49 ± 0.07§

Urine volume (ml/g per day) 0.03 ± 0.004 0.67 ± 0.08† 0.49 ± 0.07 0.39 ± 0.07‡ 0.34 ± 0.08‡

24 h albuminuria (mg) 1.18 ± 0.180 4.09 ± 0.289† 3.67 ± 0.339 3.23 ± 0.324p=0.09 3.14 ± 0.429
Albumin/creatinine ratio (μg/mg) 0.028 ± 0.003 0.065 ± 0.008† 0.046 ± 0.005p=0.08 0.041 ± 0.005§ 0.037 ± 0.007§

Albuminuria, albumin/creatinine ratio at 4 weeks; other parameters collected at 8 weeks, HbA1c: glycosylated hemoglobin. Data are shown mean ± SEM; CV:
control-vehicle SV: STZ-vehicle S10A: STZ-10 mg AM095 S30A: STZ-30 mg AM095. S10L: STZ-10 mg Losartan. †p < 0.01 vs. CV; ‡p < 0.01 vs. SV; §p < 0.05 vs.
SV, The noted p value vs. SV (n= 10).
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3.6. AM095 treatment suppresses the expression of pro-inflammatory
cytokines and fibrotic factors through NF-κB and JNK signaling pathways in
mesangial cells treated with LPA

We further assessed whether LPA induces pro-inflammatory cyto-
kines and if this induction is inhibited by AM095 in vitro. The ex-
pressions of TNFα, IL1β, IL6, monocyte chemoattractant protein-1
(MCP-1), and TGFβ1 were significantly increased by LPA, and these
increases were significantly ameliorated in the presence of AM095,
except for IL6 and MCP1, which did not reach significance (Fig. 4A–E).
LPA treatment increased phosphorylation of NFκBp65 (p65) and JNK,
and AM095 suppressed their activation (Fig. 4F, G). In contrast, phos-
phorylated ERK expression was comparable among all experimental
conditions (Fig. 4G, Supplementary Fig. 3).

3.7. LPA-induced expression of cytokines and fibrotic factors are mediated
by TLR4 and NADPH oxidase

Our data from in vitro studies suggest that AM095 suppresses LPA-
induced TLR4 expression as well as NADPH oxidase expression.
Therefore, we determined whether the expression of inflammatory cy-
tokines and fibrotic factors is inhibited by TLR4 or NADPH oxidase
inhibition in mesangial cells. LPA-induced expressions of TNFα and
TGFβ1 were inhibited in the presence of TLR4-IN-C34, a TLR4

inhibitor, and the expressions of TNFα, IL6, MCP1, and TGFβ1 were
significantly inhibited by VAS2870, an NADPH oxidase inhibitor
(Fig. 4H–K). None of the inhibitors suppressed the LPA-induced in-
crease in fibronectin levels (Fig. 4L). Moreover, TLR4 knock-down
using siRNA technique also significantly suppressed LPA-induced in-
flammatory cytokines and fibrotic factors expression compared with
control siRNA transfected cells (Supplementary Fig. 4). Taken together,
this inhibition pattern is similar to the effect of AM095 on SV40 MES13
cells exposed to LPA, suggesting that these two signaling pathways are a
potential target of AM095.

3.8. AM095 treatment inhibits the expression of pro-inflammatory
cytokines and fibrotic factors in the kidney of STZ-induced diabetic mice

To examine whether AM095 treatment affects the expression of pro-
inflammatory cytokines and fibrotic factors in the kidney of STZ-in-
duced diabetic mice, we checked the mRNA expression of inflammatory
cytokines and fibrotic factors. The expressions of TNFα and IL1β were
not increased by STZ treatment; however, IL6 was upregulated. In
contrast, the expressions of TNFα, IL1β, and IL6 were significantly
suppressed by 30mg of AM095 (Fig. 5A–C). Interestingly, MCP1 ex-
pression levels were low in all the STZ-induced diabetic groups com-
pared with the control-vehicle mice (Fig. 5D). TGFβ1 is well known for
upregulating fibrotic factors [32]. TGFβ1 and fibronectin were
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Fig. 1. AM095 treatment reduces glomerular injury in the kidney of STZ-induced diabetic mice. STZ-induced diabetic mice were administered either vehicle, AM095
(10 or 30mg/kg orally), or losartan (10mg/kg orally) for 8 weeks and then sacrificed. Non-diabetic mice were administered with vehicle as a control. (A)
Representative image of renal tissue stained with hematoxylin and eosin (HE) or periodic acid-Schiff (PAS) for evaluation of mesangial matrix expansion. (B)
Glomerular surface area and (C) glomerular tuft area were quantified using 30 glomeruli per mouse using ImageJ Software (n= 5) (D) The level of serum blood urea
nitrogen (BUN) and (E) serum creatinine (CREA) were measured (n= 10–15); CV: control-vehicle; SV: STZ-vehicle; S10A: STZ-10 mg AM095; S30A: STZ-30 mg
AM095; S10L: STZ-10 mg Losartan. *p < 0.05 vs. CV; #p < 0.05 vs. SV.
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upregulated by STZ treatment, and these increases were reduced by
30mg/kg of AM095 or losartan (Fig. 5E, F). Moreover, the protein
expression levels of some key fibrotic mediators (COL1A and TIMP1)
were significantly upregulated by STZ treatment and statistically re-
duced by AM095 treatment (Fig. 5G–I). In agreement with the fi-
bronectin mRNA data, immunohistochemical staining for fibronectin in
kidney tissue significantly increased in diabetic mice; however, it was
reduced in AM095-treated diabetic mice (Supplementary Fig. 5).

4. Discussion

Recent studies have indicated that LPARs antagonism improves
renal dysfunction in type 2 diabetic models [32,35]. Here, we demon-
strated that a LPAR1-specific antagonist, AM095, attenuates diabetic
nephropathy in a type 1 diabetic model through suppressing directly
and/or indirectly the ROS-mediated inflammatory response. We further
suggested that TLR4 and TLR4-dependent NADPH oxidase play a cri-
tical role in the pathogenesis of DN by downregulating NF-κB and JNK
signaling.

Serum LPA and autotaxin levels are associated with proteinuria and
kidney failure in the type 2 diabetic condition [27,36]. LPAR1-4 are
expressed in the kidney tissue under normal conditions [37]. LPAR1

activation promotes tubulointerstitial fibrosis in mice given unilateral
ureteral obstruction [26]. Our recent study and others have also de-
monstrated that LPARs-mediated signaling is activated in mesangial
cells exposed to high glucose and in the renal cortex of a type 2 diabetic
mouse model, whereas ki16425 or BMS002 treatment (antagonists for
LPAR1/3) attenuated glomerular injury and recovered kidney dys-
function [32,35]. Consistent with these, our current study showed that
LPAR1 expression is elevated in kidney of a STZ-induced diabetic mice.
However, ki16425 and BMS002 have antagonistic effects for both
LPAR1 and LPAR3 [32,35]. Thus, it is difficult to exclude the effects of
antagonism on LPAR3 under pathogenic conditions, even though the
expression of LPAR3 in renal cortex was not changed in the diabetic
condition in our previous study [32]. In contrast, Zhang et al. showed
that both LPAR1 and 3 are significantly increased in endothelial nitric
oxide synthase-knockout (eNOS−/−) db/db mice [35]. AM095 is well
known as an antagonist for LPAR1 [30]. This characteristic of AM095
makes it more suitable for evaluating the role of LPAR1 on pathogenesis
of DN, and thus, was used in the present study.

Our data showed that AM095 treatment significantly decreased
blood glucose levels, although mildly, in two different cohorts of STZ-
induced diabetic mice. This result is inconsistent with our previous
study using ki16425 in the db/db mouse model, in which there was no
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Fig. 2. The increase of LPAR1 expression is correlated with increase of oxidative stress in the kidney of STZ-induced diabetic mice. Total mRNA and proteins were
extracted from kidney tissues of 16-week-old control and STZ-induced diabetic mice. (A–C) mRNA levels of (A) LPAR1, (B) LPAR2, and (C) LPAR3. (D) Protein levels
of LPAR1 with a representative Western blot. (E) The kidney tissues were fixed in formalin, and then, subjected to immunohistochemical detection of 4-HNE (dark
brown) as a marker for oxidative stress. *p < 0.05, (n= 5).

J.H. Lee, et al. BBA - Molecular Basis of Disease 1865 (2019) 1332–1340

1336



effect on blood glucose levels [32]. However, Rancoule et al. reported
that LPAR antagonism using ki16425 significantly reduced blood glu-
cose by increasing the number of islets and insulin secretion, as well as
insulin sensitivity in liver and muscle in high fat diet-induced obese
mice [27]. The discrepancy between these studies might be due to the
different diabetic mouse models and the differences in the degree of
affinity for LPAR1 between AM095 and ki16425.

Histological analysis of the kidney showed that AM095 adminis-
tration reduced the impairment of kidney structure as shown by a
smaller glomerular surface area and tuft area in the AM095 treatment
group compared to the STZ-vehicle group. The therapeutic effect at
30 mg AM095 was also comparable with losartan treatment group.
These results are consistent with our previous reports and others using a
type 2 DN mouse model [32,35]. Taken together, the results indicated
that AM095 administration may effectively improve kidney function by
recovering the damaged kidney structure by reducing inflammatory
mediated fibrosis.

Increasing evidence indicates that oxidative stress and ROS po-
tentiate the development of DN [38]. Our data showed that the increase
of LPAR1 expression in the kidney of STZ-induced diabetic mice was

correlated with the increase of the detection of 4-HNE, a marker of
oxidative stress. In addition, LPA increased ROS production in me-
sangial cells, and AM095 reduced this elevated ROS production. These
data strongly suggested that AM095 treatment may inhibit renal da-
mage by reducing ROS production.

Cellular ROS production is mediated by NADPH oxidase [39]. Our
data showed that the expression of NADPH oxidase expression was
increased by LPA treatment in SV40 MES13 cells and in the kidney of
diabetic mice. This increase may, in turn, induce ROS production. TLR4
is an innate immune receptor classically activated by lipopoly-
saccharide in immune cells or by endogenous ligands in nonimmune
cells [18,19]. TLR4 can activate the NF-κB pathway leading to in-
flammatory cytokines production. In diabetic patients, TLR4 expression
and activation of its downstream signaling is observed in various cell
types and organs [16,20]. As it is known that TLR4 also activates
NADPH oxidase, leading to ROS production, we examined the changes
of TLR4 expression in LPA-treated SV40 MES13 cells. We found that
LPA treatment increased TLR4 expression in SV40 MES13 cells as well
as in the kidney of diabetic mice. Consistent with our result, it has been
previously reported that LPA increases TLR4 expression in THP-1 cells
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Fig. 3. AM095 treatment suppresses ROS production by down-regulating NADPH oxidase and TLR4 protein expression in mesangial cells treated with LPA and in
diabetic mice. Mesangial cells were treated with or without AM095 with 5 μM of LPA for 3 h. ROS production levels were measured by flow cytometry by analyzing
up to 1× 104 cells. (A) Representative image of mesangial cells after treatment with either LPA, AM095, or both (L+A) (Original magnification, ×100). (B) ROS
production levels with representative histogram of flow cytometry. (C) Protein levels of NADPH oxidase or (F) TLR4 with a representative Western blot. *p < 0.05
vs. control, #p < 0.05 vs. LPA; n= 3–5. STZ-induced diabetic mice were treated with either vehicle (SV), or 10 (S10A) or 30 (S30A) mg of AM095. Mice not treated
with STZ were used as a control (CV). (D) NADPH oxidase mRNA and (E) NADPH oxidase protein, (G) TLR4 mRNA and (H) TLR4 protein levels. *p < 0.05 vs.
control, #p < 0.05 vs. SV. (n= 6–8).
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[19]. Furthermore, our study showed that LPA induced TLR4 expres-
sion was blocked by LPA antagonism using AM095 in SV40 MES13 cells
and in the kidney of diabetic mice, suggesting that the TLR4/NF-κB
pathway plays an important role in the development of DN.

The activation of TLR4 by LPA may have dual functions. First, TLR4
can directly induce pro-inflammatory cytokines expression through
phosphorylation of NFκBp65. Second, TLR4 can also activate NADPH
oxidase, thereby increasing ROS production followed by elevated
phosphorylation of NFκBp65 and JNK in LPA-treated mesangial cells.
These two pathways may contribute to the induction of inflammatory
molecules expression in the kidney. When we pretreated SV40 MES13
cells with pharmacological inhibitors for TLR4 or NADPH oxidase be-
fore challenging them with LPA, LPA-induced deleterious effects were
reduced, as shown by the reduced pro-inflammatory cytokines and fi-
brotic factors expression. Moreover, TLR4 knockdown using siRNA
technique also suppressed expressions of inflammatory cytokines and
fibrotic factors. Collectively, these data suggested that the TLR4 and
NADPH oxidase systems are important mediators of AM095 action to
prevent the deleterious effects of LPA.

The expressions of IL6, TNFα, and IL1β, major pro-inflammatory
cytokines secreted during tissue damage [40], are decreased in the
kidney of AM095 treated mice compared with STZ-vehicle group.
However, the expression of the inducer of microphage infiltration,

MCP1, involved in early stage of inflammatory response was lowest
expressed in STZ-vehicle group [41]. These results suggest that STZ-
vehicle group may be further progressed in pathological stage com-
pared with other treatment groups. The expression of fibrotic factors is
regulated by inflammatory cytokines [42]. We found that the expres-
sion of TGFβ1 and fibronectin was higher in the diabetic condition and
was lowered by AM095 treatment. Consistent with these data, the ex-
pressions of fibrotic factors, such as collagen and TIMP-1, were also
reduced in the kidney of AM095-treated mice. Taken together, these
data indicated that the decrease in inflammatory cytokine expression by
AM095 treatment may contribute to the reduction of expressions of
fibrotic factors.

5. Conclusion

Our study showed that blocking LPAR1 signaling by AM095 was
highly effective in reducing the pathogenesis of DN by regulating TLR4
and NADPH oxidase directly associated with ROS production and pro-
inflammatory signaling cascades activated by LPA in diabetic mice.
LPAR1 antagonism might provide a potential target for therapeutic
strategies to prevent or treat the development of DN.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.02.001.

0

5

10

IL
6 

m
R

N
A

(R
el

at
iv

e 
ra

tio
) **

##

A B C

D E

0.0
0.5
1.0
1.5
2.0
2.5

TG
Fb

1 
m

R
N

A
(R

el
at

iv
e 

ra
tio

) *
# #

0
10
20
30
40
50

TN
F

m
R

N
A

(R
el

at
iv

e 
ra

tio
) *

#
#

F

I

0

10

20

30

TN
F

m
R

N
A

(R
el

at
iv

e 
ra

tio
) *

#

* #

Control LPA   AM095  L+A

Control    LPA   AM095  L+A
0
5

10
15
20
25
30

M
C

P1
 m

R
N

A
(R

el
at

iv
e 

ra
tio

)

*

#

p=0.09

Control   LPA    AM095     L+A

p-p65

p65

LPA
AM095

-
-

+
-

-
+

+
+

Control    LPA   AM095  L+A Control  LPA  AM095  L+A

H

0.0

1.0

2.0

3.0

TG
Fb

1 
m

RN
A

(R
el

a�
ve

 ra
�o

)

*

* #
#

0.0

0.5

1.0

1.5

2.0

IL
1b

 m
R

N
A

(R
el

at
iv

e 
ra

tio
) 

*

# #

0.0

1.0

2.0

3.0

4.0

IL
6 

m
R

N
A

(R
el

at
iv

e 
ra

tio
) *

# P=0.08

J

0

20

40

60

80

M
C

P1
 m

R
N

A
(R

el
at

iv
e 

ra
tio

) 

*

#

LK

0.0
0.5
1.0
1.5
2.0

Fi
br

on
ec

tin
 m

R
N

A
(R

el
at

iv
e 

ra
tio

) p=0.09

G

p-Erk1/2

Erk1/2

p-JNK

JNK

GAPDH

LPA
AM095

-
-

+
-

-
+

+
+

0.0

0.5

1.0

1.5

2.0

  p
-p

65
 p

ro
te

in
 (R

el
at

iv
e 

ra
tio

) *
#

0.0

0.5

1.0

1.5

2.0

  p
-J

NK
 p

ro
te

in
 (R

el
at

iv
e 

ra
tio

) *
#

Fig. 4. AM095 treatment suppresses the expression of pro-inflammatory cytokines and fibrotic factors through NF-κB and JNK signaling pathways in mesangial cells
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