
Kidney and
Blood Pressure
Research

Research Article

Kidney Blood Press Res 2024;49:69–80
DOI: 10.1159/000535809

Received: January 26, 2023
Accepted: December 11, 2023
Published online: January 5, 2024

Kidney Injury by Unilateral Ureteral
Obstruction in Mice Lacks Sex
Differences

Samaneh Goorania, b Md Abdul Hye Khana, c Abhishek Mishrab

Ashraf El-Meanawyd John D. Imiga, b

aDrug Discovery Center, Medical College of Wisconsin, Milwaukee, WI, USA; bDepartment of Pharmaceutical
Sciences, University of Arkansas for Medical Sciences, Little Rock, AR, USA; cDepartments of Medical Physiology &
Pharmacology, Anesthesiology, School of Medicine, University of Missouri, Columbia, MO, USA; dDepartment of
Medicine, Medical College of Wisconsin, Milwaukee, WI, USA

Keywords
Renal fibrosis · Unilateral ureteral obstruction · Sex differences ·
Low nephron number · ROP Os/+ mouse

Abstract
Introduction: Renal fibrosis is a critical event in the de-
velopment and progression of chronic kidney disease
(CKD), and it is considered the final common pathway for all
types of CKD. The prevalence of CKD is higher in females;
however, males have a greater prevalence of end-stage
renal disease. In addition, low birth weight and low
nephron number are associated with increased risk for
CKD. This study examined the development and severity of
unilateral ureter obstruction (UUO)-induced renal fibrosis
in male and female wild-type (ROP +/+) and mutant (ROP
Os/+) mice, a mouse model of low nephron number.
Methods: Male and female ROP +/+ and ROP Os/+ mice
were subjected to UUO, and kidney tissue was collected at
the end of the 10-day experimental period. Kidney histo-
logical analysis and mRNA expression determined renal
fibrosis, tubular injury, collagen deposition, extracellular
matrix proteins, and immune cell infiltration. Results: Male
and female UUO mice demonstrated marked renal injury,

kidney fibrosis, and renal extracellular matrix production.

Renal fibrosis and α-smooth muscle actin were increased to

a similar degree in ROP +/+ and ROPOs/+ mice with UUO of
either sex. There were also no sex differences in renal
tubular cast formation or renal infiltration of macrophage
in ROP +/+ and ROP Os/+ UUO mice. Interestingly, renal
fibrosis and α-smooth muscle actin were 1.5–3-fold greater
in UUO-ROP +/+ compared to UUO-ROP Os/+ mice. Renal
inflammation phenotypes following UUO were also
30–45% greater in ROP +/+ compared to ROP Os/+ mice.
Likewise, expression of extracellular matrix and renal fi-
brotic genes was greater in UUO-ROP +/+ mice compared
to UUO-ROP Os/+ mice. In contrast to these findings, ROP
Os/+ mice with UUO demonstrated glomerular hypertro-
phy with 50% greater glomerular tuft area compared to
ROP +/+ with UUO. Glomerular hypertrophy was not sex-
dependent in any of the genotypes of ROP mice. These
findings provide evidence that low nephron number
contributes to UUO-induced glomerular hypertrophy in
ROP Os/+ mice but does not enhance renal fibrosis, in-
flammation, and renal tubular injury. Conclusion: Taken
together, we demonstrate that low nephron number
contributes to enhanced glomerular hypertrophy but not
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kidney fibrosis and tubular injury. We also demonstrate
that none of the changes caused by UUO was affected by
sex in any of the ROP mice genotypes.

© 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Chronic kidney disease (CKD) is one of the most
prominent causes of death and suffering in the 21st
century. Due to the rise in risk factors, such as obesity and
diabetes, the number of patients affected by CKD has
been increasing. In 2017, an estimated 844 million in-
dividuals were suffering fromCKDworldwide. Like many
human diseases, a prominent role of sexual dichotomy is
reported in the development and progression of kidney
disease including CKD [1–4]. Interestingly, the preva-
lence of CKD in the USA is higher in female than males;
however, males progress to end-stage renal disease
(ESRD) in greater numbers [5, 6]. Reduced nephron
number which is associated with abnormally small kid-
neys with normal morphology also accounts for a sig-
nificant proportion of CKD cases in children and is an
inborn cause of CKD in adults [7]. Despite the seri-
ousness, there are limited experimental animal studies on
sex differences and the impact of low nephron number to
the progression of CKD.

Unilateral ureter obstruction (UUO) model is used to
cause progressive renal fibrosis characterized by tubular
injury and interstitial inflammation which occurs in CKD
[8, 9]. Renal interstitial fibrosis is the final common
pathway by which CKD progresses to ESRD [10]. This
process is dynamic and characterized by activation of
renal interstitial fibroblasts and excessive accumulation of
extracellular matrix proteins [11]. The histopathology of
renal interstitial fibrosis features deposition of the ex-
tracellular matrix components, loss of tubular cells, and
accumulation of fibroblasts [12]. CKD progression and
renal fibrosis are also often associated with nephron loss.
During nephron loss, net glomerular filtration rate is
maintained by the remaining nephrons, which are
compensated through glomerular hypertrophy [13, 14].
Glomerular hypertrophy is thought to precipitate in the
further damage to the remaining nephrons, leading to
renal failure [14]. However, the impact of biological sex
and lifelong low nephron number on UUO kidney fi-
brosis has not yet been extensively evaluated.

In this study, we evaluated UUO-induced renal fi-
brosis in male and female ROP +/+ and mutant ROP
Os/+mice, a mouse model of low nephron numbers. The

heterozygote Os/+ mice (ROP Os/+) have a skeletal
phenotype mainly in the form of fused digits (oligo-
syndactyly) and a renal phenotype in the form of 50%
reduction in nephron number, whereas their +/+ lit-
termates (ROP +/+) have normal phenotypes [15–17].
Although the UUO model has been extensively utilized
for CKD, there have been limited studies on sex dif-
ferences. UUO experimental studies in rodents have
found either increased kidney injury in males or no sex
differences [18–21]. The main aim of this study was to
test the hypothesis that there would be an enhanced
UUO-induced renal fibrosis, tubular injury, and in-
flammation in male mice. This study also tested the
hypothesis that UUO-induced kidney fibrosis and injury
will be higher in low nephron number ROP Os/+ mice
than normal ROP +/+ mice. Surprisingly, we found that
except for a marked effect on glomerular size, UUO-
induced renal effects were similar in male and female
mice of both genotypes, and low nephron number does
not enhance renal tubular injury following UUO.

Materials and Methods

All chemicals used in this study were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless mentioned otherwise.

Animal Experiments
All experiments of this study were approved (protocol # AUA

2031) and carried out according to guidelines of the Institutional
Animal Care and Use Committee of the Medical College of
Wisconsin. In the present study, we utilized a mouse model of
low renal mass, the ROP Os/+ mice. The ROP/Le-Os Ces1ca/+
Ces1ca/J oligosyndactyly (ROP Os/+) (Strain #002503) was es-
tablished at the Jackson Laboratory and has been maintained by
sibling mating. We obtained this strain via Cryo Recovery from
the Jackson Laboratory (Bar Harbor, ME) and mated with wild-
type C57Bl/6J at the Jackson Laboratory (Bar Harbor, ME) for at
least 10 generations. The mutant ROP Os/+ and its wild-type
littermate ROP +/+ mice were bred at the Medical College of
Wisconsin. Male and female mice between 17 and 23 weeks of age
were used for these studies. UUO surgery was done in anes-
thetized mice under sterile surgical conditions. Mice were an-
esthetized with 2.0% isoflurane, and UUO was carried out with
the left ureter obstructed completely one-third distal from the
renal pelvis using a 6–0 silk tie [22, 23]. Sham-surgery mice went
through the same surgical procedure as the UUO mice except for
the ureter ligation. Analgesia, buprenorphine sustained release
(1 mg/kg, ZooPharm, Fort Collins, CO), was given prior to
recovery from anesthesia. Mice of either sex were divided into
four groups (n = 12–20/group/sex) as control ROP +/+, UUO-
ROP +/+, control ROP Os/+, and UUO-ROP Os/+. At the end of
the 10-day experimental protocol, kidney tissue was collected
under isoflurane anesthesia for histopathological and other
analysis, and the mice were euthanized.
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Histopathology
Kidney tissues were fixed in 10% buffered formalin, sectioned

(5 μm) and were stained with Picrosirius red (PSR), hematoxylin
and eosin (HE) or Periodic Acid-Schiff (PAS) (Alfa Aesar,
Tewksbury, MA, USA) for histological examination using ×200
magnification and NIS Elements AR version 3.0 (Nikon Instru-
ments Inc., Melville, NY, USA) imaging software. Kidney fibrosis
was determined in PSR-stained sections and data presented as
kidney area positive for collagen. The percentage area positive for
interstitial collagen was calculated from the mean of 20 cortical and
10medullary fields for each animal. The percentage area positive for
proteinaceous cast was calculated from the mean of eight cortical
and five medullary fields for each animal. Glomerular tuft area was
calculated from PAS-stained slides. Twenty glomeruli were mea-
sured from each kidney sample by two blinded observers, and the
average glomerular tuft area was determined. Glomeruli per kidney
cortical area were determined in each experimental group. The
number of glomeruli is expressed as the average number of glo-
meruli calculated from ten 10 mm2

fields from the kidney sample of
each mouse using Aperio eSlide Manager (Leica Biosystems, Deer
Park, IL, USA) in a blinded fashion by two observers.

Immunohistopathological Analysis
For immunohistological analysis, formalin-fixed paraffin-

embedded kidney tissues were deparaffinized, rehydrated, and
stained with anti-α-smooth muscle actin (α-SMA) (1:100, Santa
Cruz Biotechnology, Dallas, TX, USA) or anti-MAC2 (1:100, Santa
Cruz Biotechnology) antibodies overnight and at 4°C. On the
second day, the kidney sections were washed and incubated with
biotinylated anti-mouse secondary antibody (1:200) for 1 h. Finally,
α-SMA and MAC2-positive signals were developed using avidin-
biotinylated HRP complex (VECTASTAIN ABC Elite kit, Vector
Laboratories, Burlingame, CA, USA) followed by counterstaining
with hematoxylin. Kidney tissue slides were mounted, and the
immunostained kidney sections were examined at ×400 magnifi-
cation with a light microscope and analyzed using Nikon NIS El-
ements Software (Nikon Instruments Inc., Melville, NY, USA). The
MAC2- and α-SMA-positive renal section areas were examined by
two blinded observers and expressed as the percentage area fraction
relative to the total area analyzed.

Real-Time PCR Analysis
Kidney mRNA expression of fibrotic markers α-SMA (Acta2)

and fibronectin (Fn1), a fibrosis regulatory marker zinc finger E-box
binding homeobox 1 Zeb-1 (Zeb1), and renal tubular injury marker
neutrophil gelatinase-associated lipocalin (NGAL) (LCN2) were
carried out using Real-Time PCR (RT-PCR) analysis. Isolation of
total RNA and preparation ofmRNAwere carried out using RNeasy
Mini Kit (QIAGEN, CA, USA) according to the manufacturer’s
instructions to prepare the messenger RNA (mRNA) from each
sample homogenate. The mRNA samples were quantified spec-
trophotometrically at 260 nm. The iScript™ Select cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA) was used to reverse-transcribed
1 µg of RNA to cDNA. Target gene expression was quantified by
iScript One-Step RT-PCR Kit with SYBR green using the MyiQ™

Single Color Real-Time PCR Detection System (Bio-Rad Labora-
tories, Hercules, CA, USA). Using a dissociation curve analysis with
the iQ5Optical System Software, Version 2.1 (Bio-Rad Laboratories,
Hercules, CA, USA), each amplified sample was analyzed for ho-
mogeneity. After denaturation at 95°C for 2 min, 40 cycles were

performed at 95°C for 10 s and at 60°C for 30 s. Each sample was run
in triplicate and to examine the relative expression of the target
genes, and the Ct values were normalized compared to two
housekeeping genes, Pgk1 and Actb. Comparative threshold cycle
(Ct) method between experimental and control mice groups was
used to quantify a fold increase (2−ΔΔCt) in the expression of the
target genes.

Statistical Analysis
Statistical significance between groups was determined using

3-way ANOVA using GraphPad Prism® Version 9.0 software
(GraphPad Software Inc., La Jolla, CA, USA). Data are reported
in scattered plot (all individual data) format with mean and
standard error of mean (SEM). The significance of 3-way AN-
OVAwas considered significant (p < 0.05) for sex, genotypes, and
UUO surgery. The p < 0.05 was also considered significant for the
difference between experimental groups.

Results

Renal Fibrosis in ROP +/+ and ROP Os/+ Male and
Female Mice following UUO
UUO-induced renal fibrosis in male and female ROP

+/+ and ROP Os/+ mice. PSR staining in the kidney
sections demonstrated UUO-induced renal cortical col-
lagen deposition in male and female mice of both geno-
types. Following UUO, the ROP +/+ mice had greater
cortical collagen-positive area and averaged at 17.5%
compared to 9% in ROP Os/+ mice (Fig. 1a), and cortical
collagen formation was similar between male and female
mice of both genotypes (Fig. 1a–c). Like in the cortex,
UUO-induced medullary collagen-positive area was
greater in ROP +/+ (1.6-fold higher than sham mice)
compared to that in ROP Os/+ mice (3–3.5-fold higher
than sham) (Fig. 2a). Interestingly, sex did not affect the
UUO-induced renal medullary collagen formation in both
mouse genotypes (Fig. 2a–c).

Kidney immunohistochemical analysis of the myofi-
broblast marker α-SMA was carried out in male and
female ROP +/+ and ROP Os/+ mice following UUO.
Renal cortical deposition of the fibrotic andmyofibroblast
marker α-SMAwas higher inmale and female UUO-ROP
+/+ and UUO-ROPOs/+mice compared respective sham
mice (Fig. 3a–c). Like collagen deposition, the renal α-
SMA deposition was approximately 2-fold higher in ROP
+/+ compared with ROPOs/+ mice, and sex did not affect
renal α-SMA deposition in both genotypes following
UUO (Fig. 3a–c).

Renal expression of a set of prominent fibrotic genes
was also studied in ROP +/+ and ROP Os/+ mice with or
without UUO. Kidney mRNA expression of α-SMA
(Acta2), fibronectin (Fn1), and ZEB-1 (Zeb1) was higher
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in both sexes of ROP +/+ compared to ROP Os/+ mice.
UUO caused 3–3.5-fold higher renal α-SMA expression
in ROP +/+ compared to ROP Os/+ mice irrespective of
sex (Fig. 4a). Like α-SMA, renal expression of Zeb1
(Fig. 4b) was 3–4-fold and Fn1 (Fig. 4c) expression was 2-
fold higher in male and female ROP +/+ compared to
ROP Os/+ mice. Overall, these data demonstrate a lack of
sex differences in renal fibrosis, α-SMA levels, and ex-
pression of fibrotic genes following UUO. We also
demonstrate that low nephron number did not exacerbate
UUO-induced renal fibrosis and tubular injury in mice.

UUO Renal Tubular Injury in ROP +/+ and ROP
Os/+ Mice
Marked renal tubular injuries including tubular

necrosis, swelling of the renal tubules, and tubular cast
formation were evident in male and female ROP +/+
and ROP Os/+ mice following UUO. UUO-induced

renal tubular cast formation was greater in ROP +/+
compared with ROP Os/+ mice. The tubular injury in
these mice was not dependent on sex as the extent of
injury was similar between male and female mice
(Fig. 5b–d). Like renal tubular cast formation, following
UUO, gene expression of tubular injury markers NGAL
was higher in ROP +/+ compared with ROP Os/+ mice
and was not sex dependent (Fig. 5a). Overall, these
findings demonstrate that, irrespective of sex, the ROP
+/+ mice developed greater UUO-induced renal tu-
bular injury and cast formation compared to ROP
Os/+ mice.

Kidney Inflammation in ROP +/+ and ROP Os/+
Mice following UUO
Renal infiltration of immune cells including mac-

rophages is an important pathophysiological event in
fibrosis and renal tubular injury [24]. Kidney

Fig. 1. Unilateral ureter obstruction (UUO) caused cortical
fibrosis in ROP +/+ and ROP Os/+ mice. a Renal collagen
deposition in the kidney cortex of male and female mice of
both genotypes. Representative photomicrograph depicting
collagen-positive area identified using PSR stain in male
(b) and female (c) mice. Scale bar = 100 μm. Black arrows
indicated collagen-positive fibrotic area. Data were analyzed by
3-way ANOVA and presented in scattered plot format with

mean and SEM. Data were analyzed by 3-way ANOVA and
presented in scattered plot format with mean and SEM. The 3-
way ANOVA was significant (p < 0.05) for UUO and genotype
(ROP+/+ vs. ROP Os/+) but not (p > 0.05) for the sex of the
mice. *p < 0.05 ROP +/+ versus UUO-ROP +/+; **p < 0.05 ROP
Os/+ versus UUO-ROP Os/+; ***p < 0.05 UUO-ROP +/+
versus UUO-ROP Os/+; n = 20/group from two sets of ex-
periments; ns = not significant.
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immunohistochemical analysis of MAC2 was carried
out in male and female ROP +/+ and ROP Os/+ mice
following UUO. Renal MAC2 levels were elevated in
UUO-ROP +/+ and UUO-ROP Os/+ mice compared
to their respective sham control groups (Fig. 6a–c).
Consistent with renal fibrosis and tubular injury,
MAC2-positive macrophages in male and female
UUO-ROP +/+ mice were greater when compared to
male and female UUO-ROP Os/+ mice. Likewise, the
sex of the mice did not affect the UUO-induced in-
crease in renal MAC2 levels as macrophage accu-
mulation was similar in male and female ROP +/+ and
ROP Os/+ mice (Fig. 6a–c). These findings demon-
strate that UUO-induced renal inflammation to a
similar extent in male and female mice and that UUO
increased renal inflammation to a greater extent in
ROP +/+ mice compared to low nephron number ROP
Os/+ mice.

Glomerular Tuft Area in ROP +/+ and ROP Os/+
Mice following UUO
Glomerular tuft area was measured in male and female

ROP +/+ and ROP Os/+ mice following UUO. The glo-
merular tuft area was higher in ROPOs/+ compared to ROP
+/+mice with UUO. Our data also demonstrated that UUO-
induced change in glomerular tuft area for either genotype of
ROPmice was not affected by the gender of themice (Fig. 7).

Discussion

CKD is major healthcare issue that affects females in
greater numbers; however, progression of CKD to ESRD
is greater in males [5, 6]. There have been a limited
number of experimental studies determining sex differ-
ences in kidneys of UUO rodents because male rodents
are preferred over female rodents where the reproductive

Fig. 2. Unilateral ureter obstruction (UUO) caused medullary
fibrosis in ROP +/+ and ROP Os/+ mice. a Renal collagen
deposition in kidney medulla of male and female mice of both
genotypes. Representative photomicrograph depicting collagen-
positive area identified using PSR stain in male (b) and female
(c) mice. Scale bar = 100 μm. Black arrows indicated collagen-
positive fibrotic area. Data were analyzed by 3-way ANOVA and

presented in scattered plot format with mean and SEM. The 3-
way ANOVA was significant (p < 0.05) for UUO and genotype
(ROP+/+ vs. ROP Os/+) but not (p > 0.05) for the sex of the
mice. *p < 0.05 ROP +/+ versus UUO-ROP +/+; **p < 0.05 ROP
Os/+ versus UUO-ROP Os/+; ***p < 0.05 UUO-ROP +/+ versus
UUO-ROP Os/+; n = 18/group from two sets of experiments; ns,
not significant.
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organs complicate the UUO surgical procedure [9]. These
limited studies evaluating sex differences in the UUO
kidney disease model have resulted in conflicting results
[18–21]. Another factor that can alter CKD progression is
low nephron number, and this occurs with low birth
weight and premature birth [7]. The current study in
UUO mice determined sex differences and the impact of
low nephron number to the progression of CKD. UUO
was induced for 10 days in males and females of two
strains of mice, ROP +/+ and ROP Os/+ mice. ROP Os/+
mice harbor the oligosyndactylism (Os) radiation-
induced alleles, have a mutation in chromosome 8, and
disrupt the Anapc10 (Apc10/Doc1) gene [25]. This leads
to developmental defects which include fusion of the
second and third digits in all paws and a 50% reduction in
renal nephron number [15–17]. The findings of our
experimental study demonstrate limited sex differences in
kidney tubular and fibrotic injury in ROP +/+ and ROP
Os/+ mouse strains subjected to UUO. An unexpected

finding was that low nephron number ROP Os/+ mice
subjected to UUO had lesser levels of renal fibrosis and
inflammation compared to ROP +/+ mice.

In the progression of renal disease, renal fibrosis is the
final common pathway for most forms of progressive renal
disease leading to ESRD [26, 27]. Understanding the
pathophysiology of renal fibrosis is critical in the treatment
and management of renal disease [28]. The UUO model
causes rapid development of renal fibrosis in rodents
[29–31]. In the present study, we investigated development
of renal fibrosis in male and female ROP +/+ and low
nephron number ROP Os/+ mice. Our findings demon-
strated marked renal fibrosis with kidney collagen depo-
sition after 10 days following UUO surgery in ROP +/+
and ROP Os/+ mice. In several earlier studies, others and
we reported marked renal fibrosis with increased renal
collagen deposition in response to UUO [22–24]. Renal
fibrosis characterized by elevated expression of a prom-
inent extracellular matrix protein, fibronectin, was evident

Fig. 3. Unilateral ureter obstruction (UUO) elevated α-smooth
muscle actin (α-SMA) in ROP +/+ and ROP Os/+ mice. a Renal
collagen deposition in the kidney medulla of male and female mice
of both genotypes. Representative photomicrograph depicting α-
SMA-positive area identified using immunohistology in male
(b) and female (c) mice. Scale bar = 100 μm. Data were analyzed by
3-way ANOVA and presented in scattered plot format with mean

and SEM. Data were analyzed by 3-way ANOVA and presented in
scattered plot format with mean and SEM. The 3-way ANOVA
was significant (p < 0.05) for UUO and genotype (ROP+/+ vs. ROP
Os/+) but not (p > 0.05) for the sex of the mice. *p < 0.05 ROP +/+
versus UUO-ROP +/+; **p < 0.05 ROPOs/+ versus UUO-ROPOs/
+; ***p < 0.05 UUO-ROP +/+ versus UUO-ROPOs/+; n = 8/group
from two sets of experiments; ns, not significant.
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following UUO in ROP +/+ and ROP Os/+ mice. Elevated
level of extracellular matrix proteins responsible for fi-
brinogenesis has been reported in UUO and other CKD
rodent models [19, 29]. The findings of the current study
failed to find significant sex differences in kidney damage
induced by UUO in two mouse strains. Interestingly, the
findings of the current study demonstrate that ROP +/+
mice have higher renal expression of fibronectin with
greater renal fibrosis and collagen deposition compared to
low nephron number ROP Os/+ mice.

Apart from collagen deposition and extracellular matrix
protein expression, the relative presence of myofibroblast
in the kidney of ROP +/+ and ROP Os/+ mice was
evaluated. It is widely reported that myofibroblasts play
critical role in the pathophysiology of organ fibrosis in-
cluding kidney fibrosis [32, 33]. Renal interstitial fibro-
blasts and myofibroblasts are largely responsible for
producing excessive extracellular matrix proteins in the
fibrotic kidney [32, 33]. The more severe the degree of
fibrosis, the more myofibroblasts present in the kidney
[32]. Myofibroblasts are long-term activated fibroblasts
that express α-SMA [19, 29]. Findings in the current study
demonstrate that renal fibrosis in ROP +/+ and ROP Os/+
mice in response to UUO was accompanied by elevated α-
SMA. Like renal fibrosis, our data demonstrate that renal

α-SMA expression was higher in ROP +/+ compared to
low nephron number ROP Os/+ mice. Renal ZEB-1 ex-
pression that regulates myofibroblast formation and fi-
brotic process was also elevated in ROP +/+ compared to
ROP Os/+ mice. In ROP Os/+ mice, the lower expression
of ZEB-1 could be related to lower renal fibrosis and
myofibroblast formation. Overall, these findings clearly
indicate that development of renal fibrosis in response to
UUO was not enhanced in mice with lower renal mass.

In the present study, it was found that UUO-induced
renal fibrosis, α-SMA, and genes regulating myofibroblast
formation lacked sex differences in ROP +/+ and low
nephron number ROP Os/+ mice. This finding is contrary
to the predominant human evidence that suggests that CKD
progresses faster in males than females [6, 34]. Increased
testosterone has been suggested as a critical factor for in-
creased CKD progression in males. Likewise, UUO in male
and testosterone-treated oophorectomized female rats
demonstrated increased tubulointerstitial fibrosis and renal
dysfunction compared with castrated males and normal
female rats [19]. Renal inflammation and oxidative stress in
male rodents could contribute to this increase in UUO-
induced kidney damage [18, 19]. On the other hand, an
experimental study found that UUO-induced renal fibrosis
and α-SMAwere similar betweenmale and female C57Bl6/J

Fig. 4. Unilateral ureter obstruction (UUO) elevated renal fibrotic
gene expression in ROP +/+ and ROP Os/+ mice. Renal mRNA
expression of α-smooth muscle actin SMA (α-SMA, Acta2)
(a), zinc finger E-box binding homeobox 1 Zeb-1 (Zeb1) (b), and
fibronectin (Fn1) (c) in the kidney of male and female mice of both
genotypes. Data were analyzed by 3-way ANOVA and presented in
scattered plot format with mean and SEM. Data were analyzed by

3-way ANOVA and presented in scattered plot format with mean
and SEM. The 3-way ANOVA was significant (p < 0.05) for UUO
and genotype (ROP+/+ vs. ROP Os/+) but not (p > 0.05) for the
sex of the mice. *p < 0.05 ROP +/+ versus UUO-ROP +/+; **p <
0.05 ROP Os/+ versus UUO-ROP Os/+; ***p < 0.05 UUO-ROP
+/+ versus UUO-ROP Os/+; n = 18/group from two sets of ex-
periments; ns, not significant.
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Fig. 5.Unilateral ureter obstruction (UUO) elevated tubular injury
in ROP +/+ and ROP Os/+ mice. a Renal tubular cast formation in
the kidney of male and female mice of both genotypes. b Renal
mRNA expression of NGAL (LCN2) in the kidney of male and
female mice of both genotypes. c, d Representative photomicro-
graphs showing tubular injury and cast formation in different
experimental groups of male and female mice, respectively. Scale
bar = 100 μm. Black arrows indicated tubular cast area. Renal gene
expression of tubular injury markers NGAL (d) in different ex-

perimental groups. Data were analyzed by 3-way ANOVA and
presented in scattered plot format with mean and SEM. Data were
analyzed by 3-way ANOVA and presented in scattered plot format
with mean and SEM. The 3-way ANOVAwas significant (p < 0.05)
for UUO and genotype (ROP+/+ vs. ROP Os/+) but not (p > 0.05)
for the sex of the mice. *p < 0.05 ROP +/+ versus UUO-ROP +/+;
**p < 0.05 ROP Os/+ versus UUO-ROP Os/+; ***p < 0.05 UUO-
ROP +/+ versus UUO-ROP Os/+; n = 20/group from two sets of
experiments; ns, not significant.
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and cyclooxygenase-2 −/− mice [21, 35]. The lack of sex
differences was also observed inWistar rats following 7 days
of UUO [20]. Findings of the current experimental study
demonstrate at UUO day 10 that renal cortical fibrosis, α-
SMA, and genes regulating myofibroblast formation were
similar between male and female ROP +/+ and ROP
Os/+ mice.

The rodent UUOmodel results in static urine flow and a
rise in the hydrostatic pressure, which initially dilates the
collecting ducts [19, 36]. Over the 10-day progression of
UUO, hydrostatic pressure is transmitted back to the distal
and proximal tubules [19]. The rise of pressure in proximal
tubule decreases glomerular filtration rate and damages the
tubular epithelial cells [37]. Renal tubular injury was
evaluated in male and female ROP +/+ and low nephron
number ROPOs/+ mice subjected to UUO.We found that

UUO caused marked increase in the renal mRNA ex-
pression of the tubular injury marker NGAL in both ROP
Os/+ and ROP +/+ mice. Male and female mice dem-
onstrated a sex-independent effect of UUO on the renal
tubular pathology in ROPmice. Our data also demonstrate
that low nephron number did not affect UUO-induced
tubular injury in these mice. Renal tubular injury was
further assessed by studying the formation of renal tubular
cast formation and found that kidney cast area was ele-
vated in UUO-ROP +/+ compared to UUO-ROP Os/+
mice. Like our findings with NGAL expression, low
nephron number and gender of the mice did not affect
formation of UUO-induced renal tubular cast formation.

Renal tubular injury causes renal infiltration of leukocytes,
mainly macrophages, T-lymphocytes, and neutrophils [24].
These infiltrating immune cells cause renal inflammation and

Fig. 6. Unilateral ureter obstruction (UUO) caused renal in-
flammation in ROP +/+ and ROP Os/+ mice. a Renal deposition
of MAC2-positive macrophages in the kidney of male and female
mice of both genotypes. Representative photomicrograph de-
picting macrophages identified using immunohistology in male
(b) and female (c) mice. Scale bar = 100 μm. Black arrows in-
dicated MAC2 positive cells. Data were analyzed by 3-way
ANOVA and presented in scattered plot format with mean

and SEM. Data were analyzed by 3-way ANOVA and presented
in scattered plot format with mean and SEM. The 3-way ANOVA
was significant (p < 0.05) for UUO and genotype (ROP+/+ vs.
ROP Os/+) but not (p > 0.05) for the sex of the mice. *p < 0.05
ROP +/+ versus UUO-ROP +/+; **p < 0.05 ROP Os/+ versus
UUO-ROP Os/+; ***p < 0.05 UUO-ROP +/+ versus UUO-ROP
Os/+; n = 13/group from two sets of experiments; ns, not
significant.
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Fig. 7. Glomerular area and number of glomeruli in different
experimental groups. Calculated glomerular area (a) and number
(b) in the male and female ROP +/+ and ROP Os/+ mice with or
without UUO. c–d Representative photomicrograph showing
glomeruli in different experimental groups. Data were analyzed by
3-way ANOVA and presented in scattered plot format with mean
and SEM. Data were analyzed by 3-way ANOVA and presented in
scattered plot format with mean and SEM. The 3-way ANOVA
was significant (p < 0.05) for genotype (ROP+/+ vs. ROPOs/+) but

not (p > 0.05) for UUO and the sex of the mice. There was no was
significant difference in glomerular tuft area between ROP +/+
versus UUO-ROP +/+ (p > 0.05 and indicated by “ns”), but there
was significant difference between ROP Os/+ versus UUO-ROP
Os/+ or between UUO-ROP +/+ versus UUO-ROP Os/+ (all p <
0.05). Number of glomeruli was lower in ROP Os/+ compared to
ROP +/+ mice (#p < 0.05). a Glomerular area n = 10/group from a
single experimental set. b Glomeruli number n = 6/group from a
single experimental set; ns, not significant.
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significantly contribute to the development and progression
of renal fibrosis [19, 29]. Considering a critical role of in-
flammation in renal fibrosis pathogenesis, the current study
examined renal inflammation inUUO-inducedROP+/+ and
ROP Os/+ mice. Marked inflammation with infiltrated
MAC2-positive macrophages in the kidney following UUO
induction was evident in ROP +/+ and ROP Os/+ mice. As
with renal fibrosis and tubular injury, renal inflammation was
similar between male and female mice and greater in ROP
+/+ compared to low nephron number ROP Os/+ mice.

A previous study comparing the renal transcriptomes of
ROP +/+ and ROP Os/+ mice found increased oxidative
stress and mitochondrial dysfunction linked to activation
of transforming growth factor-β signaling in ROP Os/+
mice [38]. There have been a limited number of studies
that have evaluated other diseases or factors that could
enhance progressive kidney injury in the ROP Os/+ mice.
One such study demonstrated that hyperlipidemia
worsens renal pathology in ROP Os/+ mice through in-
creased renal cytokines, platelet-derived growth factor, and
transforming growth factor-β pathways [39]. Another
study found that ROPOs/+mice with a superimposed Fas-
inactivating mutation (lymphoproliferative [lpr]) dis-
played more severe glomerular and tubulointerstitial
disease [40]. Surprisingly, in our study, the UUO-induced
renal fibrosis, tubular injury, and inflammation were not
elevated in ROPOs/+mice with reduced nephron number.
However, in contrast to renal fibrosis and renal tubular
injury, we found that glomerular tuft area was greater in
ROP Os/+ compared to ROP +/+ mice following UUO.
This finding is supported by an earlier study that reported
glomerular hypertrophy in ROPOs/+ mice [18], and UUO
is widely known to cause glomerular hypertrophy [10].
Unlike glomerular tuft area, glomeruli number was not
affected by either sex or UUO. However, as reported
earlier, the number of glomeruli was higher in the wild-
type ROP +/+ than the mutant ROP Os/+ mice [15–18].

Conclusion

The current study investigated the development of
UUO-induced renal fibrosis, tubular injury, and glomerular
hypertrophy in male and female of two strains of mice. Our
experimental findings demonstrate that development of
renal fibrosis and tubular injury was not exacerbated by low
nephron number or smaller kidney size. Interestingly, the
findings demonstrate that ROP +/+ mice with normal
kidney had higher renal fibrosis, tubular injury, and in-
flammation compared to low nephron number ROP Os/+
mice. Importantly, our data demonstrate that UUO-

induced renal fibrosis, tubular injury, and inflammation
were similar in male and female ROP +/+ and ROP Os/+
mice. In contrast toUUO-induced renal fibrosis and tubular
injury, low nephron number enhanced UUO-induced
glomerular hypertrophy in male and female ROP Os/+
mice compared ROP +/+. Overall, we demonstrate that low
nephron number contributes to UUO-induced glomerular
hypertrophy but not kidney fibrosis and tubular injury. We
also demonstrate that none of the changes caused by UUO
was affected by sex in any of the ROP mouse genotypes.
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