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Abstract

Context. Recent evidence has
stressed that many proinflammatory factors
are particularly conducive to the progression
of diabetic nephropathy, but the mechanisms
underlying the changes are poorly
understood.

Objective. The purpose of this
study was to investigate if up-regulated
expression of both phospholipase A2 (PLA2)
and cyclooxygenase-2 (COX-2) is involved
in renal damage and micro-inflammatory
state in streptozotocin-induced diabetic rats.

Animals and methods. Sixteen
Sprague Dawley rats were randomly divided
into 2 groups: control group and diabetes
group. Animals in diabetes group were
treated with intraperitoneal injection of
streptozotocin. Eight weeks later, rat renal
tissue was studied with light and transmission
electron microscopes, and PLA2 and COX-2
and their mRNA expression were examined
by immunohistochemistry and reverse
transcription polymerase chain reaction,
respectively.

Results. The renal pathological
lesions in diabetes group were obvious,
including increased amounts of mesangial
matrix, thickening of the glomerular and
tubular basement membranes and fusion and
effacement of the adjacent podocyte foot

processes. Infiltrating inflammatory cells
were observed in the tubules. Compared with
control group, the expression of cytosolic
PLA2 and COX-2 was significantly
increased in diabetes group.

Conclusions. It uncovers that the
PLA2-COX-2 pathway may lead to renal
inflammation associated with renal damage
in streptozotocin- induced diabetic rats.
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INTRODUCTION

Diabetic nephropathy is a
diabetic microvascular disease. The
pathogenesis is very complicated. In
recent years, much attention has been
paid to inflammatory mechanism of
diabetes mellitus. It is recognized
that renal inflammation is an early
manifestation of diabetic vascular disease
(1). However, the role of inflammation
in diabetic nephropathy is still unclear.

Both PLA2 and COX-2 are
important regulatory substances, which
are two activators of the inflammatory
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reaction (2-3). We hypothesized that
one source of pathogenesis in diabetic
renal injury may be associated with up-
regulated or over-activated expression of
both PLA2 and COX-2. Hence, properly
inhibiting the expression of PLA2 and
COX-2 will be a potentially attractive
way to prevent and treat diabetic
nephropathy.

Although many reports (4-7)
showed that high glucose may cause
up-regulation of cyclooxygenase-2, to
our knowledge, no experiments have
yet been conducted on the association
between the PLA2 - COX-2 pathway and
renal inflammation directly, especially
in diabetes mellitus. Therefore, in
the study, we investigated if the
PLA2-COX-2 pathway leads to renal
inflammation in streptozotocin - diabetic
rats, and if this micro-inflammatory state
can be associated with renal damage in
streptozotocin - diabetic rats.

MATERIALS AND METHODS

Animals and drug administration

Sixteen Sprague Dawley male
rats, aged 10 weeks and weighing
between 250-280 g, were obtained
from the Animal Center of Shanghai
Laboratory affiliated Chinese Academy
of Sciences. Sixteen fasted rats were
randomly divided into control group
(C group, n = 8) and diabetes group (D
group, n = 8). D group was treated with
intraperitoneal injection of streptozotocin
(Sigma, St. Louis, MO, USA) 60 mg/kg
in 0.1 M sodium citrate buffer at
pH 4.5 once in each rat. The rats in C
group were injected with sodium citrate
buffer alone. In addition, rats with blood
glucose levels greater than 16.7 mmol/L
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were considered diabetic in D group.

All animal procedures
conformed to the Guide for the Care
and Use of Laboratory Animals of the
National Institutes of Health as well as
the guidelines of the Animal Welfare
Act.

Tissue preparation

Eight weeks following the
establishment of diabetes, the rats in
both C and D groups were sacrificed
by intraperitoneal administration of
ketamine (35mg/kg body weight).
Immediately, all right kidneys were
carefully excised and immersed in 4%
paraformaldehyde. The fixed kidneys
were dehydrated through a graded
series of ethanol solutions, embedded
in paraffin waxes, sectioned at 4-pm
thickness, and placed onto glass slides,
which made preparations for the further
light microscopic evaluation and
immunohistochemical analysis. All left
kidneys were removed, decapsulated,
and divided into cortical and medullary
portions.

The cortex tissue (1 mm?) was
immersed in primary fixative (2.5%
glutaraldehyde,  phosphate  buffer,
pH 7.2) for the further electron
microscopic evaluation.

Histopathology and immuno-
histochemistry
Renal tissue sectioned at 4-um
thickness was stained with haematoxylin
and eosin for light microscopic
evaluation. Immunohistochemistry was
performed as follows:
1. The renal tissue sections were
blocked with the goat serum, and then
incubated with rabbit anti-rat PLA2 and
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COX-2 antibodies (Cayman Chemical,
USA) diluted 1:100 and stayed overnight
at4°Crespectively. As control, phosphate
buffered saline (PBS) was used in place

of the primary antibodies.

2. Immunocomplexes were
visualized using diaminobenzidine
tetrahydrochloride.

3. Thehandlingtissue sections were
observed under the light microscope, and
the PLA2 and COX-2 positive proteins
were expressed as brown particles in the
cytoplasm.

Electron microscopy

The cortical tissues were taken
and fixed with a 2.5% glutaraldehyde
fixative solution (pH 7.2~7.4). After
rinsing with 0.1 M PBS three times for 5
minutes, tissues were post-fixed with 1%
osmium tetroxide for 2 hours.

Dehydration was accomplished
by gradual ethanol series (30%, 50%,
70%, 80%, 90% and 100%), and tissues
were embedded in epoxy resin. Ultrathin
sections (70 nm) were stained with
uranyl acetate and lead citrate. Sections
were then viewed and photographed
with a transmission electron microscope
(JEM1200, Japan).

Cytosolic PLA2 and COX-2
mRNA expression

The total RNA of the renal
tissue was extracted using Trizol reagent
(Invitrogen, USA) according to the
manufacturer’s instructions. The OD
values and concentrations were measured
by an ultraviolet spectrophotometer.

The integrity of the RNA was
identified using RNA electrophoresis.
cDNA was acquired by reverse
transcription as Oligo dT - Adaptor used

as a random primer. The gene-specific
primer was designed and the target gene

was amplified by PCR.
The primers for cytosolic
PLA2 (cPLA2) were 5’ -
GTCACCAA CTTGITCICA AACCCAT -
3’ (sense) and 5’ -

CAACTCCACCAGAATCTCACT-3’
(antisense), and the determined peptide
was 497 bp. The primers for COX - 2 were
5’-CAACAAAGTGAGCAAGTCCGT-
3’ (sense) and 5’ -
ACACTCTATCACTGGC ATCCG - 3’
(antisense), and the determined peptide
was 124 bp. The primers for GAPDH were
5" - TCCCTCAAGATTGTCA GCAA -
3’ (sense) and 5’ -
AGATCCACAAACGGATACATT - 3’
(antisense), and the determined peptide
was 308 bp.

The results were analyzed by
Tianneng gelatin analysis software
(GIS-2800, Shanghai Tanon Science and
Technology Co. Ltd.).

Statistical analyses

The Statistical Package for the
Social Sciences (SPSS version 11.0) was
used to analyze data. All results were
expressed as mean = SD and differences
between groups were evaluated by
Student’s t-tests. A P value of less
than 0.05 was considered to indicate
significance.

RESULTS

Body weight and blood glucose
There were no significant
differences in rat body weight and blood
glucose between two groups before the
experiment. We next monitored body
weight and blood glucose in two groups
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before and at the end of the experiment.

Three rats died in D group during
the study. All five surviving rats in D
group presenting higher plasma glucose
levels (20.66 + 0.75 mmol/L) were
considered diabetic and then included in
the study.

The rats in D group had lower
body weight and higher blood glucose
levels (p < 0.01) than the control animals
in C group (Table 1).

Pathological analyses

Under light microscope (400 -
times magnification), the renal lesions
in D group were obvious, which showed
increased amounts of mesangial matrix
and thickened glomerular basement
membranes. Both  glomeruli and
tubules became dilated. In addition,
infiltrating inflammatory cells could be
seen in the tubules. Under transmission
electron microscope, the ultrastructure

Table 1. Rat body weight and blood glucose before and at the end of the experiment

body weight (g) blood glucose (mmol/L)
Group
before end before end
C 200.88+4.75(8)  331.24+28.90 (8) 4.6020.60 (8) 4.06+0.44 (8)

D 202.34+8.48%(8)  268.90+47.67#(5)  4.39+0.74%* (5) 20.66+0.75# (5)

Data were expressed as mean + SD. # P<0.01, * P> 0.05, D group compared with C group. The results show that the
diabetic rats had lower body weight (268.90+47.67g) and higher glucose level (20.66+0.75 mmo/L) than the control
rats at the end of the experiment. n, number of rats.

c R . ,
Figure 1. The histopathology of the rat renal glomeruli and tubules under light microscope. The renal
lesions in diabetes group were obvious. The results showed that the glomerular volume and the
amounts of mesangial matrix (A: Control group; B: Diabetes group) were increased and both glomeruli

and tubules became dilated (C: Control group; D: Diabetes group) (magnification, x400).
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of the kidney was intact and distinct
in C group. The capillary basement
membrane was uniform. Nevertheless,
in D group, the irregular thickness of
the glomerular filtration membrane was
evident. Tubular basement membranes
were also thick. Moreover, the fusion
and effacement of the foot processes
could be observed (Figs. 1 and 2).

Immunohistochemical analyses
We first analyzed both COX-
2 and cPLA2 in C and D groups by
immunohistochemical analyses. Our
results showed that the expression of

cPLA2 and COX-2 proteins was negative
in C group. In the D group, it showed
positive staining in renal tubules and
interstitial areas (Fig. 3). These results
suggested that hyperglycemia increased
the expression of PLA2 and COX-2.

cPLA2 and COX-2 mRNA
expression

The RT-PCR amplification of
cPLA2 and COX-2 mRNA in the D
group showed strongly positive bands,
whereas, in the C group, it showed
moderate or weak bands (Fig. 4), which
revealed that the mRNA expression

Figure 2. The ultrastructure of the rat renal tissue under transmission electron microscope.The
glomerular basement membrane (GBM), the foot process of the podocyte (A: Control group; B:
Diabetes group, magnification, x33000) and the tubular basement (C: Control group; D: Diabetes
group, magnification, x1850) are indicated by arrows. In control group, the ultrastructure of the renal
tissue was intact and distinct. In addition, the capillary basement membrane was uniform. In diabetes
group, the irregular thickness of the GBM was evident. The tubular basement membranes were thick.
Moreover, fusion and effacement of the foot processes could be seen.
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Figure 3. The immunohistochemical results of PLA2 and COX-2 in tubules and interstitial areas in
different groups. The expression of COX-2 (A: Control group; B: Diabetes group) and PLA2 (C: Control
group; D: Diabetes group) proteins was negative in control group. Nevertheless, it was strongly positive
in tubules and interstitial areas in diabetes group (magnification, x200).

levels of cPLA2 and COX-2 were
significantly increased in the diabetic
rats compared with that in the normal
control group (Fig. 4 and Table 2).

DISCUSSION

Diabetes mellitus is a metabolic
disorder that results in hyperglycemia
and the development of complications
including microvascular (retinopathy
and nephropathy) and macrovascular
(atherosclerosis) diseases. As a severe
microvascular complication of diabetes
mellitus is associated with the highest
mortality (8), diabetic nephropathy
is one of the most important causes
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for chronic renal failure and the end-
stage renal disease, which may need
renal replacement therapy worldwide.
Although both glomerular hyperfiltration
and renal hypertrophy are considered
important in the development of diabetic
nephropathy, the pathogenesis of
diabetic nephropathy remains unclear.

The Kimmelstiel - Wilson
nodule, an expansion of the glomerular
mesangium, is positively associated
with diabetic nephropathy. Some reports
showed that hyperglycemia contributes to
an increase in the deposition of advanced
glycation endproducts in glomeruli
leading to mesangial expansion even
early on in diabetes (9-11).



PLA2 and COX-2 Induce Diabetic Nephropathy

D

GAPDH 308bp

COX-2 124bp

PLA2 497bp
GAPDH 308bp

C2 D2 D1

C1 C2 D2 D1 Cl1

C Marker

Marker

Figure 4. The mRNA expression levels of cPLA2 and COX-2 in the different rat groups. Total RNA of the
renal tissue was extracted from control group and diabetes group. Relative amounts of cPLA2 and COX-
2 mRNA were measured by semi-quantitative RT - PCR, and GAPDH was used as an internal reference.
It showed that the mRNA expression levels of cPLA2 and COX-2 in the rat kidneys were higher in

diabetes group than in control group (C = Control group; D = Diabetes group).

Table 2. The cPLA2 and COX-2 mRNA expression by semi-quantitative analysis

Group COX-2 mRNA (n) cPLA2 mRNA (n)
C 0.342+0.016 (8) 0.819+0.069 (4)
D 0.474+0.012 # (5) 0.969+0.076* (4)

Data were expressed as mean +SD of four to eight independent samples for each group. C group compared with

D group, *P<0.05, #P<0.01. n = number.

According to our findings, in
diabetic rats, both glomeruli and tubules
became dilated. In addition, thickening
of the glomerular and tubular basement
membranes, mesangial proliferation and
infiltrating inflammatory cells could be
observed. All these reflect a possible

association between renal damage and
inflammation in diabetic rats. Of course,
the pathological changes observed in
induced diabetic rats may not represent
what happens in human diabetic
nephropathy.

Recent evidence has stressed

29



Y.L. Lu et al.

that inflammation is particularly
conducive to the progression of diabetic
micro- and macro-angiopathy. Renal
pathologic changes consist of renal blood
vessel media hypertrophy, focal and
segmental glomerulosclerosis, tubular
atrophy and interstitial inflammation
and fibrosis, which are associated with
greater levels of transforming growth
factor (TGF)-B1, nuclear transcription
factor (NF-kB) and cytosolic phospho-
IkB-a, and inflammatory markers
expression such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1)
and Mphi chemoattractant monocyte
chemoattractant protein-1 (MCP-1) (12).

A number of proinflammatory
factors that occur in diabetes appear to
play a role, but the mechanisms leading
to glomerular hyperfiltration in diabetes

Membrane phospholipids

Phospholipase A2

Arachidonic acid +

Cyclooxygenase-2 Hyperglycemia

PGG 2 T
PG hydroperoxidase ¢ ] .
PGH2 Diabetic rats

PGF 2 PGE 2

N/

Renal Inflammation

l

Diabetic nephropathy

Figure 5. The coordinate activation of
phospholipase A2 and cyclooxygenase-2 may
induce renal inflammation in streptozotocin-
diabetic rats. Prostaglandin E2  (PGE2),
prostaglandin G2 (PGG2), prostaglandin H2
(PGH2), prostaglandin F2 (PGF2).
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are poorly understood (13). Previous
studies showed that mesangial cells from
diabetic rats cultured with high glucose
exhibited higher activity levels of cPLA2
and secreted phospholipase A2 (sPLA2)
than those cultured with physiologic
level of glucose (14,15). Moreover,
cPLA2 could act together with sSPLA2 to
liberate arachidonate (16-18). All these
suggest that increased activity levels
of glomerular cPLA2 and sPLA2 may
promote the progression of early diabetic
glomerular hyperfiltration in the course of
diabetic nephropathy. Nevertheless, the
role of sPLA in promoting arachidonic
acid release in mammalian cells is much
less clear than for cPLA2 and is under
active investigation (18).

Furthermore, it was reported
that various cytokines such as
interleukin-1b, tumor necrosis factor-a
can induce the expression of COX-
2 (19), resulting in damage to renal
blood vessels and glomerular filtration
membranes.  Treatment  with  the
selective COX-2 inhibitor can attenuate
the development of diabetic nephropathy
in rats (3). Hence, it is considered that
COX-2, a downstream enzyme of
cPLA2 and secreted phospholipase A2
(sPLA2), plays an important role in
the inflammatory process of diabetic
nephropathy.

Under a normal condition, COX-
2 is expressed at low or undetectable
levels but is readily up-regulated
by a wide range of inflammatory
mediators (20), physical stimuli (21)
and high blood glucose (4-7). It is
widely known that PLA2 catalyses the
liberation of arachidonic acid from cell
membrane phospholipids, and COX-
2 uses arachidonic acid as a substrate
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to generate inflammatory mediators
like  prostaglandins  (prostaglandin
E2, prostaglandin F2 alpha) and
thromboxane A2 (22-24). In addition,
PLA2 activates or is activated by some
inflammatory factors, such as NF-kB
and signal transducers and activators of
transcription-3 (STAT3) (25). Moreover,
over-expression of both PLA2 and COX-
2 in cells can lead to produce high levels
of prostaglandins, because a coordinate
activation of PLA2 and COX-2 is
necessary to produce significant amounts
of prostaglandins (26).

In this study, the expression
of both cPLA2 and COX-2 in
kidney was increased, and moderate
immunoreactivity was observed in
renal tubules and interstitial areas of
streptozotocin - diabetic rats. These
hint that elevated cPLA2 and COX-
2 - mediated inflammatory response
contributes to the development of
diabetic nephropathy (Fig. 5).

In conclusion, in the study
the renal tissue of the diabetic rats
had significant destruction including
increased extracellular matrix, thickened
basement membranes, fused foot
processes and infiltrating inflammatory
cells, which may be induced through the
cPLA2 — COX - 2 pathway.

Acknowledgement

This work was supported by a
grant of 07JC14042 from the Science and
Technology Commission of Shanghai
Municipality of China.

Conlflict of interest
The authors declare that there are
no conflicts of interest.

References

1. Okada T, Nagao T, Matsumoto H, Nagaoka
Y, Wada T, Nakao T. Histological predictors for
renal prognosis in diabetic nephropathy in diabetes
mellitus type 2 patients with overt proteinuria.
Nephrology (Carlton) 2012;17(1):68-75.

2. Paik JK, Kim JY, Kim OY, Lee Y, Jeong
TS, Sweeney G, Jang Y, Lee JH. Circulating
and PBMC Lp-PLA2 associate differently with
oxidative stress and subclinical inflammation in
nonobese women (menopausal status). PLoS One
2012;7(2):29675.

3. Komers R, Lindsley JN, Oyama TT, Anderson
S. Cyclo-oxygenase-2 inhibition attenuates the
progression of nephropathy in uninphrectomized
diabetetic rats. Clin Exp Pharmacol Physiol.
2007;34: 36-41.

4. Cosentino F, Eto M, De Paolis P, van der
Loo B, Bachschmid M. High glucose causes
upregulation of cyclooxygenase-2 and alters
prostanoid profile in human endothelial cells role
of protein kinase C and reactive oxygen species.
Circulation 2003;107: 1017-1023.

5. Hsieh PS, Lu KC, Chiang CF, Chen CH.
Suppressive effect of COX2 inhibitor on the
progression of adipose inflammation in high-
fat-induced obese rats. Eur J Clin Invest.
2010;40(2):164-171.

6. Yabuki A, Tahara T, Taniguchi K, Matsumoto
M, Suzuki S. Neuronal nitric oxide synthase and
cyclooxygenase-2 in diabetic nephropathy of type
2 diabetic OLETF rats. Exp Anim. 2006;55:17-25.
7. Guo Z, Su W, Allen S, Pang H, Daugherty
A, Smart E, Gong MC. COX-2 upregulation
and vascular smooth muscle contractile
hyperreactivity in spontaneous diabetic db/db
mice. Cardiovasc Res. 2005;67(4):723-735.

8. Giacchetti G, Sechi LA, Rilli S, Carey RM. The
renin—angiotensin— aldosterone system, glucose
metabolism and diabetes. Trends Endocrinol
Metab. 2005;16 (3):120-126.

9. Hirasawa Y, Matsui Y, Ohtsu S, Yamane K,
Toyoshi T, Kyuki K, Sakai T, Feng Y, Nagamatsu
T. Involvement of hyperglycemia in deposition of
aggregated protein in glomeruli of diabetic mice.
Eur J Pharmacol. 2008;601(1-3):129-135.

10. Heidland A, Sebekova K, Schinzel R.
Advanced glycation end products and the
progressive course of renal disease. Am J Kidney
Dis. 2001;38(4 Suppl 1):S100-106.

11. Daroux M, Prévost G, Maillard-Lefebvre H,
Gaxatte C, D’Agati VD, Schmidt AM, Boulanger

31



Y.L. Lu et al.

E. Advanced glycation end-products: im-
plications for diabetic and non-diabetic ne-
phropathies. Diabetes Metab. 2010;36(1):1-10.
12. Therrien FJ, Agharazii M, Lebel M, Lariviere
R. Neutralization of tumor necrosis factor-alpha
reduces renal fibrosis and hypertension in rats with
renal failure. Am J Nephrol. 2012;36(2):151-161.
13. Rutkowski P, Klassen A, Sebekova K, Bahner
U, Heidland A. Renal disease in obesity: the need
fo greater attention. J. Ren. Nutr. 2006;16:216-223.
14. Furuya Y, Tagami S, Hasegawa A, Ishii J,
Hirokawa J, Yoshimura H, Honda T, Sakaue S,
Aoki K, Murakami M, Kudo I, Kawakami Y.
Increased glomerular cytosolic phospholipase A2
activity of OLETF rats with early diabetes. Exp
Clin Endocrinol Diabetes 1999;107(5):299-305.
15. Vlachojannis GJ, Scholz-Pedretti K, Fierlbeck
W, Geiger H, Pfeilschifter J, Kaszkin M. Enhanced
expression of group IIA secreted phospholipase
A2 by elevated glucose levels in cytokine-
stimulated rat mesangial cells and in kidneys of
diabetic rats. Clin Nephrol. 2005;63(5):356-367.
16. Han WK, Sapirstein A, Hung CC, Alessandrini
A, Bonventre JV. Cross-talk between cytosolic
phospholipase A20 (cPLA2a) and secretory
phospholipase A2 (sPLA2) in hydrogen peroxide-
induced arachidonic acid release in murine
mesangial cells: SPLA2 regulates cPLA2a activity
that is responsible for arachidonic acid release.
J Biol Chem. 2003;278:24153-24163.

17. Mounier C, Ghomashchi F, Lindsay MR,
James S, Singer AG, Parton RG, Gelb MH.
Arachidonic Acid Release from Mammalian
Cells Transfected with Human Groups IIA
and X Secreted Phospholipase A2 Occurs
Predominantly during the Secretory Process and
with the Involvement of Cytosolic Phospholipase
A2-a. ] Biol Chem. 2004;279:25024-25038.

18. Ni Z, Okeley NM, Smart BP, Gelb MH.
Intracellular actions of group IIA secreted
phospholipase A2 and group IVA cytosolic

32

phospholipase A2 contribute to arachidonic acid
release and prostaglandin production in rat gastric
mucosal cells and transfected human embryonic
kidney cells. J Biol Chem. 2006;16:16245-16255.
19. Ferreri NR, McGift JC, Carroll MA, Quilley
J. Renal COX-2, Cytokines and 20-HETE:
Tubular and Vascular Mechanisms. Curr Pharm
Des. 2004;10(6):613-626.

20. Huang J, Siragy HM. Glucose promotes the
production of interleukine-1 and cyclooxyge-
nase-2 in mesangial cells via enhanced (pro)
renin  receptor expression. Endocrinology
2009;150:5557-5565.

21. Kim SY, Jun TW, Lee YS, Na HK, Surh Y]J,
Song W. Effects of exercise on cyclooxygenase-2
expression and nuclear factor-kappaB DNA
binding in human peripheral blood mononuclear
cells. Ann N 'Y Acad Sci. 2009;1171:464-471.
22. Narumiya S. Prostanoids and inflammation: a
new concept arising from receptor knockout mice.
J Mol Med 2009;87:1015-1022 22. Matsuoka T,
Narumiya S. Prostaglandin Receptor Signaling
in Disease. The Scientific World Journal
2007;7:1329-1347.

23. Nagai H. Prostaglandin as a Target Molecule
for Pharmacotherapy of Allergic Inflammatory
Diseases. Allergol Int. 2008;57:187-196.

24. Minghetti L. Cyclooxygenase-2 in Inflam-
matory and Degenerative Brain Diseases.
J Neuropathol Exp Neurol. 2004;63:901-910.
25.Vendramini-CostaDB, Carvalho JE. Molecular
link mechanisms between inflammation and
cancer. Curr Pharm Des. 2012;18(26):3831-3852.
26. St-Onge M, Flamand N, Biarc J, Picard S,
Bouchard L, Dussault AA, Laflamme C, James
MJ, Caughey GE, Cleland LG, Borgeat P,
Pouliot M. Characterization of prostaglandin E2
generation through the cyclooxygenase (COX)-2
pathway in human neutrophils. Biochim Biophys
Acta 2007;771(9):1235-1245.



