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Background: Diabetic nephropathy (DN) is a common complication of diabetes mellitus

(DM) and also a major cause of end-stage renal disease (ESRD). Olmesartan medoxomil

(OM) is an angiotensin II receptor blocker (ARB) and has been shown to exhibit renopro-

tective effects on a streptozotocin (STZ)-induced diabetic rat model. Yet, whether OM affects

DN progression and renal injury in db/db mice, a type 2 diabetic murine model, has not been

established.

Methods: Wild-type (n = 15) and db/db mice (n = 15) were treated with control saline or

OM via oral gavage. The physiological and biochemical parameters were evaluated and

histological examinations of kidney specimens were performed.

Results: Compared with saline-treated db/db mice, db/db mice administered with OM

showed ameliorated diabetic physiological and biochemical parameters. In addition, OM

decreased urinary albumin excretion and plasma creatinine level in db/db mice. Moreover,

histologically, OM reduced glomerular hypertrophy and injury, and also ameliorated tubular

injury, thus suggesting that OM improves renal function and minimizes renal pathological

deterioration in db/db mice.

Conclusion: Our study reveals a beneficial role of OM in ameliorating DN in db/db mice,

which is associated with its renoprotective function.

Keywords: olmesartan medoxomil, angiotensin II, renal injury, diabetic nephropathy, db/db

mice

Introduction
Diabetes mellitus (DM) is a major metabolic disorder that endangers the health of

over 350 million people in the world currently, with its prevalence rapidly increas-

ing in both developed and developing countries.1 Besides, the chronic structural and

functional impairment of vascular systems resulting from DM leads to a number of

complications, including diabetic nephropathy (DN), the most common cause of

end-stage renal disease (ESRD) that is a globally public health problem with poor

clinical prognosis,2,3 for which novel therapeutic modalities are urgently needed.4

It has long been known that the progressive renal injury associated with the

overactive renin-angiotensin-aldosterone system (RAAS) and hypertension accel-

erates the progression of DN and ESRD.5–8 Indeed, controlling blood pressure with

inhibitors of RAAS, such as angiotensin converting enzyme inhibitors (ACEIs) and

angiotensin II receptor blockers (ARBs), causes renoprotection and brings clinical

benefits, and remains a focus of current therapeutic approaches for DN.6,9–13
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Olmesartan medoxomil (OM) is an orally administered

ARB that is rapidly converted to activemetabolite olmesartan

in vivo.14 Recent studies have shown that OM exerts reno-

protective effects and ameliorates the progression of strepto-

zotocin (STZ)-induced DN in rats,15 and also that OM has

beneficial effects on STZ-induced DN in mice through the

modulation of AT-1R/MAPK pathway,16 in both of which the

rodent models of type 1 diabetes were investigated.17 In two

early clinical studies, two ARBs, including irbesartan13 and

losartan,18 were reported to preserve renal function and

reduce proteinuria and ESRD incidence in patients with

type 2 diabetes. In addition, a clinical trial suggested that

OM delays the onset of microalbuminuria in patients with

type 2 diabetes.19 However, as far as we know, whether OM

elicits renoprotective effects and ameliorates DN progression

in db/db mice, a type 2 diabetic murine model,20 have not yet

been investigated. In this study, we explored the effects of an

oral administration of OMonDNprogression aswell as renal

function and injury in db/db mice.

Materials And Methods
Animals
The male wild-type littermates and db/db mice (BKS.Cg-

Dock7m+/+Leprdb/JNju) were obtained from the Model

Animal Research Center of Nanjing University. Mice were

maintained in a humidity-controlled environment with con-

stant room temperature (22°C) and 12-h light/12-h dark

cycle and were allowed free access to water and a standard

chow diet. All animal studies were conducted in accordance

with the guidelines and approved by the ethics committee of

The Fifth Affiliated Hospital of Sun Yat-sen University.

Experimental Design
Following acclimatization, 8-week-old male db/db mice

were randomly divided into the following three groups

(n= 15 mice per group): db/db mice received olmesartan

medoxomil (OM, Shanghai Sankyo Pharmaceutical Co.,

Ltd) at a dose of 10 mg/kg/day via oral gavage; db/db

mice received OM at a dose of 20 mg/kg/day via oral

gavage; db/db mice received equal volume of saline. The

treatment lasted for 8 weeks. The wild-type littermates

(n= 15 mice per group) receiving equal volume of saline

were used as controls for db/db mice.

Physiological And Biochemical Parameters
The blood glucose was measured every week using a

blood glucose meter (Roche) to confirm diabetes.

Following the last day of treatment with OM or equal

volume of vehicle saline, mice were fed a known volume

of water and amount of food for 24 h, and the remaining

volume of liquid and amount of chow, feces in the cages,

and body weight were measured. The 12-h urine samples

were collected using metabolic cages (Tecniplast) and its

volume was measured. Mice were euthanized and sacri-

ficed, and blood samples were collected. The urinary bio-

chemical parameters including albumin and creatinine, and

blood biochemical parameters including glucose, creati-

nine, cholesterol, triglycerides, urea and uric acid were

detected using an ultraviolet-visible spectrophotometer

with commercial reagents. HbA1C was measured using

an Ultra2 HbA1C Analyzer. The creatinine clearance was

calculated using urinary creatinine × urine volume × 1000/

serum creatinine/1440 and expressed as microliters per

minute.

Tissue Preparation And Histological

Evaluation
After renal perfusion with ice-cold phosphate-buffered

saline (PBS) through renal artery, mouse kidneys were

removed, weighed, and rinsed in PBS, and were then

fixed in 4% formalin and embedded in paraffin. Kidney

slices with 4-µM-thickness were sectioned and stained

with periodic acid-Schiff (PAS) for light microscopic

examination. The glomerular and tubular injury was eval-

uated by an investigator in a blinded manner. In detail, the

mean area was obtained by calculating the mean value of

35 random fields of glomerular tuft area, 30 random fields

of glomerular mesangial matrix area, 40 random fields of

renal tubular area and tubular lumen area using Image J

software. The glomerular tuft volume was calculated by

(β/k) (GA) 3/2 as previously described,21 in which A

represents the mean value of glomerular random cross-

sectional area, β represents 1.38 pertains to spheres, and

K represents a distribution coefficient set at 1.10. The

tubular wall area was calculated by renal tubular area-

tubular lumen area.

Western Blot Analysis
The renal cortex samples from removed kidneys were

homogenized in RIPA lysis buffer (150 mM NaCl,

50 mM Tris, 1 mM EDTA, 1 mM Na3VO4, 0.5%

NP-40, and 0.25% sodium-deoxycholate, pH7.4) supple-

mented with the protease inhibitor cocktail (Roche) on ice

for 20 min to extract total proteins. Equal amount of

proteins was loaded onto 8% SDS-PAGE gel and sepa-

rated by electrophoresis, and then transferred to PVDF
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membranes (Millipore). Membranes were blocked with

5% non-fat milk in Tris-buffered saline supplemented

with 0.1% Tween-20 (TBST) at room temperature (RT)

for 1 h, and then incubated overnight at 4°C with primary

antibodies against fibronectin (1:1000, Proteintech,

66042-1-Ig). β-actin (1:5000, Proteintech, 60008-1-Ig)

was probed and used as a loading control for each sample.

After washing with TBST for 30 min, membranes were

incubated with horseradish peroxidase-conjugated second-

ary antibodies for 1 h at RT. After similar washing step,

protein bands were developed by enhanced chemilumines-

cence (ECL) reagent (Amersham Biosciences). The den-

sity of protein bands was analyzed by Image J software.

Results of fibronectin expression were normalized to

β-actin.

Statistical Analysis
Data are shown as means ± standard deviation (SD). The

two-tailed unpaired Student’s test was applied for compar-

isons using SPSS statistical software 16.0 (SPSS Inc.,

Chicago, IL, USA). Differences with P < 0.05 were con-

sidered to be statistically significant.

Results
OM Improves Diabetic Physiological

Characteristics In db/db Mice
The db/db mouse is a genetic murine obese hyperinsuli-

naemic model of diabetes which develops nephropathy

paralleling that in type 2 diabetic patients.20 Besides,

olmesartan medoxomil (OM) is an orally active angioten-

sin II type-1 receptor blocker (ARB), possessing good

antihypertensive activity and little adverse effects, with a

recommended dose of 20 mg daily.14 In order to examine

whether OM affects disease progression in type 2 diabetes

in an in vivo setting, we first monitored the diabetic

physiological parameters in db/db mice administered

with or without 10 mg/kg or 20 mg/kg OM via oral gavage

for 8 weeks. As shown in statistical graphs of the general

physiological indices, compared with wild-type littermates

(WT), db/db mice indeed manifested obvious diabetic

characteristics, such as significantly increased amount of

food intake (Figure 1A), water intake (Figure 1B), urine

volume (Figure 1C), feces production (Figure 1D), as well

as decreased gain of body weight (Figure 1E) and elevated

kidney weight (Figure 1F). Following OM treatment,

although the amount of food intake (Figure 1A) and

water intake (Figure 1B) were decreased to some extent,

no statistical significance was obtained. In addition, in

contrast to vehicle saline treatment, db/db mice with OM

treatment displayed significantly decreased levels of urine

volume (Figure 1C), feces production (Figure 1D), and

kidney weight (Figure 1F), and meanwhile, the gain of

body weight was significantly increased in OM-treated db/

db mice (Figure 1E) at the end of the treatment. This

shows that OM moderately improves hyperphagia and

polydipsia, and remarkably attenuates polyuria, body

weight loss, and kidney hyperplasia in db/db mice,

together suggesting that OM could alleviate the typical

symptoms of type 2 diabetes.

OM Ameliorates Diabetic Biochemical

Parameters In db/db Mice
Further, we checked whether OM ameliorates diabetic bio-

chemical parameters by analyzing plasma samples.

Expectedly, db/db mice showed a prominent increase in

levels of blood glucose (Figure 2A), HbA1c (Figure 2B),

triglycerides (Figure 2C), and cholesterol (Figure 2D) com-

pared with WT mice. Whereas, in comparison with db/db

mice without OM treatment, the levels of blood glucose

(Figure 2A) and HbA1c (Figure 2B) were significantly

lower in OM-treated db/db mice. Moreover, a remarkable

reduction in the level of blood triglycerides was also

observed in db/db mice treated with OM (Figure 2C).

Whereas, OM treatment failed to reduce the level of blood

cholesterol in db/db mice (Figure 2D). These results of blood

indices indicate that OM could also improve symptoms of

hyperglycemia and hypertriglyceridemia, two abnormalities

of glucose and lipid metabolism in type 2 diabetic mice.22

OM Preserves Renal Function In db/db

Mice
Although OM protects renal function in STZ-induced rat

DN,15 whether this is reproducible in db/dbmice is uncertain.

To address this issue, we evaluated parameters of renal

function using plasma and urine samples. We found that

compared with WT mice, the concentrations of plasma crea-

tinine (Figure 3A) and plasma urea (Figure 3B), and urinary

albumin excretion (Figure 3C) were all markedly increased

in db/db mice, while the clearance of creatinine (Figure 3D)

was reduced accordingly, hence indicating an impaired renal

function when DN was developed in db/db mice. Moreover,

following OM treatment, the concentrations of plasma crea-

tinine (Figure 3A) and plasma urea (Figure 3B), and urinary

albumin excretion (Figure 3C) were decreased, and the
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clearance of creatinine (Figure 3D) was markedly recovered

in db/db mice. These findings illustrate that OM preserves

renal function and ameliorates albuminuria in type 2 diabetic

mice. Combined with the improved physiological (Figure 1)

and biochemical parameters (Figure 2), we conclude that the

oral administration of OM ameliorates DN progression in db/

db mice.

OM Reduces Glomerular Injury In db/db

Mice
Previous histological evidence has reported that OM mini-

mizes renal lesions and decreases glomerular hypertrophy in

STZ-induced rat DN.15 Therefore, to learn more about the

renoprotection of OM in type 2 diabetic db/db mice, we

next investigated whether OM prevents renal injury. The

periodic acid-Schiff (PAS) staining assay on renal biopsies

revealed that compared with vehicle control, OM treatment

significantly reversed the increase in the glomerular tuft

area (Figure 4A), glomerular tuft volume (Figure 4B), glo-

merular basement membrane thickness (Figure 4C) as well

as mesangial matrix fraction (Figure 4D) in db/db mice.

Furthermore, Western blotting analysis showed that the

fibronectin level in renal cortex was also decreased in db/

db mice following OM treatment (Figure 4E). Thus, these

data suggest that OM could reduce glomerular hypertrophy

and injury in db/db mice.

OM Reduces Tubular Injury In db/db Mice
In addition to glomerular injury, the injury of renal tubules

also contributes greatly to the pathogenesis of DN.23 We

Figure 1 OM ameliorates diabetic physiological parameters in db/db mice. (A–F) Eight-week-old male db/db mice were intragastrically administered with 10 mg/kg OM,

20 mg/kg OM or equal volume of vehicle saline (0 mg/kg OM) per day for 8 weeks (n = 15). The wild-type littermates (WT, n = 15) were administered with equal volume of

saline and used as controls for db/db mice. The physiological parameters including food intake (A), water intake (B), urine volume (C), feces production (D), gain of body

weight (E), and kidney weight (F) were recorded at the last day of experiment. Data are mean ± SD. *P < 0.05; **P < 0.01.

Abbreviation: NS, not significant.
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Figure 2 OM ameliorates diabetic metabolic parameters in db/db mice. (A–D) Eight-week-old male db/db mice were intragastrically administered with 10 mg/kg OM,

20 mg/kg OM or equal volume of vehicle saline (0 mg/kg OM) per day for 8 weeks (n = 15). The wild-type littermates (WT, n = 15) were administered with equal volume of

saline and used as controls for db/db mice. The metabolic parameters including plasma glucose (A), HbA1c (B), plasma triglycerides (C), and plasma total cholesterol (D)

were measured at the last day of experiment. Data are mean ± SD. *P < 0.05; **P < 0.01.

Abbreviation: NS, not significant.
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found that in db/db mice, the proximal tubular area

(Figure 5A), proximal tubular lumen area (Figure 5B),

proximal tubular wall area (Figure 5C), and tubular basement

membrane thickness (Figure 5D) were all significantly

Figure 3 OM preserves renal function in db/db mice. (A-D) Eight-week-old male db/db mice were intragastrically administered with 10 mg/kg OM, 20 mg/kg OM or equal

volume of vehicle saline (0 mg/kg OM) per day for 8 weeks (n = 15). The wild-type littermates (WT, n = 15) were administered with equal volume of saline and used as

controls for db/db mice. The parameters which reflect renal function, including plasma creatinine (A), plasma urea nitrogen (B), urinary albumin excretion (C), and

creatinine clearance (D) were evaluated at the last day of experiment. Data are mean ± SD. **P < 0.01.

Zhu et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2019:133662

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


reduced by OM treatment compared with vehicle control

treatment, suggesting that OM not only reduces glomerular

injury but also prevents tubular injury which would other-

wise deteriorate in type 2 diabetic db/db mice. Taken as a

whole, these lines of evidence obtained from histologic

examinations combined with the preserved renal function in

db/db mice treated with OM, may provide these renoprotec-

tive roles as reasonable explanations, at least in part, for the

aforementioned alleviating effects of OM treatment on DN

progression in db/db mice (Figures 1 and 2).

Discussion
DN occurs as a common progressive renal microangiopathy in

DM patients due to chronic hyperglycemia, which is mainly

characterized by mesangial expansion and nodular sclerosis,

along with clinical symptoms including proteinuria, hyperten-

sion and edema, and ultimately, renal failure.24,25 To prevent

and interfere with the progression of DN, the management of

hyperglycaemia, hypertension, and proteinuria in patients is of

vital importance.26,27 Some large-scale clinical trials using

antihypertensive strategy via blockade of the RAAS have

proven that ARBs, such as OM, are clearly effective in delay-

ing DN progression, as shown by the prevented microalbumi-

nuria, delayed progression from microalbuminuria to overt

proteinuria, and reduced incidence of ESRD in type 2 diabetic

patients.19,28,29 Whereas, it has also been reported that the

protection of ARBs against DN progression is independent

of their blood pressure-lowering effect, and instead, their

renoprotective role should be considered as an important

contributor.13,30 More supporting evidence was obtained

from preclinical studies using different animal models, such

as in rats injected with the advanced glycation end products

(AGEs),31 Zucker diabetic fatty (ZDF) rats,32 and SHR rats,32

where OM was found to reduce renal damage independently

Figure 4 OM reduces glomerular hypertrophy and injury in db/db mice. (A–D) Eight-week-old male db/db mice were intragastrically administered with 10 mg/kg OM,

20 mg/kg OM or equal volume of vehicle saline (0 mg/kg OM) per day for 8 weeks (n = 15). The wild-type littermates (WT, n = 15) were administered with equal volume of

saline and used as controls for db/db mice. The glomerular tuft area (A), glomerular tuft volume (B), glomerular basement membrane thickness (C), and mesangial matrix

fraction (D) were analyzed by the periodic acid-Schiff (PAS) staining on kidney sections. The fibronectin expression (E) in the renal cortex from 5 representative mice in each

group was analyzed by Western blotting assay. β-Actin was used as a loading control. The representative images (left) and analysis of fibronectin expression (right) are

shown. Data are mean ± SD. *P < 0.05; **P < 0.01.
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from a reduction in blood pressure. Therefore, this collection

of evidence may highlight the importance of renoprotective

effects other than antihypertensive activity of OM in modify-

ing the disease progression of DN.

Figure 5 OM reduces tubular injury in db/db mice. (A-D) Eight-week-old male db/db mice were intragastrically administered with 10 mg/kg OM, 20 mg/kg OM or equal

volume of vehicle saline (0 mg/kg OM) per day for 8 weeks (n = 15). The wild-type littermates (WT, n = 15) were administered with equal volume of saline and used as

controls for db/db mice. The proximal tubular area (A), proximal tubular lumen area (B), proximal tubular wall area (C), and tubular basement membrane thickness (D)

were analyzed by periodic acid-Schiff (PAS) staining on kidney sections. Data are mean ± SD. *P < 0.05; **P < 0.01.
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On the other hand, however, to better understand the

mechanisms of action and exploit OM for DN treatment, its

therapeutic function in DN and the underlying renoprotective

effects need to be investigated and validated in other diabetic

animal models. In the current study, we investigated the roles

and mechanisms of OM in affecting DN progression through

taking advantage of type 2 diabetic db/db mice, which has

always been a knowledge gap in this research area. We found

that in these mice, several physiological and biochemical

diabetic parameters, such as body weight, plasma glucose,

HbA1c and plasma triglycerides, were improved following

OM administration, suggesting that OM ameliorates the

major characteristic symptoms of DM. Besides, as the reflec-

tion of renal function, the indices of plasma creatinine, plasma

urea, urinary albumin excretion, and the clearance of creati-

nine were all improved by OM as well. These support a

protective role of OM against renal dysfunction and protei-

nuria development in type 2 diabetic mice. Subsequent histo-

logical evidence demonstrated that OM attenuated glomerular

injury and tubular injury in the kidneys of db/db mice. Based

on these observations from studying OM treatment in type 2

diabetic db/db mice, we reached a conclusion that the alleviat-

ing effects of OM on DN progression rely on, at least in part,

its renoprotective activities, through which OM reduces renal

injury and preserves renal function. Thus, our study may

provide another layer of theoretical foundation for exploiting

OM as a confirmative renoprotective agent in DN therapy.

The beneficial effects of OM treatment on DN progression

described in our study are consistent with previous findings

obtained in STZ-induced type 1 diabetic rats,15 therefore

together suggesting that these effects of OM are very likely

reproducible in a broad range of experimental models with

diabetes. In db/dbmice, DNwith obvious histological changes

will be developed at 16-weeks after birth due to sustained

hyperglycemia, and these changes include multiple forms of

renal lesions combined with striking mesangial extracellular

matrix accumulation and increased thickness of glomerular

and tubular basement membranes.33,34 We designed our ani-

mal experiments based on this discipline, in which we con-

tinuously treated 8-week-old db/db mice with OM for 8

weeks, and at the end of treatment, DN and histological

changeswere evaluated. In line with these reports, OMexerted

effectiveness to improve these DN parameters in 16-week-old

db/db mice, such as proteinuria accompanied by glomerular

injury and tubular injury, including: 1) enlarged glomerular

tuft area and glomerular tuft volume; 2) increased glomerular

basement membrane thickness, 3) mesangial matrix fraction;

4) accumulation of fibronectin; 5) expanded proximal tubular

area, proximal tubular lumen area, proximal tubular wall area;

6) tubular basement membrane thickness.

Hyperglycemia is a driving force for DN development.35

We noticed that OM reduced plasma glucose in db/db mice.

We speculate that the alleviated DN syndromes by OM should

be, at least partly, attributed to the decreased level of hypergly-

cemia. Notably, proteinuria serves as an important indicator for

early-stage DN development, and is also able to accelerate the

incidence of renal damage.36,37We suppose that the attenuated

proteinuria contributed toOM-improved glomerular injury and

tubular injury in the kidneys of db/db mice. As we have

mentioned previously, some studies have shown that the pro-

tective effect ofOMagainstDN is irrespective of its function in

decreasing blood pressure. Nevertheless, the renoprotective

effects of ACEIs and ARBs are associated with the blockade

of RAAS.38 Therefore, due to its potent inhibitory activity for

RAAS,39 the blocked RAAS is possibly one of the molecular

mechanisms by which OM reduces renal injury and preserves

renal function in db/db mice. Moreover, in recent studies, OM

has been found to possess anti-inflammatory and anti-oxidant

activities.40,41 It is known that oxidative stress and inflamma-

tory cytokines contribute to the development and progression

of DN.42 Hence, it is possible that the inhibition of oxidative

stress and inflammation may also participate in the protection

of OM against DN. In conclusion, we believe that OM ame-

liorates DN progression and renal injury in db/dbmice through

distinct mechanisms. More in-depth studies are required in the

future to fully elucidate how OM fulfils the diverse renopro-

tective effects.
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