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Abstract
Cardiometabolic syndrome occurs with obesity and consists of pathophysiological factors that increase the risk for

cardiovascular events. Soluble epoxide hydrolase inhibition (sEHi) is a novel therapeutic approach that exerts renal and

cardiovascular protection. Although sEHi as a therapeutic approach is promising, it could be more effective for the

treatment of cardiometabolic syndrome when combined with peroxisome proliferator activated receptor g (PPARg)

agonists. We hypothesized that the PPARg agonist, rosiglitazone in combination with a sEHi (tAUCB) will provide

synergistic actions to decrease blood pressure, improve vascular function, decrease inflammation, and prevent renal

damage in spontaneously hypertensive obese rats (SHROB). SHROB were treated with rosiglitazone, tAUCB or the

combination of tAUCB and rosiglitazone for four-weeks and compared with spontaneously hypertensive (SHR) and

Wistar–Kyoto (WKY) rats. Blood pressure increased in SHROB (164+7 mmHg) and decreased 10 mmHg when treated

with rosiglitazone, tAUCB, or tAUCB and rosiglitazone. Mesenteric artery dilation to the KATP channel opener pinacidil was

attenuated in SHROB (EMax ¼ 77+7%), compared with WKY (EMax ¼ 115+19) and SHR (EMax ¼ 93+12%). Vasodilation

to pinacidil was improved by rosiglitazone (EMax ¼ 92+14%) but not tAUCB. Renal macrophage infiltration increased in

SHROB and significantly decreased with rosiglitazone or tAUCB and rosiglitazone treatment. Albuminuria was increased in

SHROB (90+20 mg/d) and was significantly decreased by the combination of tAUCB and rosiglitazone (37+9 mg/d).

Glomerular injury in SHROB was also significantly decreased by tAUCB and rosiglitazone. These results indicate that even

though sEHi or PPARg agonist have benefits when used individually, the combination is more beneficial for the

multidisease features in cardiometabolic syndrome.

Keywords: epoxyeicosatrienoic acid, kidney, metabolic syndrome

Experimental Biology and Medicine 2012; 237: 1402–1412. DOI: 10.1258/ebm.2012.012225

Introduction

Cardiometabolic syndrome is a cluster of pathophysiologi-
cal factors that has obesity associated with insulin resist-
ance, hypertension, hyperlipidemia and inflammation, all
of which increase the risk for cardiovascular disease contri-
buting to progressive renal disease.1,2 Worldwide a vast
adult population is classified as having cardiometabolic
syndrome and more adults are expected to be afflicted
with this disease as they age.2,3 Visceral obesity, the
central component of cardiometabolic syndrome, results in
insulin resistance and glucose intolerance that ultimately
leads to type 2 diabetes. The exact factors that lead to
end organ damage are unknown due to the multitude of

pathophysiological factors involved in cardiometabolic syn-
drome. Coexistence of hypertension and diabetes accounts
for 70% of patients with end-stage renal disease.4 – 6

Vascular dysfunction is also a predictor of cardiovascular
events and the severity of renal injury in metabolic syn-
drome.7 – 9 Inflammation is another factor that has been
associated with increased risks for cardiovascular events
and renal injury in cardiometabolic syndrome.7,10,11

Hence, it is difficult to predict if treatment of one or more
of these pathophysiological factors will ameliorate the pro-
gression of renal damage in cardiometabolic syndrome.

One therapeutic approach for patients with cardiometa-
bolic syndrome is multiple pharmacological interventions
to treat several components of the disease. Rosiglitazone is
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a thiazolidinedione that activates peroxisome proliferator-
activator g (PPARg) and is used in the treatment of type 2
diabetes because it improves insulin sensitivity and lipid
metabolism.12,13 PPARg agonists are also reported to have
potential benefits in treating chronic kidney diseases in
patients and animal models, as well as, exert anti-
inflammatory and antiproliferative effects.14 – 16

Another emerging therapeutic strategy that can affect
multiple components of cardiometabolic syndrome is by
using epoxyeicosatrienoic acid (EET) analogs or soluble
epoxide hydrolase inhibitors (sEHi).17 – 19 EETs are arachi-
donic acid metabolites important in maintaining renal and
cardiovascular homeostasis.17,20 EETs are metabolized by
sEH to its less active form dihydroxyeicosatrienoic acids.
A decrease in EETs can impair endothelial dilator responses
in obesity and diabetes.21,22 Inhibitors of sEH have been
shown to elevate EET levels, decrease blood pressure
and protect from renal injury in animal models of
hypertension.19,23,24

Although PPARg agonists have been demonstrated to be
beneficial, there are actions on the kidney that may counter-
act these effects with long-term treatment.25,26 Sodium and
water retention are frequently observed during PPARg
agonist treatment and this fluid retaining state could be det-
rimental to patients with congestive heart failure.25,26

Interestingly, sEHi and EETs are natriuretic and help to
maintain fluid and electrolyte homeostasis.20,27 Therefore,
the combination of rosiglitazone and sEHi could have less
edema in humans and this therapeutic approach for cardio-
metabolic syndrome have not been fully investigated. In
this study we used an animal with a genetic predisposition
to obesity and hypertension, the spontaneously hyperten-
sive obese rat (SHROB), as a model of cardiometabolic
syndrome. We hypothesized that the PPARg agonist,
rosiglitazone in combination with an sEHi, trans-4-
(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid
(tAUCB) would provide synergistic actions to decrease
blood pressure, improve vascular function, decrease inflam-
mation and prevent renal damage in SHROB.

Materials and methods

Animal groups

The Medical College of Wisconsin Institutional Animal
Care and Use Committee according to the National
Institutes of Health Guidelines for Care and Use of
Laboratory Animals approved all animal studies. Eight to
nine-week-old male Wistar–Kyoto (WKY), spontaneously
hypertensive rats (SHR) and SHROB were purchased from
Charles River Laboratories (Wilmington, MA, USA).
Animals were housed in the Biomedical Resource Center
at Medical College of Wisconsin with a 12 h light–dark
cycle and free access to tap water along with normal rat
chow. SHR and WKY rats were used as control groups as
a comparison for disease progression. SHROB rats were
divided into four groups (n ¼ 6–10). Group 1 received
pudding as a vehicle, Groups 2–4 received the following
drugs (10 mg/kg/d orally) for four weeks: PPARg
agonist – rosiglitazone, sEHi – tAUCB or rosiglitazone

and tAUCB. Rosiglitazone and tAUCB doses are based on
those previously reported.14,22,24 Rats were weighed and
systolic blood pressure was measured by tail-cuff plethys-
mography every week.

Urine and plasma biochemical analysis

At the end of the four-week experimental period rat urine
was collected from rats housed in metabolic cages for
24 h. Urinary biochemical analysis was done using commer-
cially available ELISA kits; albumin and nephrin from
Exocell (Philadelphia, PA, USA), kidney injury molecule-1
(KIM-1) from R&D Systems (Minneapolis, MN, USA) and
monocyte chemoattractant protein-1 (MCP-1) from BD
Biosciences (San Jose, CA, USA). Rats were anesthetized
using isoflorane and plasma collected from the artery.
Plasma biochemical analysis was done for leptin from
Millipore Corporation (Billerica, MA, USA), triglycerides
and cholesterol from Wako Chemicals (Richmond, VA,
USA), and free fatty acids from Zen-Bio Inc. (Research
Triangle Park, NC, USA). Blood glucose levels from the
tail vein were measured using a glucometer.

Isolated mesenteric resistance artery preparation

Second-order mesenteric arteries were excised and segments
were suspended between two cannulae in a pressure
myograph system (Danish Myo Technology model 111P,
Aarhus, Denmark). The bath was oxygenated in
95% O2/5% CO2 Krebs physiological salt solution
(119.0 mmol/L NaCl, 25.0 mmol/L NaHCO3, 4.6 mmol/L
KCL, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 1.8 mmol/L
CaCl2, 11.0 mm glucose) at pH 7.4 and 378C. Under no-flow
conditions, the vessel was pressurized from 10 to 60 mmHg
in increments of 10 mmHg every three minutes. The vessel
was then pressurized to 65 mmHg for 30 min for equilibration
and kept at 65 mmHg for the remainder of the experiment.
One vessel segment was used per experiment. Lumen diameter
measurements were acquired and logged using the myoview
1.2P user interface. The control lumen diameter was measured
as a mean over the last minute of the 30 min equilibration
period. After being constricted with U46619, a thromboxane
mimetic, the diameter was measured as a mean over the last
five minutes of a 15 min period. Following U46619 constric-
tion, vessel diameter responses to the KATP channel activator,
pinacidil (0.001 mmol/L – 30 mmol/L) and the BKCa channel
activator, NS1619 (0.01 mmol/L-100 mmol/L) were assessed.
Relaxation responses were plotted as a percentage of relaxation
from the maximum contraction.

Kidney histology and immunohistochemical analysis

For histological analysis kidneys were excised, longitudin-
ally sectioned, immersion-fixed in 10% neutral buffered for-
malin and paraffin embedded. The kidney sections were
embedded and cut into 4 mm slices for use in histology
and immunohistochemistry protocols. For histology,
formalin-fixed paraffin-embedded kidney slices were depar-
affinized, re-hydrated and stained with hematoxylin–eosin,
or with Periodic Acid-Schiff. Glomerulosclerosis and

................................................................................................................................................
Imig et al. Epoxide hydrolase and PPARg and cardiometabolic syndrome 1403

 at SAGE Publications on June 22, 2016ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


mesangial matrix expansion were blindly scored from
kidney sections to determine glomerular damage using the
following numeric scale: 0¼ no damage; þ1 ¼ very mild;
þ2 ¼mild; þ3 ¼moderate and þ4 ¼ severe). Two obser-
vers in a blinded fashion conducted histological analysis.
Tubules that contain proteinaceous casts were determined
at magnification of �100 using Nikon NIS Elements
Software (Nikon Instruments Inc., Melville, NY, USA). The
percentage area positive for cast was calculated from the
mean of eight cortical and five medullary fields for each
animal. Sections were also immunostained with anti-CD68
from Serotec (Raleigh, NC, USA) to determine macrophage
infiltration. Cells positive for CD68 were counted square
millimeter of tissue area and the numbers obtained from
each treatment group were averaged.

Statistical analysis

Data are expressed as mean+SE. Data were analyzed using
one-way analysis of variance followed by Tukey’s post hoc
test for multiple group comparisons using Prizm version
4.0 by GraphPad Software Inc. (La Jolla, CA, USA). The
levels of significance were considered statistically significant
with P , 0.05.

Results

Body weight, blood pressure and blood glucose

Mean body weight was measured in all experimental
groups at baseline and throughout the study. Body
weight, systolic blood pressure and blood glucose are
shown in Table 1. At the end of the four-week study body
weights were significantly higher in the SHROB compared
with the SHR. Body weight in SHROB treated with rosigli-
tazone or rosiglitazone and tAUCB gained approximately
40 g more than vehicle treated SHROB. It should be noted

that the increased body weight in rosiglitazone treated rats
could be due to fluid retention caused by rosiglitazone,
which is a thiazolidinedione and fluid retention is a well-
defined side-effect of thiazolidinediones.26,28,29 Treatment
with tAUCB had a similar body weight as vehicle-treated
SHROB at the end of the four-week period. Systolic blood
pressure in the treatment groups, rosiglitazone, tAUCB or
rosiglitazone and tAUCB were approximately 10 mmHg
lower than vehicle treated SHROB. SHROB have an increase
in non-fasting blood glucose compared with the SHR. The
elevated non-fasting blood glucose was reduced in
SHROB treated with rosiglitazone, tAUCB or the combi-
nation of rosiglitazone and tAUCB.

Plasma leptin, triglyceride, cholesterol
and free fatty acids

Table 2 displays the results of plasma biochemical analysis
for leptin, triglycerides, cholesterol and free fatty acids.
SHROB have leptin receptor deficient signaling that results
in elevated leptin concentration and hyperphagia.30 Drug
treatments with rosiglitazone, tAUCB or rosiglitazone
tAUCB did not alter plasma leptin levels in SHROB.
Triglycerides, cholesterol and free fatty acid levels were sig-
nificantly increased in the vehicle-treated SHROB compared
with the normotensive WKY and hypertensive SHR groups.
SHROB had significant improvement of triglycerides when
treated with rosiglitazone (268%) or rosiglitazone and
tAUCB (249%). This improvement of triglycerides in
SHROB was primarily due to the PPARg agonist since the
sEHi, tAUCB (239%) was less effective in lowering these
plasma levels. Cholesterol levels in rosiglitazone, tAUCB
or rosiglitazone and tAUCB-treated SHROB groups
decreased over the four-week treatment period. Plasma
free fatty acid levels decreased in SHROB-treated with rosi-
glitazone (238%), tAUCB (245%) or rosiglitazone and
tAUCB (254%).

Table 1 Metabolic parameters in different experimental groups

WKY SHR SHROB SHROB RGZ SHROB tAUCB

SHROB RGZ

and tAUCB

Systolic blood pressure (mmHg) 119+6 166+9 #164+7 153+5 155+6 156+4

Blood glucose (mg/dL) 97+9 127+12 #154+13 �128+4 �131+8 �127+6

Body weight (g) 305+12 271+3 #428+28 470+11 433+6 467+11

Wistar–Kyoto rats (WKY), spontaneously hypertensive rats (SHR), spontaneous hypertensive obese rats (SHROB), rosiglitazone (RGZ),

trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (tAUCB). Data are mean+SEM; n ¼ 6–8 animals/group
#P , 0.05 versus corresponding control WKY
�P , 0.05 versus corresponding untreated SHROB

Table 2 Plasma leptin and lipid levels in different experimental groups

WKY SHR SHROB SHROB RGZ SHROB tACUB

SHROB RGZ

and tAUCB

Leptin (ng/mL) 3.4+0.7 3.0+0.6 #58.0+3.0 62.0+3.0 59.0+0.6 60.0+2.0

Triglycerides (mg/dL) 34.0+5.0 27.0+4.0 #386.0+50.0 �125.0+50.0 234.0+28.0 �196.0+45.0

Cholesterol (mg/dL) 69.0+8.5 57.0+6.0 #132.0+16.0 86.0+11.0 111.0+11.0 113.0+7.0

Free fatty acids (mmol/L) 185.0+16.0 188.0+21.0 #740.0+97.0 479.0+102.0 �407.0+34.0 �339.0+57.0

Wistar–Kyoto rats (WKY), spontaneously hypertensive rats (SHR), spontaneous hypertensive obese rats (SHROB), rosiglitazone (RGZ),

trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (tAUCB). Data are mean+SEM; n ¼ 6–8 animals/group
#P , 0.05 versus corresponding control WKY
�P , 0.05 versus corresponding untreated SHROB
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K1 channel opener-induced mesenteric resistance
artery relaxation

Mesenteric resistance artery dilation to KATP and BKCa

channel openers was assessed in WKY, SHR and SHROB.
Mesenteric resistance artery diameter was not different
between groups averaging 266+ 10 mm and decreasing to
148+ 9 mm in response to U46619. Concentration-
dependent mesenteric resistance artery relaxation to pinaci-
dil is attenuated in SHROB compared with WKY with an
increase in EC50 (SHROB ¼ 1.098+ 0.03; WKY ¼ 0.649+
0.07) and a decrease in EMax (SHROB ¼ 76.5+ 7.0;
WKY ¼ 114.9+ 19.3) (Figure 1). In contrast, concentration-
dependent vasorelaxation to the BKCa channel activator,
NS1619 was not altered between the groups (Figure 1).
Treatment with rosiglitazone or rosiglitazone and tAUCB
but not tAUCB alone restored the vasodilatory response
to pinacidil in SHROB, with a decrease in EC50
(rosiglitazone ¼ 0.04019+0.09; rosiglitazone and tAUCB¼
0.2531+0.027) and an increase in EMax (rosiglitazone ¼
91.71+13.79; rosiglitazone and tAUCB¼ 89.56+6.46)
(Figure 2). These data demonstrate that PPARg agonist but
not sEHi improved KATP opener mesenteric resistance
artery vasodilation in SHROB.

Kidney injury biomarkers: albumin, nephrin and KIM-1

Urinary albumin, nephrin and KIM-1 excretion levels were
analyzed to assess the degree of renal injury in SHROB
(Figure 3). Albumin excretion significantly increased in the

SHROB compared with WKY and hypertensive SHR
groups. Rosiglitazone decreased albumin levels by 25% in
SHROB. Urinary albumin excretion was significantly
decreased by 40% in tAUCB treated SHROB. The combi-
nation of rosiglitazone and tAUCB resulted in a further
decrease (59%) in albumin excretion in SHROB. Likewise,
nephrin did not significantly decrease in SHROB treated
with rosiglitazone or tAUCB; however, neprhin excretion
was reduced by approximately 48% in rosiglitazone and
tAUCB treated SHROB. The pattern of reduced urinary
excretion of KIM-1 in the SHROB treatment groups was
similar to that observed for albumin and nephrin excretion.
KIM-1 excretion decreased by 30% in SHROB treated with
rosiglitazone. The sEHi tAUCB had a greater effect on
decreasing KIM-1 excretion (49%) in SHROB. Treatment of
SHROB with rosiglitazone and tAUCB resulted in a
further decline (61%) in KIM-1 excretion. These data
suggest that sEHi had a slightly greater effect on decreasing
renal injury in SHROB and that the combination of a sEHi
and PPARg was dramatically more effective.

Renal injury and inflammation

Renal injury was further evaluated semiquantitatively by
scoring a sampling of 100 glomeruli per kidney from histo-
logical sections (Figure 4). Glomerular injury was minimal
in the WKY and SHR whereas vehicle-treated SHROB
demonstrate a significantly higher glomerular injury score.
The vehicle treated SHROB demonstrated mesangial expan-
sion and damage to the glomerular basement membrane

Figure 1 Mesenteric resistance artery dilation to Kþ channel openers. Left panel: Concentration-dependent mesenteric resistance artery dilation to pinacidil in

Wistar–Kyoto rats (WKY), spontaneously hypertensive rats (SHR) and spontaneous hypertensive obese rats (SHROB) (n ¼ 5–7). Right panel: concentration-

dependent mesenteric resistance artery dilation to NS1619 in WKY, SHR and SHROB (n ¼ 5–8). Values are expressed as mean+SEM. � P , 0.05 considered

significant versus corresponding WKY
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that is consistent with the albumin and nephrin excretion
rates. SHROB treated with rosiglitazone and tACUB demon-
strated the greatest reduction in glomerular injury.
Additionally, rosiglitazone and tACUB but not tAUCB or
rosiglitazone alone significantly reduced intratubular pro-
teinaceous cast formation in the cortical and medullary
areas of the kidney (Figure 5). Taken together, these findings

demonstrate that the combination of rosiglitazone and
tAUCB had a greater effect to decrease glomerular injury
in SHROB.

Figure 6 presents urinary MCP-1 excretion and represen-
tative analysis and pictures of macrophage infiltration in the
kidney sections immunostained with anti-CD68, a glyco-
protein that is expressed in monocytes and macrophages.
MCP-1 levels were significantly elevated three-to four-fold
in SHROB compared with SHR and WKY groups.
Rosiglitazone or the combination of rosiglitazone &
tAUCB decreased urinary MCP-1 excretion in SHROB by
35–40%; however, the sEHi tAUCB failed to decrease
MCP-1 excretion. Consistent with the MCP-1 data, the
SHROB vehicle group had a 4–5-fold increase in renal cor-
tical macrophage infiltration compared with WKY and SHR
groups. SHROB treated with rosiglitazone or rosiglitazone
and tAUCB had a significant reduction in macrophage infil-
tration while tAUCB treatment resulted in a smaller
decrease in macrophage infiltration. These data indicate
that PPARg treatment reduced inflammation to a greater
extent in SHROB.

Discussion

The current study determined if the PPARg agonist rosigli-
tazone in combination with the sEHi tAUCB would
improve vascular function, decrease inflammation and
prevent renal damage in a rat model of cardiometabolic syn-
drome. The studies determined that rosiglitazone had
greater effects to decrease plasma triglycerides, improve
vascular function and decrease inflammation when com-
pared with tAUCB. Furthermore, the combination of rosigli-
tazone and tAUCB was more effective overall in preventing
renal damage in the SHROB, an animal model of cardio-
metabolic syndrome.

Figure 2 Mesenteric resistance artery dilation to KATP opener in PPARg

and sEHi treatment. Concentration-dependent mesenteric resistance artery

dilation to pinacidil in spontaneous hypertensive obese rats (SHROB)

treated with rosiglitazone (RGZ), trans-4-(4-[3-adamantan-1-yl-ureido]-

cyclohexyloxy)-benzoic acid (t-AUCB) or RGZ and tAUCB (n ¼ 5–6).
�P , 0.05 considered significant versus corresponding vehicle SHROB

Figure 3 Kidney injury biomarkers. Urinary biochemical analysis of albumin (left graph), nephrin (middle graph) and kidney injury molecule-1 (KIM-1, right graph)

is presented for Wistar–Kyoto rats (WKY), spontaneously hypertensive rats (SHR) and spontaneous hypertensive obese rats (SHROB). SHROB were treated with

rosiglitazone (RGZ), trans-4-(4-(3-adamantan-1-yl-ureido)-cyclohexyloxy)-benzoic acid (tAUCB) or RGZ and tAUCB. Values are mean+SEM. n ¼ 5–7 animals/

group with #P , 0.05 versus corresponding control WKY. �P , 0.05 versus corresponding untreated SHROB
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PPARg agonists and sEHi have been demonstrated to
decrease blood pressure and lower plasma lipids in
various animal models of obesity, insulin resistance and
hypertension.12,17,18,21 The current study found that rosigli-
tazone, tAUCB or rosiglitazone and tACUB had a mild
blood pressure lowering effect in SHROB. The three treat-
ment regimens also lowered blood glucose levels to a
similar extent. In contrast, rosiglitazone had a much
greater effect on plasma triglycerides and tAUCB was
more effective in lowering free fatty acid levels. The blood
pressure lowering effect of sEHi is consistent with the find-
ings of a number of studies demonstrating antihypertensive
actions.17,19 Although PPARg agonists were developed to
treat diabetes due to their insulin-sensitizing actions, they
have also been demonstrated to lower blood pressure in
the obese Zucker rats.31,32 With regard to plasma triglycer-
ides, the reduction of triglycerides by rosiglitazone is
similar to that previously reported in fructose-enriched-diet
fed rats, obese and diabetic animal models.33,34 No synergis-
tic action was found in the combination treatment implying
that the significant reduction in triglycerides is due mainly
to the action of rosiglitazone. Rosiglitazone has also been
demonstrated to lower cholesterol and free fatty acids in
several studies.13,33,34 In the current study, tAUCB had a
greater effect to lower free fatty acids; however, the combi-
nation of rosiglitazone and tAUCB demonstrated superior
lowering of free fatty acids. On the whole, the combination
of rosiglitazone and tAUCB treatment on blood pressure,

blood glucose, plasma lipids and free fatty acids was
superior to either treatment when used alone.

Hypertension and obesity have been linked to vascular
and endothelial function which proceeds renal inflam-
mation and injury.7,10 Impaired vasodilation to Kþ channel
openers has been demonstrated in obese, diabetic and
hypertension animal models as well as humans with type
2 diabetes.35 – 40 Experimental studies in obese Zucker and
Zucker diabetic fatty rats have demonstrated impaired vas-
cular BKCa and KATP channel-mediated vasodilation.35,36,38

Acetylcholine dilation of aorta and mesenteric resistance
arteries has also been demonstrated to be impaired in
SHROB rats.41 The findings of the current study determined
that mesenteric resistance artery dilation to the BKCa

channel opener NS-1619 was unaltered in SHROB rats. On
the other hand, mesenteric artery dilation to the KATP

channel opener pinacidil was significantly attenuated
in the SHROB model of cardiometabolic syndrome.
Furthermore, rosiglitazone and rosiglitazone and tAUCB
treatment improved the mesenteric artery dilator response
to pinacidil. These findings are in agreement with previous
reports demonstrating improved endothelial function in
rosiglitazone-treated SHR, obese and type 2 diabetic rat
models.41 – 44 Even short-term incubation with rosiglitazone
improved acetylcholine mesenteric artery dilation in
SHROB.41 Interestingly, elevated circulating free fatty acid
levels in insulin-resistant patients causes endothelial dys-
function and rosiglitazone has been demonstrated to lower

Figure 4 Glomerular injury. Glomerular injury was determined in Wistar-Kyoto rats (WKY), spontaneously hypertensive rats (SHR), and spontaneous hyperten-

sive obese rats (SHROB). SHROB were treated with rosiglitazone (RGZ), trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (tAUCB) or RGZ and

tAUCB. Values are mean+SEM; n ¼ 4–8 animals/group with #P , 0.05 versus corresponding control WKY. �P , 0.05 versus corresponding untreated SHROB.

Black arrows indicate the damaged area. (A color version of this figure is available in the online journal)
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Figure 5 Kidney proteinacious cast area. A colour is available onlineKidney cortical (a) and medullary (b) protenacious cast area was determined in Wistar–

Kyoto rats (WKY), spontaneously hypertensive rats (SHR) and spontaneous hypertensive obese rats (SHROB). SHROB were treated with rosiglitazone

(RGZ), trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (tAUCB) or RGZ and tAUCB. Values are mean+SEM; n ¼ 4–8 animals/group with
#P , 0.05 versus corresponding control WKY. �P , 0.05 versus corresponding untreated SHROB. Black arrows indicating the proteinacious cast area. (A color

version of this figure is available in the online journal)
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free fatty acid levels and prevent endothelial dysfunction in
patients infused with triglyceride/heparin to increase free
fatty acids.45,46 Rosiglitazone has also been demonstrated
to recover the function of KATP channels in human vascular
smooth muscle cells exposed to high glucose.44 Previous
studies have also determined that sEHi improve vascular
and endothelial function in animal models of obesity,
hypertension and diabetes.17,22,23 These previous studies
focused on afferent arteriolar and mesenteric resistance
artery dilation to acetylcholine and did not assess Kþ

channel dilator responses. The findings of the current
study failed to demonstrate improved mesenteric artery
dilation to pinacidil in sEHi-treated SHROB. Taken together,
the findings of this study demonstrate PPARg agonist but
not sEHi improved the mesenteric artery dilation to the
KATP channel activator pinacidil in SHROB cardiometabolic
syndrome rats.

Increasing evidence demonstrates that the development
of endothelial dysfunction and renal injury is associated
with increased levels of circulating pro-inflammatory cyto-
kines in obesity and hypertension.47 – 49 Animal models of

obesity and hypertension such as the obese Zucker rat
have been demonstrated to have endothelial dysfunction
and develop albuminuria and progressive glomerulosclero-
sis.21,50 The present study demonstrates significant renal
inflammation and injury in the SHROB kidney as assessed
by increased urinary MCP-1, nephrin, KIM-1 and albumin
excretion. Increased renal inflammation in SHROB was
further demonstrated by kidney immunohistological analy-
sis. In the current study rosiglitazone or rosiglitazone and
tAUCB decreased MCP-1 levels and renal inflammation in
SHROB. On the other hand, tAUCB or rosiglitazone and
tAUCB decreased renal injury to a greater extent in
SHROB. These findings suggest that the PPARg agonist
had a greater effect in decreasing inflammation whereas
the sEHi was more effective in preventing renal injury in
SHROB. It is also clear that the combination of rosiglitazone
tAUCB was the most effective treatment to decrease inflam-
mation and renal injury in SHROB.

Previous reports have demonstrated that PPARg agonists
decrease inflammation in animal models of hypertension
and obesity as well as humans with type 2 diabetes and

Figure 6 Renal inflammation. Urinary monocyte chemoattractant protein-1 (MCP-1) levels (left graph) and CD-68 positive cells (right graph) is presented for

Wistar–Kyoto rats (WKY), spontaneously hypertensive rats (SHR) and spontaneous hypertensive obese rats (SHROB). SHROB were treated with rosiglitazone

(RGZ), trans-4-(4-[3-adamantan-1-yl-ureido]-cyclohexyloxy)-benzoic acid (tAUCB) or RGZ and tAUCB. Values are mean+SEM. n ¼ 5–7 animals/group with
#P , 0.05 versus corresponding control WKY. �P , 0.05 versus corresponding untreated SHROB. (A color version of this figure is available in the online journal)
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cardiometabolic syndrome.14,39,51,52 Interestingly, rosiglita-
zone treatment improved endothelial function and
lowered C-reactive protein levels in type 2 diabetic
patients.51 The PPARg agonist pioglitazone has been
demonstrated to decrease fibrosis in the human
kidney.53,54 Similar to the current findings, greater decreases
in renal inflammation compared with glomerular injury
have also been determined in diabetic rats treated with rosi-
glitazone.14 Likewise, sEHi have been demonstrated to
decrease inflammation and renal injury in a number of
animal models of obesity, diabetes and hyperten-
sion.17,18,22,23,55 There is evidence to support the notion
that the combination of rosiglitazone and tAUCB would
have a greater effectiveness compared with either treatment
alone. PPARg activation decreases sEH expression in cardi-
omyocytes suggesting that this could account for a portion
of the therapeutic benefits ascribed to PPARg agonists.56 It
is further demonstrated that EETs are capable of binding
and activating PPARg to exert an antiinflammatory
effect.55 This previous finding suggests that sEHi and the
subsequent increase in EETs could have actions to
enhance PPARg activity to prevent renal injury in SHROB.
As observed in the present study, the antiinflammatory
and the associated kidney protective activity of tAUCB
can also be explained by EETs ability to inhibit NF-kB acti-
vation. Indeed, EETs are anti-inflammatory, at least in part
via inhibition of NF-kB inflammatory signaling.56 The key
step in NF-kB activation is the phosphorylation of IkB by
the active phospho-IKK. In a recent study, we have demon-
strated that deletion of soluble epoxide hydrolase gene
(Ephx2) or sEH inhibition could reduce renal injury in dia-
betes via inhibition of phospho-IKK-derived NF-kB acti-
vation.57 We have also demonstrated that sEHi reduced
macrophage infiltration, renal NF-kB activity, and MCP-1
excretion in salt-sensitive hypertensive diabetic rats.58

These previous reports and our current findings provide
support to the notion that the antiinflammatory actions
and associated renal protective effects of tAUCB could be
related to PPARg activation as well as inhibitory effects on
NF-kB inflammatory signaling.

In conclusion, the beneficial effects of rosiglitazone and
tAUCB drug treatment in cardiometabolic syndrome were
the most effective in preventing kidney damage. Compari-
son of PPARg agonist and sEHi treatments demonstrated
that rosiglitazone was more effective in decreasing plasma
lipids and free fatty acids, improving KATP- mediated vaso-
dilation, and decreasing inflammation in SHROB. In con-
trast, treatment with tAUCB was more effective in
preventing renal injury in SHROB. Rosiglitazone and
tAUCB had similar actions to lower blood pressure and
blood glucose in SHROB that were not additive with com-
bined rosiglitazone and tAUCB treatment. Overall, the
results of the current study indicate that even though sEHi
or PPARg agonist have benefits when used individually,
the combination is more beneficial for the multidisease fea-
tures in cardiometabolic syndrome.
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