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MULTI-TARGET MOLECULE TO TREAT DIABETIC 
NEPHROPATHY IN RATS

Md. Abdul Hye Khan1,*, Sung Hee Hwang4, Scott D. Barnett1, Anna Burkhan1, Wojciech K. 
Jankiewicz1, Bruce D. Hammock4, John D. Imig1,*

1Drug Discovery Center and Cardiovascular Center, Medical College of Wisconsin, Milwaukee, 
WI 53226, USA

4Department of Entomology and Nematology and Comprehensive Cancer Center, University of 
California, Davis, CA 95616, USA

Abstract

Diabetic nephropathy is one of the most common complications that is related to high morbidity 

and mortality in type 2 diabetic patients. We investigated ability of a novel dual modulator, 

PTUPB that concurrently acts as a soluble epoxide hydrolase inhibitor and as a cyclooxygenase-2 

inhibitor against diabetic nephropathy. Sixteen week-old type 2 diabetic and proteinuric obese 

ZSF1 rats were treated with vehicle, PTUPB, or enalapril for 8 weeks. Obese ZSF1 rats were 

diabetic with 5-fold higher fasting blood glucose levels and markedly higher HbA1c levels 

compared to lean ZSF1 rats. Neither PTUPB nor enalapril reduced fasting blood glucose or 

HbA1c in obese ZSF1 rats. The obese ZSF1 rats also developed diabetic nephropathy with 

elevated albuminuria and tubular and glomerular injuries. PTUPB alleviated diabetic nephropathy 

in obese ZSF1 rats by reducing albuminuria by 50%, renal cortical and medullary cast formation 

by 60–70%, renal fibrosis by 40–50%, and glomerular injury by 55%. In PTUPB treated 

obese ZSF1 rats, glomerular nephrin expression was preserved. Enalapril treatment demonstrated 

an effect comparable to PTUPB and alleviated diabetic nephropathy in obese ZSF1 rats by 

reducing all kidney injury parameters by 30 to 50%. Diabetic renal injury in obese ZSF1 rats 

was accompanied by renal inflammation with 6–7fold higher urinary MCP-1 level and renal 

infiltration of CD-68 positive cells. PTUPB and enalapril treatment reduced renal inflammation 

with significantly reduced urinary MCP-1 levels and renal mRNA expression of cytokines. 

PTUPB demonstrated superior anti-inflammatory actions compared to enalapril treatment. Obese 

ZSF1 rats were also hypertensive, hyperlipidemic, and exhibited liver injury. Both PTUPB and 

enalapril lowered blood pressure in obese ZSF1 rats. Interestingly, PTUPB but not enalapril 

decreased hyperlipidemia and liver injury in Obese ZSF1 rats. Overall, we demonstrate that a 

dual modulator PTUPB does not treat hyperglycemia, but can effectively alleviate hypertension, 

diabetic nephropathy, hyperlipidemia and liver injury in type 2 diabetic rats. Our data further 
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demonstrate that the renal actions of PTUPB is comparable to a current standard diabetic 

nephropathy treatment.

Keywords

type 2 diabetes; diabetic nephropathy; soluble epoxide hydrolase; cyclooxygenase; multi-target 
drugs

INTRODUCTION

Diabetes is a significant health problem worldwide. Globally 8.5% of adults aged 18 years 

and older have diabetes and diabetes was the direct cause of 1.6 million deaths in 2016. 

The high mortality and morbidity associated with diabetes is due to several complications. 

One of the most common diabetic complications is micro- and macro-vascular dysfunction 

that results in diabetic nephropathy that progresses to end-stage renal diseases (ESRD) and 

death (Li et al., 2010; Bugger and Abel, 2014). Approximately 20–40% of diabetic patients 

develop nephropathy, and due to the growing incidence of diabetes, diabetic nephropathy is 

now the main cause of ESRD worldwide (Tesch, 2015; Toth-Manikowski and Atta, 2015). 

Moreover, diabetic nephropathy incidence rates show no signs of slowing. In the USA alone, 

42% of all ESRD cases had a diagnosis of diabetic nephropathy (Warren et al., 2019).

Besides glycemic control with anti-diabetic drugs, renin angiotensin system (RAS) 

blockers have been the standard of care to treat diabetic nephropathy. Unfortunately, 

approximately one-half of diabetic patients fail to achieve acceptable glycemic control 

with the currently available anti-diabetic options and RAS blockers have been mildly 

effective in reducing diabetic nephropathy progression to ESRD. Consequently, morbidity 

and mortality associated with diabetes is still high because of complications such as 

hypertension and diabetic nephropathy (Stark et al., 2013). The poor treatment outcome with 

the present anti-diabetic drugs is also partly due to uncontrolled comorbid risk factors such 

as dyslipidemia in type 2 diabetes (Stark et al., 2013). Indeed, according to the American 

Diabetic Association, during the period of 2009–2012 about 65–70% of diabetic patients had 

pre-existing dyslipidemia and other complications at the time of diagnosis (Afkarian et al., 

2013; Magee et al., 2017). Thus, there is an urgent need for novel treatments that reduce 

cardiovascular risk and have a favorable impact on comorbid conditions such as diabetic 

nephropathy.

With this background, the present study investigated the ability of a novel dual acting 

molecule soluble epoxide hydrolase (sEH) and cyclooxygenase-2 (COX-2) inhibitor, 

PTUPB, to treat diabetic nephropathy in obese ZSF1 rats. The obese ZSF1 rat is widely 

used as a model of type 2 diabetes with associated nephropathy and comorbid conditions 

that are often present in type 2 diabetic human patients. Our findings demonstrate promising 

potential for PTUPB to treat diabetic nephropathy by acting on multiple pathophysiological 

components.
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MATERIALS AND METHODS

Chemicals

The chemistry and synthesis process for the dual sEH and 

COX-2 inhibitor PTUPB [(4-(5-phenyl-3-{3-[3-(4-trifluoromethylphenyl)-ureido]-propyl}-

pyrazol-1-yl)-benzenesulfonamide),] is described previously (Hwang et al., 2011). All 

chemicals used in this study were purchased from Sigma Aldrich (St Louis, MO, USA) 

unless otherwise mentioned.

Animal studies

All experiments are approved (protocol numbers AUA00001818, 9/5/2019 and 

AUA00000042, 10/11/2019) by the Medical College of Wisconsin Institutional Animal Care 

and Use Committee that concurs with the National Institutes of Health Guidelines. In the 

Biomedical Resource Center at the Medical College of Wisconsin the rats were housed 

with a 12/12h light–dark cycle with free access to water and rat chow. All animals were 

acclimatized for 7 days before they were used in any experimental protocol. All studies were 

designed to generate groups of equal size, using randomisation and blinded analysis.

Experimental design

These studies were carried out in 16 week-old, male obese ZSF1 rats (ZSF1-LeprfaLeprcp/

Crl; strain code 378) and lean ZSF1 rats (strain code 379) obtained from Charles River 

Laboratories. The ZSF1 rat is a cross between Zucker Diabetic Fatty (ZDF) female and 

Spontaneously Hypertensive Heart Failure (SHHF) male rats. These rats are known to be an 

excellent model of diabetic nephropathy (Bilan et al., 2011; Su et al., 2016).

As we have described in a recent study, at 16 weeks of age the obese ZSF1 rats were 

diabetic, hypertensive, and had renal injury compared to the age-matched lean ZSF1 

rats (Hye Khan et al., 2018). Diabetes (plasma glucose >250mg/dL), hypertension (SBP 

>150mmHg), and proteinuria (>150mg/d) were confirmed in the obese ZSF1 rats. The 

rats were randomized into four groups (n=6–8/group), Group 1: Lean ZSF1 rats treated 

with vehicle; Group 2: obese ZSF1 rats treated with vehicle; Group 3: obese ZSF1 rats 

treated with PTUPB (10mg/kg/d i.p.), and Group 4: obese ZSF1 rats treated with enalapril 

(10mg/kg/d p.o.). PTUPB administration was carried out using an intra-peritoneal implanted 

osmotic pump (ALZET® osmotic pump, DURECT Corporation, Cupertino, CA). All rats 

were weighed, and systolic blood pressure was measured by tail-cuff plethysmography 

(IITC Life Science Inc., Woodland Hills, CA, USA) during the 8 week treatment protocol. 

The intra-peritoneal implantation of the osmotic pump under isoflurane (1%) using aseptic 

procedure. The rats received a single dose (1.5mg/kg) of Buprenorphine SR as analgesic. 

The rats were monitored for 10 days after surgery for any surgery related complication.

At baseline, intraperitoneal glucose tolerance tests, blood pressure measurements, and urine 

collections were conducted. At the end of the 8-week treatment protocol blood samples 

were collected and then rats were euthanized under isoflurane (1%) for plasma and tissue 

collection. Death was confirmed by bilateral thoracotomy. Urine, blood, plasma, kidney, and 

liver samples were frozen and stored at −80°C for biochemical assays and other analysis. 
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The kidney and liver tissue samples were either immersion fixed in 10% neutral buffered 

formalin for paraffin embedding or processed for frozen section for use in histopathology 

and immunohistopathological experiments.

Glucose tolerance test

Intra-peritoneal glucose tolerance test was carried out at baseline and at the end of the 

8-week treatment protocol. After a fasting blood sample collection, glucose (2 g/kg i.p.) was 

injected in fasted rats (8–12 hours) followed by tail vein blood sampling at different time 

points. Blood glucose levels were measured using a glucometer LifeScan (Miltipas, CA, 

USA).

Biochemical assays

The glycemic status of the rats was determined by measuring hemoglobin A1C (HbA1c) 

levels in whole blood using a biochemical assay from Crystal Chem and by measuring 

plasma insulin using ELISA (Mercodia AB, Uppsala, Sweden). Lipid profile was 

determined by measuring plasma cholesterol, triglyceride, and non-esterified free fatty acid 

(NEFA) levels using assay kits from Cayman Chemical (Ann Arbor, MI, USA). Plasma 

low-density lipoprotein (LDL) was measured using a kit from Crystal Chem (Downers 

Grove, IL, USA). Homeostatic model assessment (HOMA-IR) was carried out to determine 

insulin sensitivity in experimental groups. As reported earlier, HOMA-IR was calculated 

from fasting blood glucose (Antunes et al., 2016). Liver enzymes aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT) were measured using commercial assay kits 

(Sigma Millipore, St. Louis, MO, USA). Urinary protein and creatinine were measured 

calorimetrically using assay kits from Cayman Chemical. Urinary levels of albumin and 

monocyte chemoattractant protein-1 (MCP-1) were determined using ELISAs from Exocell 

(Philadelphia, PA, USA) and BD Biosciences (San Jose, CA, USA), respectively.

RNA Isolation and Real-Time PCR analysis

Kidney mRNA was isolated from whole kidney homogenate of each individual sample 

by RNeasy Mini Kit (QIAGEN, CA, USA) according to the manufacturer’s protocol. The 

purity and the amount of mRNA samples were quantified spectrophotometrically. For each 

sample, 1μg of total RNA was reverse transcribed to cDNA using iScript™ Select cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-Time (RT) PCR analysis were carried 

out using cDNAs to study renal mRNA expressions of TNF-α, IL1β, IL-6, IL-2, and TGF-ß. 

Gene expression was quantified by iScript One-Step RT-PCR Kit with SYBR green using 

the MyiQ™ Single Color RT-PCR Detection System (Bio-Rad Laboratories, Hercules, CA, 

USA). Dissociation curve analysis was done with iQ5 Optical System Software, Version 

2.1 (Bio-Rad Laboratories, Hercules, CA, USA. During RT-CR, denaturation was done at 

95°C for 2 min followed by 40 cycles at 95°C for 10s and 30s at 60°C. Each sample run 

in triplicate and fold change in gene expression compared to controls were calculated using 

comparative threshold cycle (Ct) method. The expression levels of the gene of interest were 

determined by normalizing Ct values to three housekeeping genes and the final data are 

expressed as 2ΔΔCt. All statistical analyses were carried out using 6–8 samples from each 

experimental group.
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Histopathological analysis

Kidney and liver tissues were fixed in formalin and paraffin embedded. The paraffin 

embedded tissues were cut into 4μm sections for histological analysis. Tissue sections were 

deparaffinized, re-hydrated, and kidney tissue slices were stained with Periodic Acid-Schiff 

(PAS) and Picrosirius Red (PSR). Glomerulosclerosis and mesangial matrix expansion were 

scored from kidney sections stained with PAS staining using methods described earlier (Hye 

Khan et al., 2018;2019). Histological analysis was done at a magnification of 400X to assess 

glomerular injury, and renal tubular proteinaceous cast was assessed at a magnification 

of 200X using Nikon NIS Elements Software (Nikon Instruments Inc., Melville, NY, 

USA). The percentage area positive for proteinaceous cast was calculated from the mean 

of eight cortical and five medullary fields for each animal. Fibrosis in the kidney and 

liver were determined from kidney and liver sections stained with PSR and examined at 

a magnification of 200X. In the kidney, the percentage area positive for collagen was 

calculated as the fibrotic area from the mean of eight cortical and five medullary fields 

for each kidney sample. The mean percentage of collagen positive liver fibrotic areas were 

calculated from 20 fields in each liver sample. In assessing liver steatosis, frozen liver 

sections (10 μm) were stained with Oil Red O dye according to manufacturer’s protocol 

(Abcam, Cambridge, MA, USA). The percent of liver tissue area with lipid accumulation 

was calculated as described earlier (Kochan et al., 2015). The percentage area positive for 

lipid accumulation was calculated from the mean of 20 fields (at 200X magnification) for 

each animal using Nikon NIS Elements Software. Histological scoring was carried out by 

two observers who were blinded to the identity of the experimental groups.

Immunohistopathological analysis

Immune cell infiltration in the kidney was determined using immunohistopathological 

analysis. Tissue sections were incubated with rodent declocker solution (Biocare Medical, 

Concord, CA, USA) at 95°C for antigen retrieval (Hye Khan et al., 2016). Kidney sections 

were immunostained with anti-CD68 (1:100; Serotec, Raleigh, NC, USA) to determine renal 

macrophage/monocyte infiltration. Biotinylated rat anti-mouse secondary antibody (1:200) 

was used for development with avidin-biotinylated HRP complex (Vectastain ABC Elite 

kit, Vector Laboratories, Burlingame, CA, USA) followed by hematoxylin counterstaining. 

Stained tissue sections were examined by light microscopy (400x magnification) and digital 

images were taken for analysis using Nikon NIS Elements Software. Kidney macrophage/

monocyte infiltration was determined by counting CD-68 positive cells. As described earlier, 

(Hye Khan et al., 2016) the number of positive cells per field was divided by the metric area 

of the field to obtain the number of positive cells per mm2. All immunohistopathological 

analysis were done in blinded fashion by two observers and followed the guideline of the 

British Journal of Pharmacology (Alexander et al., 2018).

Immunofluorescence analysis

Formalin formalin-fixed and paraffin-embedded kidney sections (4μm) were de-paraffinized, 

re-hydrated, and incubated with rodent declocker solution (Biocare Medical, Concord, 

CA, USA) at 95°C for antigen retrieval. Kidney sections were then immunostained with 

anti-nephrin (1:100; Santa Cruz Biotechnology, Inc, Dallas, TX, USA) to determine renal 
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expression of nephrin. Donkey anti-rabbit IgG H&L (Alexa Fluor® 488) secondary antibody 

(1:200; Abcam, Cambridge, MA, USA) was used for development with fluorescence 

quenching liquid (Vector Laboratories, Burlingame, CA, USA). Immunostained sections 

were examined by Nikon 55i fluorescence with a green excitation (200x magnification) 

and digital images were taken for analysis using Nikon NIS Elements Software. Nephrin 

expression in the kidney was determined by measuring the percentage of nephrin positive 

kidney areas. Two observers blinded to the identity of the samples conducted nephrin image 

analysis in kidney sections. All experiments and data analysis were carried out according to 

the guideline of the British Journal of Pharmacology (Alexander et al., 2018).

Determination of glomerular albumin permeability

Glomeruli from 8–10 week Sprague Dawley rats were isolated as previously described 

(Ilatovskaya, 2015) using a variable-sieving process (150μm, 106μm, then 75μm) after 

an in-vivo renal perfusion of high-molecular weight FITC-labeled dextran (150kD, TdB 

Consultancy AB, Uppsala, Sweden). Each condition was tested with 3 or more rats, and a 

minimum of 9 glomeruli. Glomeruli were affixed to the optical window of poly-L-lysine 

coated culture dish (MatTek, Ashland, MA), and bathed in a 5% BSA solution containing (in 

mM): 145 NaCl, 2 CaCl2, 4.5 KCl, 2 MgCl2, 10 HEPES, TRITC-labeled dextran, pH 7.35 

(adjusted with NaOH). Only de-encapsulated glomeruli with detached afferent and efferent 

arteriole were included. Using an AR-1 confocal microscope, a Z-stack of 27 images (total 

thickness of ∼72 μm) was collected while in the initial 5% solution (baseline), which was 

followed by a repeated collected every 2 min following bath exchange to 1% albumin 

bath solution, for a total of 10 minutes. Glomeruli were either pre-incubated for 5 minutes 

in angiotensin II (10μM) to induce permeability in the presence and absence of PTUPB 

(1μM) to determine its effects on permeability. Following the conclusion of the experiment, 

volumetric recompositing of individual z-planes was carried out using Fiji image processing 

package (ImageJ 2.0.0, National Institutes of Health, USA) and Origin Pro 6.0 (Origin Lab, 

Northampton, MA).

Data and Analysis

Statistical analysis was done only for the experiments where n=5 or greater/group. The 

group size used in each experiment was the number of independent values and the statistical 

analysis is carried out only on independent values. All outliers are included in statistical 

analysis and presentation of the data. Data are reported as box and whisker plots with 

median and minimum to maximum. Figure 4E is plotted as mean ± S.E.M. The statistical 

significance between two groups was determined by a two-tailed unpaired Student’s t 

test (and among more than two groups it was determined by repeated measure one-way 

analysis of variance followed by Tukey’s post-hoc test) using GraphPad Prism® Version 

4.0 software (GraphPad Software Inc, La Jolla, CA, USA). Difference between two groups 

was considered significant when probability values of P were less or equal to 0.05. This 

manuscript followed the requirements and recommendation on experimental design and 

analysis recommended by the British Journal of Pharmacology (Curtis et al., 2018).
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RESULTS

PTUPB reduces blood pressure and lacks anti-diabetic actions in obese ZSF1 rats

Obese ZSF1 rats were severely diabetic with 60 to 75% higher fasting blood glucose, 

increased HbA1c, increased HOMA index, decreased rate of glucose clearance, and marked 

hyperinsulinemia compared to lean ZSF1 rats (Figure 1). Neither interventional PTUPB nor 

enalapril treatment attenuated hyperglycemia, hyperinsulinemia, and insulin resistance in 

obese ZSF1 rats. All markers of overt type 2 diabetes remained markedly elevated compared 

to lean ZSF1 rats. The obese ZSF1 rats had increased body weight (733±11g) compared to 

lean ZSF1 rats (470±9g), and neither PTUPB (702±7g) nor enalapril (722±10g) treatments 

affected body weight of obese ZSF1 rats. Systolic blood pressure was higher in obese ZSF1 

rats (182±7 mmHg) compared to lean ZSF1 rats (139±5 mmHg). In obese ZSF1 rats 8-week 

PTUPB and enalapril treatments reduced blood pressure. Blood pressure averaged 161±9 

mmHg in PTUPB and averaged 147±10 mmHg in enalapril treated obese ZSF1 rats.

PTUPB improves plasma lipids in obese ZSF1 rats

Plasma cholesterol, triglycerides, NEFA, and LDL-cholesterol were 70–90% higher in obese 

ZSF1 rats compared to lean ZSF1 rats. Interventional PTUPB treatment markedly improved 

the lipid profile of obese ZSF1 rats and reduced plasma lipids to levels similar to lean ZSF1 

rats. Interestingly, enalapril treatment did not affect the lipid profile of obese ZSF1 rats and 

the plasma lipid levels remained elevated in obese ZSF1 rats (Figure 2).

PTUPB reduces renal injury in type 2 diabetic obese ZSF1 rats

Obese ZSF1 rats demonstrated marked renal injury compared to lean ZSF1 rats. In obese 

ZSF1 rats, albuminuria was more than 40 fold higher compared to lean ZSF1 rats. Obese 

ZSF1 rats had 4 to14-fold higher renal cortical and medullary cast area compared to 

lean ZSF1 rats. Interventional PTUPB treatment markedly reduced kidney injury with 

albuminuria reduced by 40% and tubular cast formation reduced by 60% compared to 

vehicle obese ZSF1 rats. Enalapril also attenuated kidney injury and exhibited an equipotent 

effect as PTUPB in attenuating albuminuria, while it was relatively weaker in attenuating 

renal tubular cast formation in obese ZSF1 rats (Figure 3A–D).

Obese ZSF1 rats demonstrated marked glomerular injury with a glomerular injury score that 

was 80% higher than lean ZSF1 rats. Both interventional PTUPB and enalapril treatments 

equipotently attenuated glomerular injury by 50% in obese ZSF1 rats (Figure 4 A, C). 

Consistent with marked glomerular injury, the obese ZSF1 rats had 60% lower renal nephrin 

expression compared to lean ZSF1 rats. PTUPB and enalapril treatments equipotently 

elevated nephrin expression in the kidney of obese ZSF1 rats (Figure 4 B, D). Experiments 

in isolated glomeruli demonstrate that angiotensin II markedly elevated glomerular albumin 

permeability. Interestingly, PTUPB directly protected the glomerular filtration barrier and 

attenuated angiotensin II-induced increase glomerular albumin permeability. In the presence 

of PTUPB, angiotensin II-induced glomerular albumin permeability was >50% lower than 

angiotensin II alone (Figure 4E).
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Renal fibrosis was 60% higher in obese ZSF1 rats compared to lean ZSF1 rats. 

Interventional PTUPB and enalapril treatments demonstrated marked anti-fibrotic actions 

and equipotently reduced renal collagen deposition in obese ZSF1 rats (Figure 5A–C).

In the present study, marked renal inflammation with elevated urinary MCP-1 excretion and 

infiltration of renal macrophages was evident in obese ZSF1 rats. Urinary MCP-1 excretion 

was 80% higher in obese ZSF1 rats and PTUPB reduced urinary MCP-1 excretion by 

53%. Enalapril also demonstrated anti-inflammatory action in obese ZSF1 rats and reduced 

MCP-1 excretion by 28%. Moreover, renal inflammation in the obese ZSF1 rats were 

evident with 10–45 times higher expression of TNF-α, IL1β, IL-6, IL-2, and TGF-ß in the 

kidney compared to lean ZSF1 rats. PTUPB and enalapril reduced renal expression of these 

cytokines in obese ZSF1 rats (Figure 6 D). In obese ZSF1 rats, elevated chemokine level was 

accompanied by marked renal infiltration of immune cells, and obese ZSF1 rat kidneys had 

80% higher CD-68 positive immune cells compared to lean ZSF1 rats. PTUPB and enalapril 

reduced renal infiltration of immune cells in obese ZSF1 rats by 60 and 45%, respectively 

(Figure 6 A–C). Interestingly, we demonstrated that PTUPB and enalapril acted similarly 

with PTUPB demonstrating a superior trend in reducing renal injury and inflammation in 

type 2 diabetic obese ZSF1 rats.

PTUPB reduces liver injury and steatosis in obese ZSF1 rats

Type 2 diabetic obese ZSF1 rats had liver injury along with hyperlipidemia. Obese ZSF1 rats 

had 2–3 fold higher plasma levels of two important liver injury biomarkers, AST and ALT, 

compared to lean ZSF1 rats. Interventional PTUPB but not enalapril treatment lowered AST 

and ALT plasma levels to levels similar to that of lean ZSF1 rats (Figure 7A, B). The obese 

ZSF1 rats had marked liver fibrosis with a 5-fold higher liver collagen expression compared 

to lean ZSF1 rats. PTUPB treatment markedly reduced liver collagen expression in the obese 

ZSF1 rats. Enalapril treatment was ineffective in lowering liver fibrosis in obese ZSF1 rats 

(Figure 7C, E). The obese ZSF1 rats had marked hepatosteatosis with 3 times higher liver 

steatotic area compared to lean ZSF1 rats. PTUPB treatment attenuated hepatosteatosis in 

the obese ZSF1 rats by 50%. Enalapril treatment did not affect hepatosteatosis in obese 

ZSF1 rats. (Figure 7D, F).

DISCUSSION

Diabetic nephropathy is a major cause of ESRD worldwide. According to the World Health 

Organization (WHO), 1 in every 11 adults worldwide are diabetic (Saran et al., 2020). 

This high incidence of diabetes is linked to the high incidence of diabetic nephropathy and 

consequent ESRD. Approximately 20–40% of all diabetic patients develop diabetic kidney 

disease in their lifetime, which often progresses to ESRD (Isomaa et al., 2001; Grundy, 

2006). Unfortunately, despite the recent progress in our understanding, the complicated 

pathophysiology of diabetic nephropathy has limited our success to treat and manage 

diabetic nephropathy. Hence, there is growing interest in developing novel therapies that 

will target multiple pathophysiological factors of type 2 diabetes and its renal complications 

(Roche et al., 2015).
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Over the years, several studies demonstrated critical etio-pathological roles of eicosanoids 

in the type 2 diabetes and associated kidney disease (Luo and Wang, 2011; Lorthioir et al. 

2012; Molinar-Toribio et al., 2015). Indeed, a large number of studies demonstrated that 

eicosanoid metabolites are associated with type 2 diabetes, blood pressure, lipid levels, and 

insulin signaling (Imig, 2018; Bellucci et al., 2017; Nasrallah et al., 2016; Harris, 2008). 

In the present interventional study, we investigated the effect of a novel molecule, PTUPB, 

that concurrently acts on two eicosanoid pathways in overt type 2 diabetic obese ZSF1 

rats. Initial studies found a higher kidney mRNA expression of sEH and COX-2 in vehicle 

treated obese ZSF1 rats. PTUPB markedly elevated levels of EETs and reduced levels of 

pro-inflammatory thromboxane B2 (TBX2) and prostaglandin E2 (PGE2) in the kidney of 

type 2 diabetic obese ZSF1 rats (Figure S1). PTUPB inhibits sEH and COX-2 enzymes 

to manipulate epoxyeicosatrienoic acids (EETs) and prostanoids. EETs have potent kidney 

protective effects in multiple disease conditions (Imig, 2018). However, the EETs are short 

lived and sEH converts them to their inactive diols. Hence, sEH inhibitors were developed as 

an effective way in increasing EET levels. Inhibitors of sEH have been demonstrated to be 

organ protective in multiple disease conditions including cardiometabolic syndrome (Imig, 

2012; 2018). Likewise, COX inhibitors, particularly COX-2 inhibitors have cardiovascular 

and kidney protective effects (Harris, 2013). Inhibition of a specific biosynthetic arachidonic 

acid pathway could alter the metabolic flux resulting in side effects (Sonnweber et al., 

2018). Interactions and changes in metabolic flux have been determined for COX-2 and sEH 

inhibitors (Kim et al., 2017). PTUPB is a dual acting molecule and that concurrently inhibits 

sEH and COX-2 resulting in potent kidney protective effects while reducing side effects 

(Hye Khan et al., 2016, Wang et al., 2018). These previous studies and those of the present 

study demonstrate that manipulating COX-2 and sEH with PTUPB changes eicosanoid 

metabolites in a manner that avoids side effects while effectively decreasing diabetic kidney 

injury.

These finding are consistent with several studies that have shown PTUPB beneficial actions. 

PTUPB prevents development of diabetic kidney injury in Zucker Diabetic Fatty (ZDF) 

rat (Hye Khan et al., 2016), suppresses the growth of glioblastomas (Li et al., 2017), 

and improves sepsis outcomes (Zhang et al., 2020a), and attenuates pulmonary fibrosis 

(Zhang et al., 2020b). Most importantly, these studies found that PTUPB was superior to 

sEH or COX-2 inhibitors alone or their combination (Li et al., 2018; Zhang et al., 2014). 

For instance, a study with mouse xenograft model of bladder cancer found that PTUPB 

potentiated the anti-cancer activity of cisplatin (Wang et al., 2017). This experimental 

study also found that PTUPB was superior to the sEH inhibitor t-AUCB and the COX-2 

inhibitor celecoxib or their combination (Wang et al., 2017). In the present study, our 

findings demonstrate that interventional treatment with the dual acting sEH/COX-2 inhibitor, 

PTUPB, reduces diabetic kidney injury in type 2 diabetic, hypertensive, and hyperlipidemic 

obese ZSF1 rats.

In type 2 diabetic obese ZSF1 rats, we compared the efficacy of interventional PTUPB 

treatment with an angiotensin converting enzyme (ACE) inhibitor, enalapril. It is important 

to note that ACE inhibitors are widely used for blood pressure control and are particularly 

beneficial in hypertensive type 2 diabetic subjects to treat diabetic nephropathy (Hunsicker, 

2004; Batlle et al., 2012). Interestingly, we found that PTUPB did not reduce hyperglycemia 
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and hyperinsulinemia in obese ZSF1 diabetic rats. This is not entirely consistent with 

the findings of an earlier study where we reported that PTUPB prevents development of 

type 2 diabetes in ZDF rats (Hye Khan et al., 2016). The prophylactic PTUPB treatment 

was given prior to an elevation in fasting blood glucose and insulin resistance to the 

ZDF rats. Indeed, the objective of that earlier study was to investigate if PTUPB could 

prevent development of type 2 diabetes. Findings of this previous study prompted us to 

carry out the present study to investigate the ability of interventional PTUPB treatment 

to reduce diabetes and its complication in a rat model of severe type 2 diabetes and 

diabetic nephropathy. Our findings demonstrate that interventional PTUPB treatment failed 

to reduce blood glucose or improve glucose homeostasis in obese ZSF1 rats. Similar to 

interventional PTUPB treatment, interventional ACE inhibitor treatment with enalapril did 

not affect hyperglycemia and insulin resistance in obese ZSF1 rats. These findings are in 

accord to our earlier findings on the effects of enalapril in obese ZSF1 diabetic rats (Hye 

Khan et al., 2018). In contrast to our findings, there are studies that demonstrate beneficial 

enalapril effects on blood glucose and insulin sensitivity. These studies found that enalapril 

improved insulin sensitivity in fructose-fed spontaneously hypertensive and Cohen Diabetic 

rats (Vuorinen-Markkola and Yki-Järvinen, 1995). Enalapril is also reported to improve 

glucose storage and insulin sensitivity in hypertensive type 1 diabetic patients (Rosenthal et 

al., 1995). The discrepancy between our findings in obese ZSF1 rats and these earlier studies 

could be due to the different interventional experimental design and the use of different 

diabetic rat models. Overall, we demonstrate that dual sEH/COX-2 inhibitor PTUPB or 

enalapril interventional treatment did not reduce type 2 diabetes in obese ZSF1 rats.

An important finding of the present study is the reduction in kidney injury by interventional 

PTUPB treatment in type 2 diabetic obese ZSF1 rats. The obese ZSF1 rats develop diabetic 

nephropathy with marked kidney functional and structural injuries (Hye Khan et al., 2018; 

Bilan et al., 2011; Su et al., 2018). We demonstrate potent renal actions of PTUPB in 

reducing diabetic nephropathy that is associated with marked renal functional and structural 

injuries in type 2 diabetic obese ZSF1 rats. The pathophysiology of diabetic nephropathy is 

complex due to the presence of several comorbid conditions in type 2 diabetic patients. Most 

often these comorbid conditions are hypertension and hyperlipidemia (Ritz et al., 2001). 

In clinical studies, it is demonstrated that better blood pressure control in type 2 diabetes 

decreased the onset or degree of kidney injury and vascular complications (Steigerwalt, 

2008). In the present study, interventional PTUPB treatment demonstrated marked anti-

hypertensive actions in obese ZSF1 rats. A similar anti-hypertensive action of PTUPB has 

been reported in an earlier study (Hye Khan et al., 2016). This anti-hypertensive action 

of PTUPB could be related to the sEH inhibitor activity. The sEH inhibitors are widely 

reported to be anti-hypertensive, and this effect has been attributed to its ability to increase 

the ratio of EETs to their less biologically active diols (Imig et al., 2002; Neckář et al., 2012; 

Wang et al., 2000). Unlike sEH inhibition, COX-2 inhibition is not anti-hypertensive (Zhao 

et al., 2005; Cheng and Harris, 2004) and COX-2 inhibitors do not affect blood pressure in 

humans and animals (Bombardier et al., 2000). However, some clinical trials have shown 

that chronic COX-2 inhibition can induce hypertension in patients (Silverstein et al., 2000). 

Hence, it is likely that the anti-hypertensive effect of PTUPB in this study is due to sEH 

inhibitory activity.
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In diabetic nephropathy, along with tubular injury, glomerular injury is a pathophysiological 

hallmark of the kidney injury and dysfunction. We demonstrated that the type 2 diabetic 

obese ZSF1 rats had marked glomerular injury and damage in the glomerular filtration 

barrier as assessed from reduced expression of slit diaphragm component nephrin. 

Interventional PTUPB treatment markedly reduced renal injury in type 2 diabetic obese 

ZSF1 rats. In the preceding sections we have discussed the diabetic kidney injury treating 

ability of PTUPB in terms of its beneficial actions on metabolic dysfunctions such as 

hypertension, hyperlipidemia, and also marked renal inflammation in obese ZSF1 rats. Apart 

from these approaches, we further investigated renal action of PTUPB in an in vitro study 

using isolated glomeruli. We determined the ability of PTUPB in maintaining glomerular 

permeability, an important functional feature of glomeruli for their efficient filtration 

capacity. We demonstrated that PTUPB directly maintains normal glomerular permeability. 

The findings of this in vitro study suggest that the renal injury treating ability of PTUPB 

in diabetic nephropathy is not only caused by its ability to reduce renal inflammation but 

also due to its direct effects on the glomerular filtration barrier. Indeed, an important role of 

endogenous CYP450 metabolites of arachidonic acid in maintaining the glomerular protein 

permeability barrier has been reported. It has been shown that EETs play an important role 

in maintaining normal glomerular permeability (Williams et al., 2007). Increased COX-2 

expression in podocytes also leads to increased glomerular permeability (Cheng et al., 

2007). Thus, PTUPB likely decreases glomerular barrier injury through inhibitory actions on 

both sEH and COX-2.

Elevated renal inflammation is an important pathophysiological factor of diabetic 

nephropathy, which contributes to the pathophysiology of tubular and glomerular injuries 

(Donate-Correa et al., 2020) Indeed, chronic inflammation is a hallmark of metabolic 

diseases including type 2 diabetes, hypertension, and hyperlipidemia. The severity of renal 

inflammation and its renal consequence depends on the presence of different metabolic 

pathologies (Hotamisligil, 2006; Zhang et al., 2017). During metabolic diseases the 

normal physiological regulatory system is disrupted and initiates a cascade of deleterious 

inflammatory responses in multiple organs including the kidney (Hotamisligil, 2006; 

Furman et al., 2019). In type 2 diabetes, infiltration of immune cells and cytokine production 

occur in the abdominal and peri-renal fat and act as vital source of inflammation in the 

kidney (Ma et al., 2006). In the present study, we demonstrate marked renal inflammation 

with renal macrophage infiltration and elevated chemokine production and cytokine 

expression in the kidney of obese ZSF1 rats. This is consistent with earlier metabolic 

disease studies that demonstrated renal injury associated with increased renal chemokines 

and immune cell infiltration (Hye Khan et al., 2014,2018; Imig et al., 2012). Interestingly, 

interventional PTUPB treatment reduced renal inflammation by reducing renal expression of 

cytokines, decreasing immune cell infiltration, and reducing chemokine MCP-1 production 

in type 2 diabetic obese ZSF1 rats.

The anti-inflammatory actions of interventional PTUPB treatment in obese ZSF1 rats 

most likely a consequence of inhibiting both COX-2 and sEH, as inhibiting each of 

these pathways has the ability to reduce renal inflammation (Gassler et al., 2001; 

Bombardier et al., 2000). Renal anti-inflammatory actions for sEH inhibitors have been 

demonstrated in hypertension and diabetes animal models (Imig and Hammock, 2009). 
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Global sEH knockout (Ephx2−/−) decreased renal inflammation and macrophage infiltration 

in deoxycorticosterone acetate high salt (DOCA-salt) hypertension (Manhiani et al., 

2009). Moreover, in a renal fibrosis model, sEH inhibition either by gene knockout or 

pharmacological inhibition provided an antifibrotic action by reducing renal inflammation 

(Kim et al., 2014,2015). Likewise, COX-2 inhibition has demonstrated anti-inflammatory 

actions in the kidney. Indeed, several studies demonstrated marked anti-inflammatory 

actions for COX 2 inhibition in multiple renal pathologies including type 2 diabetes 

(Honma et al., 2013; Fujihara et L., 2003). In an earlier study, we demonstrated that 

COX-2 inhibitor rofecoxib reduced renal tubular glomerular injury in type 2 diabetic obese 

ZDF rats, and the renal action of rofecoxib was associated with its anti-inflammatory 

effect (Dey et al., 2004). Several recent studies demonstrated marked anti-inflammatory 

actions of PTUPB in multiple pathological conditions and in multiple organs including the 

kidney. PTUPB reduced systemic inflammation and reduced liver and kidney injury in mice 

with sepsis (Zhang et al., 2020a). Certain chemotherapy drugs cause treatment limiting 

macrophage driven cytokine surge and PTUPB treatment prevented the cytokine surge 

during chemotherapy (Gartung et al., 2019). Overall, we demonstrate a unique biological 

action of the dual acting sEH/COX-2 inhibitor PTUPB in treating renal inflammation and 

injury in a type 2 rat model with established renal dysfunction.

In chronic kidney disease, including diabetic nephropathy, disease progression is associated 

hyperlipidemia which is a common co-morbid condition of type 2 diabetes (Muntner et 

al., 2000; Ferro et al., 2018). Important and beneficial renal outcomes of current lipid 

lowering therapies are known on complications in type 2 diabetes patients (Cases and 

Coll, 2005; Ferro et al., 2018). In the present study, interventional PTUPB treatment 

demonstrated an interesting lipid lowering action in type 2 diabetic obese ZSF1 rats. This 

lipid lowering action of PTUPB can be attributed to its sEH inhibitory activity as the 

lipid lowering effect of sEH inhibition has been reported in several studies (EnayetAllah 

et al., 2008; Kourounakis et al., 2002). A polymorphism in the sEH gene (EPHX2) has 

been reported in humans with marked lipid abnormalities. It is reported that the R287Q 

variant of sEH is associated with elevated plasma cholesterol and triglycerides in familial 

hypercholesterolemia (EnayetAllah et al., 2008). Additionally, animal studies in sEH null 

(EPHX2−/−) mice demonstrated lower plasma total cholesterol levels and lower HMG-CoA 

reductase activity (EnayetAllah et al., 2008). A similar lipid lowering action has been 

reported for COX-2 inhibition (Imig et al., 2005). These earlier findings are in accord 

with our current findings in obese ZSF1 rats and led us to suggest that the marked lipid 

lowering actions of PTUPB is caused by actions on COX-2 and sEH pathways. Contrary 

to the actions of PTUPB, interventional enalapril treatment did not cause any beneficial 

effect on lipid profile of obese ZSF1 rats. As reported in an earlier study, it is possible that 

12–24 weeks long enalapril treatment could affect lipid profile in obese ZSF1 rats (Bilan et 

al., 2011). However, it should be noted that in this previous study enalapril treatment was 

given prior the development of hyperlipidemia. Moreover, it is not yet known if enalapril or 

any ACE inhibitor can alleviate established hyperlipidemia in a pre-clinical type 2 diabetic 

nephropathy model like the obese ZSF1 rat.

Apart of diabetic nephropathy, in type 2 diabetes co-morbid conditions like hyperlipidemia 

and obesity often contribute to multiple organ injury. Type 2 diabetic patients with co-
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morbid hyperlipidemia are at high risk to develop chronic liver disease, particularly non-

alcoholic fatty liver disease (NAFLD) (Firneisz et al., 2014; Younossi et al., 2019). In the 

present study, as well as in an earlier study, we demonstrated that diabetic nephropathy is 

accompanied by liver dysfunction and steatosis in type 2 diabetic obese ZSF1 rats (Hye 

Khan et al., 2018). Interestingly, interventional PTUPB but not enalapril treatment markedly 

reduced liver injury and steatosis in obese ZSF1 rats. Our findings are in accord with an 

earlier study which reported that the ACE inhibitor enalapril did not treat liver dysfunction 

and steatosis in obese ZSF1 rats (Bilan et al., 2011). In regard to the multi organ protective 

actions of PTUPB, a recent study demonstrated liver protective effect of PTUPB. It is shown 

that PTUPB reduced liver weight, liver lipid content, steatosis, and the liver expression of 

lipolytic/lipogenic and lipid uptake related genes in a high fat diet induced NAFLD mouse 

model. PTUPB treatment also arrested liver fibrosis with a decreased collagen deposition 

and expression of several fibrotic markers including α-smooth muscle action (Sun et al., 

2020). It is suggested that the effects of PTUPB on liver dysfunction particularly on 

hepatostetosis is associated with its lipid lowering and anti-inflammatory actions (Sun et 

al., 2020). The liver protective actions of PTUPB can also be related to the effect of sEH 

inhibition on the liver. sEH inhibitors reduced liver steatosis in a high-fat diet induced 

metabolic disease model (Liu et al., 2012). A strong anti-fibrotic action of sEH inhibitor 

is also reported in carbon tetrachloride induced cirrhotic hepatitis model (Harris et al., 

2015). Activation of COX-2 is reported to be involve in liver injury hence, COX-2 inhibitor 

will have a beneficial liver protective effect (Horrillo et al., 2007). The pathophysiology of 

NAFLD, particularly the liver fibrosis involves strong inflammatory components (Carr et al., 

2016). Considering potent anti-inflammatory actions of PTUPB in multiple organs including 

liver, it is likely that the PTUPB anti-inflammatory actions contributed to the decreased 

liver fibrosis. Indeed, it is reported that PTUPB reduced inflammation in lungs, liver, and 

kidney in several mouse model of sepsis (Zhang et al., 2020a; Yang et al., 2020). Overall, 

we demonstrated that the dual acting sEH/COX-2 inhibitor, PTUPB, has promising effects 

on liver dysfunction that is associated with type 2 diabetes and other similar metabolic 

disorders.

In summary, we tested a unique dual acting sEH/COX-2 inhibitor, PTUPB that given in 

an interventional manner is not anti-diabetic but can effectively treat diabetic renal injury 

and several co-morbid conditions in type 2 diabetes. Interventional PTUPB treatment has 

multiple actions including decreasing diabetic kidney injury, lowering blood pressure, and 

reducing hyperlipidemia. We further found that PTUPB has promising effect on type 

diabetes related liver disease. We believe the small molecule dual acting sEH/COX-2 

inhibitor PTUPB has promising drug development potential for diabetic nephropathy and 

other diabetic complications.
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Figure 1: Diabetic parameters in experimental groups.
Fasting blood glucose (A), hemoglobin A1c (B), serum insulin level (C) and HOMA Index 

at the end of the 8-week experimental protocol. *p<0.05 vs. lean ZSF1-Vehicle; ‡p<0.05 vs. 

obese ZSF1-Vehicle. ENAL = enalapril. Data are reported as box and whisker plots with 

median and minimum to maximum, n=6/group.
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Figure 2: Circulating lipids in experimental groups.
Plasma levels of cholesterol (A), non-esterified free fatty acid (B), triglyceride (C), and 

LDL-cholesterol (D) at the end of the 8-week experimental protocol. *p<0.05 vs. lean 

ZSF1-Vehicle; ‡p<0.05 vs. obese ZSF1-Vehicle. ENAL = enalapril. Data are reported as box 

and whisker plots with median and minimum to maximum, n=6/group.
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Figure 3: Renal injury in experimental groups.
Calculated values of renal cortical (A) and medullary (B) cast area at the end of the 8-week 

experimental protocol. Albuminuria (C) and a representative photomicrograph showing 

tubular cast in the renal cortex and medulla (arrows) of different experimental groups 

analyzed at the end of the protocol (D). *p<0.05 vs. lean ZSF1-Vehicle; ‡p<0.05 vs. obese 

ZSF1-Vehicle. ENAL = enalapril. Data are reported as box and whisker plots with median 

and minimum to maximum, n=6/group.
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Figure 4: Glomerular injury in experimental groups.
Calculated values of glomerular injury score (A) and glomerular nephrin expression (C) 

at the end of the 8-week experimental protocol. Representative photomicrograph showing 

damaged glomeruli (arrows) (B) and nephrin expression (arrows) in the glomeruli of 

different experimental groups analyzed at the end of the protocol (D). *p<0.05 vs. lean 

ZSF1-Vehicle; ‡p<0.05 vs. obese ZSF1-Vehicle. ENAL = enalapril. Data are reported as box 

and whisker plots with median and minimum to maximum, n=6/group. Dual acting sEH-

COX-2 inhibitor PTUPB attenuated angiotensin II (ANG II)-induced glomerular albumin 

permeability (E). *p<0.05 vs. Baseline; ‡p<0.05 vs. ANG II-PTUPB. All data expressed as 

mean ± SEM, n=10group
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Figure 5: Kidney inflammation in experimental groups.
Urinary excretion of MCP-1 (A), CD-68 positive inflammatory cells in the kidney (B), and 

representative photomicrograph depicting CD-68 positive cells in the kidney (C) and renal 

expression of cytokines (D) at the end of the 8-week experimental protocol. *p<0.05 vs. lean 

ZSF1-Vehicle; ‡p<0.05 vs. obese ZSF1-Vehicle. ENAL = enalapril. Data are reported as box 

and whisker plots with median and minimum to maximum, n=6/group.
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Figure 6: Kidney fibrosis in experimental groups.
Calculated values of renal cortical (A), medullary (B) collagen positive fibrotic area, and 

a representative photomicrograph showing renal fibrosis (C) at the end of the 8-week 

experimental protocol. *p<0.05 vs. lean ZSF1-Vehicle; ‡p<0.05 vs. obese ZSF1-Vehicle. 

ENAL = enalapril. Data are reported as box and whisker plots with median and minimum to 

maximum, n=6/group.
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Figure 7: Liver injury in experimental groups.
Plasma levels of AST (A), ALT (B), calculated value of liver collagen positive area (C) 

and representative photomicrograph depicting collagen positive area (arrows) in the liver (E) 

at the end of the 8-week experimental protocol. Calculated values of oil o red positive 

(steatosis) liver area (D) and a representative photomicrograph liver steatosis (arrows) 

obtained from oil o red staining at the end of the 8-week experimental protocol (F). 

*p<0.05 vs. lean ZSF1-Vehicle; ‡p<0.05 vs. obese ZSF1-Vehicle. ENAL = enalapril. Data 

are reported as box and whisker plots with median and minimum to maximum, n=6/group.
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