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The epoxyeicosatrienoic acid (EET) exerts beneficial effects
on insulin resistance and/or hypertension. EETs could be
readily converted to less biological active diols by soluble
epoxide hydrolase (sEH). However, whether sEH inhibition can
ameliorate the comorbidities of insulin resistance and hyper-
tension and the underlying mechanisms of this relationship are
unclear. In this study, C57BL/6 mice were rendered hyper-
tensive and insulin resistant through a high-fat and high-salt
(HF–HS) diet. The sEH inhibitor, 1-trifluoromethoxyphenyl-
3-(1-propionylpiperidin-4-yl) urea (TPPU), was used to treat
mice (1 mg/kg/day) for 8 weeks, followed by analysis of meta-
bolic parameters. The expression of sEH and the sodium–

glucose cotransporter 2 (SGLT2) was markedly upregulated
in the kidneys of mice fed an HF–HS diet. We found that TPPU
administration increased kidney EET levels, improved insulin
resistance, and reduced hypertension. Furthermore, TPPU
treatment prevented upregulation of SGLT2 and the associated
increased urine volume and the excretion of urine glucose and
urine sodium. Importantly, TPPU alleviated renal inflamma-
tion. In vitro, human renal proximal tubule epithelial cells (HK-
2 cells) were used to further investigate the underlying mech-
anism. We observed that 14,15-EET or sEH knockdown or
inhibition prevented the upregulation of SGLT2 upon treat-
ment with palmitic acid or NaCl by inhibiting the inhibitory
kappa B kinase α/β/NF-κB signaling pathway. In conclusion,
sEH inhibition by TPPU alleviated insulin resistance and hy-
pertension induced by an HF–HS diet in mice. The increased
urine excretion of glucose and sodium was mediated by
decreased renal SGLT2 expression because of inactivation of
the inhibitory kappa B kinase α/β/NF-κB–induced inflamma-
tory response.

Diabetes mellitus (DM) manifests as a heterogeneous group
of disorders characterized by hyperglycemia and glucose
intolerance. Among diabetic patients, almost 50% to 70% also
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suffer from hypertension, and its development coincides with
the development of hyperglycemia (1–3). What is more, the
prevalence of hypertension in diabetic patients is 2 to 3 times
higher than that in the general population (4). Besides, hy-
pertension is a critical factor in increasing the incidence and
mortality of cardiovascular events in the course of diabetes (5).
Specifically, compared with normotensive individuals with
diabetes, coexisting hypertension increases the risk of cardio-
vascular disease and all-cause mortality by 25% and 30% (6, 7),
which leads to greater health care resource use, and lower
quality of life as well (1, 8). In addition, for every 10 mm Hg
reduction in systolic blood pressure on average in diabetic
individuals, the risk of any DM-related end point is reduced by
12%, and the risk of DM-related death is reduced by 15% (9).
Therefore, it is of great significance to reduce diabetes and
hypertension incidence and control blood pressure and blood
glucose with reasonable drugs.

Soluble epoxide hydrolase (sEH) encoded by EPHX2 is
ubiquitously expressed in all living organisms and exists in
almost all organs and tissues; it was found that the human liver
possesses the highest sEH activity, followed by the kidney (10,
11). sEH functions to enzymatically hydrolyze epoxyeicosa-
trienoic acids (EETs) and other fatty acid epoxides (12). EETs
are metabolites of arachidonic acid produced by the cyto-
chrome P450 pathway (13). There are four regioisomers: 5,6-
EET, 8,9-EET, 11,12-EET, and 14,15-EET, among them renal
14,15-EET metabolites account for up to 56.4% (14). It is re-
ported that the sEH inhibition, an effective strategy to elevate
the levels of EETs, has a therapeutic effect on multiple dis-
eases, such as hypertension, diabetes, inflammation, stroke,
dyslipidemia, immunological disorders, and so on (15). How-
ever, the effects of EETs/sEH system on diabetes accompanied
by hypertension remain unknown. 1-Trifluoromethoxyphenyl-
3-(1-propionylpiperidin-4-yl) urea (TPPU) is a potent inhibitor
of both human and mouse sEH and selectively inhibits the
hydrolase domain, thus increasing the EET levels. The phar-
macokinetics of TPPU is dramatically superior to those of the
1-adamantylurea–based inhibitors, like 12-(3-adamantan-1-yl-
ureido) dodecanoic acid. In this study, TPPU was used to
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TPPU alleviated insulin resistance and hypertension
investigate whether sEH inhibition ameliorates insulin resis-
tance with hypertension and the potential mechanisms.

Sodium–glucose cotransporter 2 (SGLT2), encoded by the
SLC5A family, is expressed almost exclusively in the initial
convoluted portion (S1 segment) of the proximal tubule epi-
theliums (16, 17). SGLT2 is responsible for 97% of the body’s
daily glucose reabsorption, whereas SGLT1 expressed in the
later parts of the proximal tubule only accounts for the
remaining 3% glucose reabsorption (18). Compared with
healthy individuals, there is significantly higher expression of
SGLT2 in the proximal tubule in diabetics. Thus, glucose
reabsorption from the glomerular filtrate is dramatically
increased, leading to higher blood glucose levels (19). Recently,
SGLT2 inhibitors, including dapagliflozin, empagliflozin, and
canagliflozin, have been developed and widely approved in
antihyperglycemic therapies. In addition to lowering blood
glucose, inhibiting SGLT2 can lower blood pressure and
reduce body weight (20).

In the present study, we aim to explore whether sEH in-
hibitor TPPU could reduce blood pressure and glucose in mice
with hypertension and diabetes. Interestingly, TPPU admin-
istration ameliorated hypertension and insulin resistance by
decreasing renal glucose and sodium reabsorption via inhibi-
tory kappa B kinase α/β (IKKα/β)/NF-κB signaling pathway–
mediated SGLT2 inhibition.

Results

High fat and high salt diet induced hypertension and
metabolic disorder in C57BL/6 mice

At the beginning of the study, animals were fed with either a
standard chow (SC)/normal salt (NS) (n = 24) diet or a high fat
and high salt (HF–HS) diet, starting with similar body weight
(SC–NS = 22.06 ± 1.12 g versus HF–HS = 22.47 ± 1.07 g).
After the 12-week dietary intervention, the final body weight of
mice fed with an HF–HS diet was significantly higher than that
of mice fed with an SC–NS diet (SC–NS = 29.84 ± 1.79 g
versusHF–HS = 33.88 ± 1.28 g) (Fig. 1, A and B). Besides, these
two groups showed different feeding behaviors. Specifically,
the mice in HF–HS group took less food daily by 28% than that
in SC–NS group, but with a higher energy intake (more than
13%) (Fig. 1, C and D), these alterations in weight gains could
be attributed to the energy intake differences between the two
dietary regime mice. Similarly, compared with the mice in SC–
NS group, the mice in HF–HS group displayed enlarged fat
depots and increased epididymal adipose tissue mass (Fig. 1, A
and F). However, there was almost no difference in sub-
scapular adipose tissue between the two groups (Fig. 1E),
indicating that HF–HS diet does not affect the brown fat
deposition but has obvious effects on white adipose deposition
with a significantly larger adipocyte size in H&E staining
(Fig. 1, A and G). Blood pressure and heart rate were evaluated
at the end of the experiment. Over time, as showed in
Figure 1I, there was a significant increase in systolic, diastolic,
and mean blood pressure (about 30%, 23%, and 19% higher
versus SC–NS group). However, the dietary intervention has
almost no influence on heart rate (Fig. 1J). Increased fasting
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blood glucose and random glucose levels were observed in
HF–HS mice (Fig. 1H). Consistent with this, markedly
decreased insulin sensitivity was observed in HF–HS mice
compared with that in SC–NS group (Fig. 1K), and the area
under the curve (AUC) of insulin tolerance in HF–HS group
was about twice of that in SC–NS group (Fig. 1L). Moreover,
glucose tolerance of mice in HF–HS group was suppressed
significantly, resulting in an increased AUC (1749.83 ± 96.12
versus 2860.00 ± 89.50) (Fig. 1, M and N). Taken together,
these data indicated that an HF–HS diet resulted in increased
blood pressure and insulin resistance.

HF–HS diet increased sEH and SGLT2 expression in the kidney

The expression of sEH and SGLT2 was evaluated by
immunohistochemical (IHC) staining and Western blot (WB).
The expression of sEH and SGLT2 was significantly increased
in the kidney (Fig. 2, A–D). These data indicated that sEH and
SGLT2 might play an important role in this animal model with
insulin resistance and hypertension.

TPPU decreased blood pressure, improved insulin resistance,
and caused a shift toward glucose utilization induced by an
HF–HS diet

Our previous study demonstrated that sEH inhibitor
(TPPU) inhibited SGLT2 expression to regulate glucose ho-
meostasis in db/db mice (21). SGLT2 inhibitors as the first-line
glucose-lowering medication exerted extensive cardiovascular
beneficial effects. Dapagliflozin is a potent, competitive,
reversible, and highly selective SGLT2 inhibitor. Compared
with other SGLT2 inhibitors, dapagliflozin has higher affinity
and stronger inhibitory effect on SGLT2 protein. In this study,
dapagliflozin was used as a positive control. As observed, both
TPPU and dapagliflozin decreased systolic blood pressure, and
moreover, TPPU also decreased diastolic blood pressure and
mean arterial blood pressure (Fig. 3, B–D).

As expected, TPPU treatment significantly decreased the
level of fasting blood glucose as shown in Figure 3A.
Moreover, TPPU administration markedly improved insulin
resistance determined by glucose tolerance test and insulin
tolerance test (ITT) (Fig. 3, E–H). Among these groups,
dapagliflozin displayed a similar effect to TPPU in main-
taining glucose homeostasis. Taken together, sEH inhibitor
TPPU could exert similar effects as dapagliflozin in regu-
lating blood pressure and blood glucose, which indicated
that sEH could be a potential therapeutic target for hyper-
tension and diabetes.

Comprehensive laboratory animal monitoring system
studies was used to measure metabolic activities. There were
no significant changes in the volume of oxygen consumption
(VO2) and volume of carbon dioxide production (VCO2) be-
tween mice treated with an SC or an HF–HS diet, but the HF–
HS diet decreased the value of respiratory exchange ratio
(RER), revealed that the HF–HS diet caused a notable shift
from glucose toward lipid utilization. Interestingly, adminis-
tration of TPPU or dapagliflozin in an HF–HS diet–treated
mice markedly increased the level of RER, which likely



Figure 1. High fat and high salt (HF–HS) diet induced hypertension and metabolic disorder in C57BL/6 mice. A, typical examples of the mice size and
adipose tissue size differences between standard chow/normal salt (SC–NS) diet and HF–HS diet after 12 weeks of treatment. Representative micrographs of
epididymal adipocyte of H&E staining. B, changes in body weight. C and D, changes in food intake and energy intake. E–G, changes in subscapular and
epididymal adipose tissue mass and adipocyte size of the epididymis. H, changes in fasting and random blood glucose. I, changes in systolic, diastolic, and
mean blood pressures. J, changes in heart rate. K and L, insulin tolerance tests (ITTs) and corresponding area under the curve (AUC) analysis. M and N,
intraperitoneal glucose tolerance tests (IGTTs) and corresponding AUC analysis. n = 6 to 12 mice in each group. Data are shown as mean ± SD. *p < 0.05;
**p < 0.01; ns indicates p > 0.05.

TPPU alleviated insulin resistance and hypertension
reflected the shift from fatty acid oxidation to carbohydrate
consumption (Fig. 3, I–N).

TPPU administration lowered hypertension and improved
insulin resistance by inhibiting sodium and glucose
reabsorption mediated by 14,15-EET–triggered reduced SGLT2
expression

To further explore the mechanisms of TPPU administration
involving the regulation of blood pressure and insulin resis-
tance, the urine volume, urine glucose, and sodium excretion
among different diet and administration groups were deter-
mined. Interestingly, urine volume, urine glucose excretion,
and urine sodium excretion were markedly increased in mice
treated with an HF–HS diet as shown in Figure 4, A–C.
Importantly, TPPU treatment further increased urine volume
and the excretion of glucose and sodium (Fig. 4, A–C). The
inhibition of SGLT2 activity by dapagliflozin showed the
similar effects to TPPU (Fig. 4, A–C).

From the IHC staining and WB results, SGLT2 expression
in the kidney was significantly upregulated in mice treated
with an HF–HS diet as shown in Figure 4, D–F. Interestingly,
TPPU administration markedly prevented the upregulation in
SGLT2 expression induced by an HF–HS diet treatment
(Fig. 4, D–F). Moreover, the sEH activity in kidney was
J. Biol. Chem. (2021) 296 100667 3



Figure 2. HF–HS diet increased soluble epoxide hydrolase (sEH) and sodium–glucose cotransporter 2 (SGLT2) expression in the kidney. A, the
expression of sEH and SGLT2 in mice kidneys was evaluated by immunohistochemical staining. The black arrow represents the high expression area of
SGLT2. The scale bar represents 200 μm. B, quantitative analysis of immunohistochemical staining of sEH and SGLT2. C and D, representative Western
blot and quantitation of sEH and SGLT2 expression. n = 6 mice in each group. Data are shown as mean ± SD. **p < 0.01. HF–HS, high-fat and high-
salt; SC–NS, standard chow–normal salt.

TPPU alleviated insulin resistance and hypertension
increased, and the level of 14,15-EET in the kidney was lower
in mice treated with an HF–HS diet than that in mice treated
with an SC–NS diet, and moreover TPPU treatment markedly
inhibited the sEH activity and thus increased the level of 14,15-
EET in mice treated with an HF–HS diet, compared with that
in mice without TPPU treatment as shown in Figure 4, G and
H. Collectively, these data demonstrated that TPPU adminis-
tration lowered hypertension and improved insulin resistance
by inhibiting sodium and glucose reabsorption mediated by
14,15-EET–triggered reduced SGLT2 expression.

TPPU treatment inhibited kidney inflammation in mice treated
with an HF–HS diet

H&E staining was conducted to assess the morphological
characters in the kidney. As expected, regular arrangement of
renal tubular cells and glomeruli was observed in mice of the
SC–NS group and SC–NS+TPPU group, and the improper
arrangement of tubular cells with endocytic vacuoles was more
common in the kidney of mice treated with an HF–HS diet as
shown in Figure 5A. Importantly, TPPU treatment markedly
reduced the vacuolation of the renal tubules (Fig. 5A).

Our previous data indicated that inflammatory response
modulated the expression of SGLT2 in the kidney; so to
explore whether inflammatory response was involved in this
process, inflammation-related markers were determined in
4 J. Biol. Chem. (2021) 296 100667
this study. The level of CD68, a macrophage biomarker, was
higher in the HF–HS group than that in the SC–NS group or
SC–NS + TPPU group as shown in Figure 5, A, B, F, and G.
Interestingly, administration of TPPU significantly inhibited
the expression of CD68 induced by an HF–HS diet (Fig. 5, A,
B, F, and G), which indicated that TPPU treatment markedly
prevented macrophage infiltration in the kidney induced by
an HF–HS diet. Furthermore, TPPU treatment markedly
prevented the upregulation in interleukin-1β (IL-1β),
monocyte chemoattractant protein 1, tumor necrosis factor
α, and NF-κB expression in the kidney induced by an HF–
HS diet (Fig. 5, A, F, C–E, and H–J). To further explore
the anti-inflammatory mechanisms of TPPU, the IKKα/β/
NF-κB signaling pathway was detected in this study. As ex-
pected, the level of phosphor-IKKα/β and phosphor-IκBα
was increased, and moreover, NF-κB nuclear translocation
was also increased in the kidney of mice treated with an HF–
HS diet as shown in Figure 5, A, F, and J, which indicated
that inflammatory response was activated by an HF–HS diet
treatment. Importantly, TPPU treatment vastly decreased the
level of phosphor-IKKα/β, phosphor-IκBα, and NF-κB nu-
clear translocation (Fig. 5, A, F, and J). Taken together, these
data indicated that TPPU treatment markedly inhibited
kidney inflammatory response induced by an HF–HS diet
treatment.



Figure 3. Trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) (TPPU) decreased blood pressure, improved insulin resistance, and caused a shift
toward glucose utilization induced by a high fat–high salt diet. A, blood glucose after a 16-h fasting (n = 6 mice). B, systolic blood pressure. C, diastolic
blood pressure. D, mean blood pressure (n = 8 mice). E, intraperitoneal glucose tolerance tests (IGTTs; 2 g/kg, n = 6 mice). F, the area under the curve of IGTT.
G, insulin tolerance tests (ITTs; 0.75 U/kg, n = 6 mice). H, the area under the curve of ITT. I, dynamic changes in oxygen consumption within 24 h. J, VO2
(average O2 consumption normalized to body weight, n = 6 mice). K, dynamic changes in carbon dioxide production within 24 h. L, VCO2 (average CO2
production normalized to body weight, n = 6 mice). M, dynamic changes in the respiratory exchange ratio (RER; VCO2/VO2). N, average RER = VCO2/VO2 (n =
6 mice). Data are shown as mean ± SD. *p < 0.05; **p < 0.01.

TPPU alleviated insulin resistance and hypertension

J. Biol. Chem. (2021) 296 100667 5



Figure 4. TPPU administration lowered hypertension and improved insulin resistance by inhibiting sodium and glucose reabsorption mediated by
14,15-epoxyeicosatrienoic acid (14,15-EET)–triggered reduced sodium–glucose cotransporter 2 (SGLT2) expression. A, urine volume (n = 9 mice). B,
urine sodium excretion (n = 6 mice). C, urine glucose excretion (n = 7 mice). D, representative immunohistochemical staining of SGLT2 in the kidney. The
scale bar represents 100 μm. E and F, representative Western blot and quantitation of SGLT2 in mice kidney (n = 6 mice). G, soluble epoxide hydrolase (sEH)
activity in kidney tissue (n = 4 mice). H, 14,15-EET levels in kidney tissue (n = 4 mice). Data are shown as mean ± SD. **p < 0.01. EET, epoxyeicosatrienoic
acid; HF–HS, high-fat and high-salt; SC–NS, standard chow/normal salt; TPPU, trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea.

TPPU alleviated insulin resistance and hypertension
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Figure 5. Trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) (TPPU) treatment inhibited kidney inflammation in mice treated with a HF–HS
diet. A, representative H&E staining and immunohistochemical staining of kidney sections using anti-CD68, anti-interleukin-1β (anti-IL-1β), anti-monocyte
chemoattractant protein 1 (anti-MCP-1), and anti-NF-κB antibody. B–E, quantification of CD68, IL-1β, MCP-1, and NF-κB positive area percentage. F, Western
blot of phosphor-inhibitory kappa B kinase α/β (p-IKKα/β), IκBα, p-IκBα, NF-κB (nuclear and cytoplasmic), CD68, IL-1β, tumor necrosis factor α (TNF-α), and β-
actin in kidney tissue. G–J, Western blot quantification of CD68, IL-1β, and TNF-α protein expression in kidney tissue normalized to β-actin, and quanti-
fication of nuclear NF-κB protein expression normalized to lamin B. n = 6 mice in each group. Data are shown as mean ± SD. *p < 0.05 versus SC–NS group.
#p < 0.05 versus HF–HS group.

TPPU alleviated insulin resistance and hypertension
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Figure 6. 14,15-Epoxyeicosatrienoic acid (14,15-EET) prevented the upregulation in sodium–glucose cotransporter 2 (SGLT2) expression in human
proximal tubule epithelial cells (HK-2) treated with palmitic acid and NaCl via inhibiting the activation of the inhibitory kappa B kinase α/β (IKKα/
β)/NF-κB signaling pathway. A and B, human renal proximal tubule HK-2 cells were treated with 20 nM NaCl and different concentrations of palmitic acid,
the Western blot and quantitation of SGLT2 and soluble epoxide hydrolase (sEH) expression. C, effects of trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-
yl) urea (TPPU) and four types of EETs on NaCl and palmitic acid induced elevated SGLT2 expression in HK-2 cells. D, effects of siEPHX2 on NaCl and palmitic
acid induced elevated SGLT2 expression in HK-2 cells. E, effects of different concentrations of 14,15-EET on NaCl and palmitic acid induced activation of NF-
κB pathway, bovine serum albumin (BSA) (solvent control), and mannitol (osmotic control). F, representative immunofluorescence staining of NF-κB (red) in

TPPU alleviated insulin resistance and hypertension
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14,15-EET prevented the upregulation in SGLT2 expression in
HK-2 cells treated with palmitic acid and NaCl via inhibiting
the activation of the IKKα/β/NF-κB signaling pathway

Because SGLT2 is highly expressed in the renal tubular
epithelium, human proximal tubule epithelial cells (HK-2
cells) were used to explore the regulatory mechanisms of
SGLT2 expression. Dose-dependent effects of palmitic acid on
SGLT2 expression were done in HK-2 cells. Interestingly,
NaCl (20 nM) and palmitic acid (100 μM) markedly increased
SGLT2 and sEH expression in HK-2 cells (Fig. 6, A and B), and
NaCl (20 nM) and palmitic acid (100 μM) were used for
further analysis.

Next, the effects of TPPU or EETs on SGLT2 expression in
HK-2 cells treated with NaCl and palmitic acid were investi-
gated. As expected, TPPU or EETs (11,12-EET and 14,15-EET)
significantly prevented the upregulation in SGLT2 expression
in HK-2 cells treated with NaCl and palmitic acid as shown in
Figure 6C. Knocking down of EPHX2 also prevented the
upregulation of SGLT2 in HK-2 cells treated with NaCl and
palmitic acid as shown in Figure 6D. Inflammation is a key
driving factor in metabolic disorder and hypertension, and the
classical IKKα/β/NF-κB signaling pathway plays a vital role in
the inflammation. As expected, phosphor-IKKα/β and phos-
phor-IκB expression were increased in HK-2 cells treated with
palmitic acid and NaCl. Moreover, 14,15-EET pretreatment
dose dependently prevented the increase in phosphor-IKKα/β
and phosphor-IκB expression induced by palmitic acid and
NaCl treatment as shown in Figure 6E.

Importantly, 14,15-EET dose dependently prevented the
increase in nuclear NF-κB expression in HK-2 cells treated
with palmitic acid and NaCl (Fig. 6E). Immunofluorescent
localization of NF-κB further confirmed the effects of 14,15-
EET on NF-κB translocation to the nucleus in both in vivo
and in vitro studies (Fig. 6, F and G). Bovine serum albumin
(BSA) (2 μg/ml), as a solvent control for palmitic acid, and
mannitol, as an osmotic control for NaCl, did not activate the
IKKα/β/NF-κB signaling pathway (Fig. 6, E and G). Interest-
ingly, NF-κB inhibition by BAY 11-7082 or administration of
14,15-EET significantly prevented the increase in SGLT2
expression in HK-2 cells treated with palmitic acid and NaCl
(Fig. 6, H and I). Collectively, these data revealed that 14,15-
EET prevented the upregulation in SGLT2 expression in
HK-2 cells treated with palmitic acid and NaCl via inhibiting
IKKα/β/NF-κB signaling pathway.

Discussion

In the present study, we investigated whether TPPU treat-
ment had a potential protective effect on insulin resistance and
hypertension in mice treated with an HF–HS diet. As ex-
pected, the HF–HS diet caused obvious insulin resistance and
hypertension characterized by increased body weight, blood
glucose, blood pressure, and impaired glucose tolerance in
kidney sections, nuclei stained with fluorescent 40 ,6-diamidino-2-phenylindo
localization of NF-κB (red) in HK-2 cells, nuclei stained with fluorescent DAPI (blu
7082 (NF-κB inhibitor) on NaCl and palmitic acid induced elevated SGLT2 and N
epoxyeicosatrienoic acid.
C57BL/6 mice. Interestingly, sEH and SGLT2 expression in
the kidney was markedly increased in mice treated with the
HF–HS diet. These data suggested that sEH and SGLT2 may
be involved in this pathophysiological process. Importantly,
TPPU treatment significantly improved insulin resistance and
reduced hypertension with increased kidney 14,15-EET level.
Moreover, TPPU administration markedly prevented the
upregulation in SGLT2 expression accompanied by increased
urine volume, urine glucose excretion, and urine sodium
excretion, which partly accounted for the glucose-lowering
and blood pressure–lowering effects of TPPU treatment. In
addition, TPPU treatment markedly inhibited SGLT2 expres-
sion mediated by attenuated inflammatory response charac-
terized by reduced macrophage infiltration and
proinflammatory factor production, which was due to inacti-
vation of IKKα/β/NF-κB signaling pathway. Taken together,
these data demonstrated that sEH inhibition alleviated insulin
resistance and hypertension induced by an HF–HS diet in
mice via increased urine glucose and sodium excretion
mediated by decreased renal SGLT2 expression, which was
due to inactivation of IKKα/β/NF-κB–induced inflammatory
response.

Our previous studies showed that CYP2J3 gene delivery
increased EET generation and prevented fructose-induced
hypertension and insulin resistance in rats (22). Moreover,
endothelium-specific CYP2J2 overexpression in mice signifi-
cantly increased 14,15-EET level, thus ameliorated age-related
insulin resistance and elevated blood pressure (23). In this
study, administration of TPPU also increased EET level and
thus improved insulin resistance and lowered hypertension in
HF–HS diet–treated mice, which was a supplement for the
beneficial effects of sEH/EET system on metabolic disorders.

CYP450/EETs/sEH system has been extensively studied for
its role in cardiovascular and metabolic protective effects.
Cytochrome P450 epoxygenase inhibitors significantly
increased mean arterial blood pressure in rats fed on an HS
diet (24). CYP2C44(−/−) mice fed on an NS diet are normo-
tensive but become hypertensive when fed an HS diet (25).
The sEH inhibitor, 12-(3-adamantan-1-yl-ureido)-dodecanoic
acid, lowered blood pressure and ameliorated renal damage in
mice fed on an 8% NaCl diet for 14 days (26). Moreover, in-
hibition of sEH reduced blood pressure in spontaneously hy-
pertensive rats (27). The sEH inhibitor (AR9281) decreased
body weight and lowered fasting blood glucose in mice fed on
a high-fat and fructose diet and diabetic db/db mice (28). The
sEH inhibitor, trans-4-[4-(3-adamantan-1-ylureido)-cyclo-
hexyloxy]-benzoic acid, decreased blood glucose level in mice
treated with HF diet + streptozotocin/nicotinamide (29). In
this study, an HF–HS diet was used to induce hypertension
and insulin resistance, which was very similar to the unhealthy
lifestyle in human beings. TPPU treatment improved insulin
resistance and lowered hypertension in HF–HS diet–treated
le (DAPI) (blue). The scale bar represents 50 μm. G, immunofluorescent
e). The scale bar represents 50 μm. H and I, effects of 14,15-EET and BAY 11-
F-κB expression in HK-2 cells. Data are shown as mean ± SD. **p < 0.01. EET,
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mice, which further confirmed the hypothesis that sEH dele-
tion or inhibition had beneficial effects on the regulation of
blood pressure and blood glucose in different animal models.

As a diabetic therapeutic target, SGLT2 inhibitor has been
developed rapidly and attracted considerable attention for its
powerful sugar-lowering effects with significant cardiovascular
benefit. SGLT2 is a Na+–D-glucose cotransporter located in
the epithelial of brush-border membrane of the S1 and S2
segments of proximal renal tubules that reabsorbed sodium
and glucose from crude urine in a ratio of 1:1 (30, 31). Under
physiological conditions, approximately 160 to 180 g of
D-glucose is filtered by the glomeruli each day and almost
completely reabsorbed in the proximal tubule, SGLT2 ac-
counts for about a proportion of 97% (32). While in diabetic
individuals, SGLT2 expression and glucose uptake were
increased in the proximal tubule (19), and consistent with this,
multiple studies in diabetic rodent models reported increased
renal SGLT2 expression as well (33). Consequently, inhibiting
SGLT2 to increase glucose excretion and lower blood glucose
level made it a new target of blood glucose homeostasis. In
addition，the Na+–D-glucose cotransporter is responsible for
Na+ reabsorption at the same time. Thus, inhibition of SGLT2
is expected to achieve the dual effect of lowering blood glucose
and blood pressure. This will provide new ideas for the
treatment of patients with diabetes and hypertension.

Maintaining sodium ion homeostasis is vital for the regu-
lation of blood pressure. The primary mechanism responsible
for the blood pressure–lowering effects of CYP450 epox-
ygenases/EET system in salt-sensitive hypertension is
increased natriuresis. For example, 14,15-EET inhibited the
inward transport of sodium ions through inhibition of the
epithelial sodium channel (ENaC) by an extracellular signal–
regulated kinase 1/2–dependent mechanism to lower blood
pressure in salt-sensitive hypertension (34). Moreover, 11,12-
EET exerted an inhibitory effect on ENaC activity in rats
(35). These data indicated that endogenously formed EETs or
exogenously administered EETs could decrease the activity of
ENaC (36). In the present study, TPPU administration mark-
edly prevented the upregulation in SGLT2 expression
accompanied by increased urine volume, urine glucose
excretion, and urine sodium excretion, which partly accounted
for the glucose-lowering and blood pressure–lowering effects
of TPPU treatment. However, since EETs are known to acti-
vate K+ channels and inhibit ENaC activity, whether 14,15-
EET inhibited SGLT2 activity via activating K+ channels
and/or inhibit ENaC activity still needs to be further explored.

The pathogenesis of both hypertension and diabetes is
related to inflammation (37, 38). Many studies demonstrated
that EET/sEH system could ameliorate insulin resistance and
reduce hypertension through anti-inflammatory effects
(39–42). Furthermore, EETs, as an anti-inflammatory agent,
exerted its influence partly by inhibiting the activation of NF-
κB–mediated signaling pathway (43, 44). In resting cells, the
IκB molecules sequester NF-κB in the cytosol and prevent its
nuclear localization and transcriptional activity. Once the in-
hibitor of IKK complex is activated, phosphor-IκB will be
degraded, and then NF-κB translocates to the nucleus to
10 J. Biol. Chem. (2021) 296 100667
promote transcription of target genes (45, 46). BSA (10 mg/ml)
stimulates alpha-methyl-D-glucopyranoside uptake in primary
rabbit renal proximal tubule cell, which is partially mediated
by NF-κB. In addition, IL-6 increased SGLT activity through
reactive oxygen species production associated with NF-κB
signaling pathway activation in renal proximal tubule cells (47,
48). These studies reveal that NF-κB has a potential regulatory
effect on SGLT2 expression in renal tubular epithelial cells. In
this study, TPPU treatment markedly inhibited SGLT2
expression mediated by attenuated inflammatory response
characterized by reduced macrophage infiltration and proin-
flammatory factor production, which was due to inactivation
of IKKα/β/NF-κB signaling pathway.

However, there are several limitations in this study. First,
this study is almost based on rodents; so the effects and
mechanisms are supposed to implement further verification in
models closer to human pathophysiology. Second, because of
the lack of a cellular model of hypertension and insulin
resistance, palmitic acid and NaCl treatment may not fully
simulate the internal environment under pathological condi-
tions. Third, there is some possibility that other molecules may
also be involved in the beneficial effects of sEH inhibition on
insulin resistance and hypertension in mice treated with the
HF–HS diet. Therefore, further studies should be conducted to
reveal the exact molecular mechanisms. Fourth, if NF-κB
totally mediated the insulin resistance and hypertension in
mice treated with the HF–HS diet, NF-κB inhibitor should be
applied in vivo. However, this was not done in the present
study. Further studies should be performed to confirm this
point.

In summary, sEH inhibition alleviated insulin resistance and
hypertension induced by an HF–HS diet in mice via increased
urine glucose and sodium excretion mediated by decreased
renal SGLT2 expression, which was due to inactivation of
IKKα/β/NF-κB–induced inflammatory response. This study
provided a new insight for the treatment of insulin resistance
and hypertension.
Experimental procedures

Reagents and antibodies

Antibodies against the following proteins were used in this
study: sEH (sc-166961; dilution 1:500 for WB, 1:200 for IHC
staining), SGLT2 (sc-393350; dilution 1:500 for WB, 1:200 for
IHC), CD68 (SC-17832; dilution 1:1000 for WB, 1:500 for
IHC), and tumor necrosis factor α (sc-12744; dilution 1:500 for
WB, 1:250 for IHC) were purchased from Santa Cruz. IL-1β
(#12242S; dilution 1:1000 for WB, 1:500 for IHC), NF-κB
(#8242S; dilution 1:1000 for WB, 1:500 for IHC, 1:500 for
immunofluorescence staining), p-IKKα/β (#2697T; dilution
1:1000 for WB), p-IκBα (#2859S; dilution 1:1000 for WB), and
IκBα (#4814S; dilution 1:1000 for WB) were purchased from
Cell Signaling Technology, monocyte chemoattractant protein
1 (A7277; dilution 1:500 for WB), lamin B (A1910; dilution
1:1000 for WB), and β-actin (AC026; dilution 1:20,000 for WB)
were purchased from ABclonal Technology; secondary anti-
bodies horseradish peroxidase (HRP) goat anti-rabbit IgG (H +
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L) (AS014; dilution 1:10,000 for WB), and HRP goat antimouse
IgG (H + L) (AS003; dilution 1:10,000 for WB) were also
purchased from ABclonal Technology. TPPU (no. 11120), 5,6-
EET (no. 50211), 8,9-EET (no. 50351), 11,12-EET (no. 50511),
14,15-EET (no. 50651), and Soluble Epoxide Hydrolase In-
hibitor Screening Assay Kit (no. 10011671) were purchased
from Cayman Chemical. 14,15-EET/dihydroxyeicosatrienoic
acids ELISA Kit (catalog no.: DH2) was purchased from
Detroit R&D. Dapagliflozin (S1548) was purchased from Sell-
eck, and palmitic acid (P5585) was purchased from Sigma–
Aldrich. BSA (A8850) was purchased from Solarbio. BAY 11-
7082 (HY-13453) was purchased from MCE. EPHX2 siRNA
was synthesized by Ribobio. Diaminobenzidine Detection Kit
(polymer) (GK600510) was purchased from Gene Tech. So-
dium Assay Kit (C002-1-1) and Glucose Assay Kit (F006-1-1)
were purchased from Nanjing Jiancheng Bioengineering
Institute.

Animal treatment

Sixty six-week-old male C57BL/6 mice (GemPharmatech)
were fed in controlled conditions (12-h light/dark cycle, 22 ± 1
�C, and 50 ± 10% humidity), with food and water provided ad
libitum. After adapting to the environment for a week, mice
were randomly allocated into groups fed an SC/NS (n = 24) or
an HF–HS diet (n = 36). SC–NS and HF–HS diet were from
GemPharmatech. SC–NS diet was composed of 10% fat, 0.4%
salt, 66% carbohydrate, and 24% protein, presenting total cal-
ories of 3.22 kcal/g. HF–HS diet was composed of 60% fat, 8%
salt, 20% carbohydrate, and 20% protein, presenting total cal-
ories of 5.24 kcal/g. After 4 weeks of dietary intervention, all
mice were assigned to the following groups: (1) mice fed on an
SC–NS diet; (2) mice fed on an SC–NS diet and TPPU sup-
plement in drinking water; (3) mice fed on an HF–HS diet; (4)
mice fed on an HF–HS diet and TPPU supplement in drinking
water; and (5) mice fed on an HF–HS diet and dapagliflozin
supplement in drinking water. Animals were randomized for
the interventional subgroup (n = 12/group) and orally
administered with TPPU (C16H20F3N3O3; Cayman Chemical)
or dapagliflozin (Selleck) both at a dose of 1 mg/kg/day or
vehicle for 8 consecutive weeks. Body weight, blood pressure,
and blood glucose were monitored monthly. At the end of the
study, mice were euthanized via cervical dislocation, and
blood, urine, adipose, and kidneys were collected for further
analysis.

All animal care and experimental procedures were reviewed
and approved by the Experimental Animal Research Com-
mittee of Tongji Medical College, Huazhong University of
Science and Technology (Wuhan, Hubei, China), and strictly
complied with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (Bethesda, MD).

Blood pressure measurement

Blood pressure was measured by a noninvasive tail-cuff de-
vice (BP-2010A; Softron). The basal blood pressure of each
groupwas recorded before the intervention and thenmonitored
monthly. The same person handled all measurements during a
defined daytime period (between 2:00 and 5:00 PM). The tail-
cuff approach was taken to determine arterial blood pressure
and heart rate. To habituate the animals to the device and reduce
variations in response to stress, there are several precautions
including appropriate training of the mice over multiple days,
prewarming tails to an appropriate temperature of 29 �C,
measured in a quiet, semidark, and clean environment. After the
measurement was stable, measured five times, and took the
average to obtain a single representative value.

Intraperitoneal glucose tolerance test and ITT determination

Intraperitoneal glucose tolerance tests were performed in all
animals monthly. After determining basal blood glucose levels,
glucose (2 g/kg body weight) was injected intraperitoneally
into 16 to 17 h–fasted mice. Glucose levels from tail blood
samples were monitored at 30, 60, 90, and 120 min by gluc-
ometer. ITTs were performed on 5-h–fasted mice injected
intraperitoneally with 0.75 U/kg insulin. Blood glucose levels
were determined as described previously.

Metabolic parameter measurements

The metabolic analysis was performed by the Comprehen-
sive Lab Animal Monitoring System with the Oxymax software
(Columbus Instruments). Briefly, mice were individually caged
in the metabolic chambers maintained at 20 to 22 �C in a 12-h
light/12-h dark cycle, with an airflow of 0.6 l/min. After a 48-h
acclimatization, VO2, VCO2, RER, food and water intake, and
physical activity were simultaneously monitored every 10 min
for 24 h. The value of VO2 and VCO2 was normalized to body
weight (ml/kg/h). RER was calculated as VCO2/VO2, indi-
cating the choice of metabolism substrate (fat or carbohy-
drate). Generally, an RER of 0.7 indicates pure fat oxidation,
whereas an RER of 1.0 means pure carbohydrate oxidation,
and a value between 0.7 and 1.0 suggests a mix of both fat and
carbohydrate.

WB

Kidney tissue or cell samples were ground and lysed in
radioimmunoprecipitation assay buffer supplemented with
protease inhibitors (separate cytoplasmic protein and nuclear
protein according to the instructions). After measuring con-
centrations by the bicinchoninic acid method, protein samples
were diluted to a concentration of 5 μg/μl and heated at 100 �C
for 5 min with a denaturation buffer. Proteins were separated
by 10% to 12% SDS-PAGE, transferred onto polyvinylidene
difluoride membranes, and incubated overnight with primary
antibodies at 4 �C. The membranes were washed with Tris-
buffered saline with Tween 20 and incubated with HRP-
conjugated goat anti-rabbit or antimouse secondary anti-
bodies for 2 h at room temperature. Protein bands were
visualized using enhanced chemiluminescent detection re-
agent. Finally, the ImageJ program (developed by the National
Institutes of Health) was used to determine the density, which
was normalized with β-actin or lamin B.
J. Biol. Chem. (2021) 296 100667 11
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Cell culture and treatment

HK-2 cells were obtained from the Cell Bank of the Chinese
Academy of Sciences and cultured in Dulbecco’s modified
Eagle’s medium/F12, supplemented with 10% fetal bovine
serum. Cells were cultured in a sterile incubator at 37 �C with
a humidified atmosphere containing 5% CO2. When it came to
70% confluence, cells were incubated in a serum-free medium
for 6 h. NaCl (20 nM) accompanied by palmitic acid (100 μM)
was used to treat cells for 48 h. EETs (1, 10, 50 μM), TPPU
(10 μM), dapagliflozin (10 μM), and BAY 11-7082 (30 μM)
were used to pretreat cells after 6 h of starvation.

siRNA transfection

The siEPHX2 and control siRNA were designed and syn-
thesized by Ribobio. In brief, HK-2 cells were transfected with
50 nM of siRNA using Lipofectamine RNAiMAX (Invitrogen)
when the confluence reached approximately 70%, and cell
culture medium was changed 4 h later. Experiments were
performed 48 h after transfection.

Histology and IHC analysis

Adipose and kidney tissues were separated and immediately
fixed with 4% paraformaldehyde for 24 h, then dehydrated, and
embedded in paraffin. All tissues were sectioned with a
thickness of 4 μm and stained with H&E. For immunohisto-
chemistry, tissue sections were deparaffinized, rehydrated,
antigen recovered in Tris–EDTA buffer (pH = 9.0), or sodium
citrate buffer (pH = 6.0) through microwave for 20 min,
washed in PBS. The sections were incubated with 3% H2O2 in
PBS for 30 min, followed by a 5% BSA solution for 1 h. Sec-
tions were then incubated with primary antibody overnight at
4 �C and followed with secondary antibodies for 2 h at room
temperature. Then, sections were stained with hematoxylin
after being developed with diaminobenzidine. Micrographs
were acquired using light microscopy (OLYMPUS BX53). The
quantification of staining was performed using ImagePro Plus
software (Media Cybernetics).

Immunofluorescence staining

After washed with PBS for three times, HK-2 cells were
fixed with 4% paraformaldehyde and permeabilized using 0.2%
Triton X-100 for 20 min. Cells were blocked with the appro-
priate serum and then incubated with primary antibodies
overnight at 4 �C. The specimens were incubated with fluo-
rescent secondary antibodies for 1 h in the dark. Nuclei were
counterstained with 40,6-diamidino-2-phenylindole, and im-
ages were photographed under a fluorescence microscope
(OLYMPUS BX53) with the same exposure time.

Analysis of plasma and urine metabolites

Fasting and random blood glucose were measured from tail
veins using a blood glucose meter (OneTouch Ultra) per-
formed at baseline, and every 4 weeks, 24-h urine collection
was carried out at the end of the experiment using metabolic
cages. Urine levels of glucose and sodium were detected using
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assay kits from Nanjing Jiancheng Bioengineering Institute
according to the manufacturers’ protocols. Kidney EET level
was detected by 14,15-EET/dihydroxyeicosatrienoic acids
ELISA kit following the manufacturer’s instructions. Kidney
sEH activity was detected by Soluble Epoxide Hydrolase In-
hibitor Screening Assay Kit according to the manufacturers’
instructions.

Statistical analysis

Each experiment was repeated at least three times inde-
pendently, and all data were expressed as mean ± SD. Statis-
tical significance of differences among the groups was analyzed
by Student’s t test or one-way ANOVA for multiple compar-
isons followed by post hoc analyses to identify differences
among groups. All the data were analyzed with SPSS 22.0
statistical software (SPSS, Inc). p < 0.05 was considered sta-
tistically significant.

Data availability

All data are contained within the article and available from
the corresponding author upon reasonable request.
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