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Severe renal fibrosis often occurs in obstructive kidney disease, not only in the obstructed
kidney but also in the contralateral kidney, causing renal dysfunction. Although the
mechanisms of injury in obstructed kidney have been studied for years, the
pathogenesis of fibrosis in the contralateral kidney remains largely unknown. Here, we
examined long-term unilateral ureteral obstruction (UUO) model in male Sprague-Dawley
rats and found that macrophage-to-myofibroblast transition (MMT) is contributing to renal
fibrosis in the contralateral kidney of UUO rats. Interestingly, this process was attenuated
by treatment of eplerenone, a specific blocker of the mineralocorticoid receptor (MR). In-
vitro, stimulating MR in primary cultured or cell line macrophages enhances MMT, which
were also inhibited by MR blockade. Collectively, these findings provide a plausible
mechanism for UUO-induced injury in the contralateral kidney, suggesting the benefit
of using MR blockage as a part of treatment to UUO to protect the contralateral kidney
thereby preserve renal function.

Keywords: UUO contralateral kidney, renal fibrosis, aldosterone, MR blockers, macrophage-to-myofibroblast-
transition (MMT)

INTRODUCTION

Chronic kidney disease (CKD) is increasingly recognized as a global public health problem, since
both the incidence and prevalence rates of CKD are increasing worldwide, particularly among aging
population, resulting in morbidity, mortality, and high medical costs (Xie et al., 2018). One of the
major causes of CKD is obstructive nephropathy, which leads to acute injury in the obstructed kidney
and chronic fibrosis in both obstructed and contralateral kidneys, thereby progressively decreasing
renal function, resulting in renal failure (Nishida and Hamaoka, 2008; Romagnani et al., 2017). In the
past decades, numerous previous studies have revealed the mechanisms of acute injury in the
obstructed kidney. However, the pathogenesis of chronic fibrosis in the contralateral kidney remains
to be investigated. It is well accepted that myofibroblasts are an important source of collagen
production during renal fibrosis (Nishida and Hamaoka, 2008; Ricardo et al., 2008), however, the cell
origin of these myofibroblasts remains unclear. Renal interstitial fibrosis often occurs after
inflammation and invasive immune reaction (Ricardo et al., 2008). In recent years, accumulating
evidence indicate that in rodent models of renal injury or in patients with progressive CKD, a

Frontiers in Pharmacology | www.frontiersin.org 1

February 2021 | Volume 12 | Article 620433


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.620433&domain=pdf&date_stamp=2021-02-24
https://www.frontiersin.org/articles/10.3389/fphar.2021.620433/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.620433/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.620433/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.620433/full
http://creativecommons.org/licenses/by/4.0/
mailto:qingyouxu@sohu.com
mailto:SMu@uams.edu
https://doi.org/10.3389/fphar.2021.620433
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.620433

Xiong et al.

Eplerenone Prevents Renal Fibrosis
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FIGURE 1 | Effects of long term-UUO and treatment of eplerenone (EPL) on renal histology, fibrosis, and function of the contralateral kidneys. Kidney sections from
all groups were stained with HE for morphology changing (A), Masson’s Trichrome (Masson) for fibrosis (B), and Sirius red for collagen deposition (C). Images are
representative for n = 12 rats each group. (D) BUN and Scr in serum were evaluated for renal function. Renal scores and quantification data are presented as
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proportion of myofibroblasts in their injured kidneys may from
bone marrow-derived monocytes/macrophages, identified by co-
expression of macrophage makers (CD68 or F4/80) and
myofibroblast marker a-smooth muscle actin (a-SMA) in
conjunction with producing collagens (Yang et al, 2013;
Nikolic-Paterson et al., 2014; Wang et al, 2016). However,
whether this macrophage-to-myofibroblast transition (MMT)
also occurs in the healthy contralateral kidney in obstructive
nephropathy and by what mechanism are important questions
that remain to be answered.

We and others have previously reported renal protective effect of
eplerenone, a mineralocorticoid receptor (MR) blocker, in various
rodent models of renal injury, including UUO (Furumatsu et al,
2008; Kuriyama et al., 2009; Toto, 2010). Especially, our group has
recently reported elevated plasma levels of aldosterone (Ald), a MR
specific agonist, in UUO animals (Wang, C. H. et al,, 2017). These
observations led us to further speculate that in UUO, the activation of
MR by elevated aldosterone in plasma not only participates in renal
injury and fibrosis in the obstructed kidney, but also contributes to
the fibrosis in the contralateral kidney, exacerbating CKD and renal
failure. Moreover, we suspect that MR activation may be involved in
the mechanism of MMT in the chronic contralateral kidney injury in
UUO. Hence, blockage of MR may provide therapeutic effects to the
chronic fibrosis of the contralateral kidney in obstructive kidney
disease.

In the current study, we will examine chronic fibrosis in the
contralateral kidney of UUO rats, to determine whether

activation of MR in the contralateral kidney participating in
the mechanism of MMT, which mediates interstitial fibrosis,
and eventually leading to CKD and renal failure.

RESULTS

MR Blockade by Eplerenone Protects
Contralateral Kidney From UUO-Induced

Chronic Fibrosis

UUO is a classic model in rodents to study obstructive kidney
disease and renal fibrosis (Suman et al., 2016). UUO leads to acute
kidney injury in the obstructed kidney rapidly, but in the chronic
phase, both obstructed kidney and contralateral kidney exhibit
fibrosis leading to progressive CKD. The target of this study
focuses on chronic injury in the contralateral kidneys after
obstruction; therefore, we harvested contralateral kidneys from
UUO rats 180 days after they received UUO surgery. HE staining
for renal morphology confirmed that long term-UUO induces
injury in the contralateral kidney, by observing dilated distal
tubules and cast formation (Figure 1A). Moreover, Masson
staining showed significantly higher collagen deposition and
fibrosis in the contralateral kidneys of long term-UUO rats
compared to sham kidneys (Figure 1B). Similar results also
observed by using Sirius red staining for collagens in these
kidneys (Figure 1C). Consistent with pathology observations,
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FIGURE 2 | Macrophage-to-myofibroblast transition (MMT) in the contralateral kidneys of long term-UUOQ rats. (A) Immunohistochemistry staining using antibodies
against a-SMA (upper panel) and Vimentin (lower panel) to examine renal infiltration of myofibroblasts in the kidneys. (B) immunofluorescent multi-staining of kidney
sections with antibodies against macrophage marker CD68 (FITC, green), and myofibroblast marker a-SMA (TRITC, red) for identifying MMT (cells co-expressing both
markers indicates MMT, nuclei were stained with DAPI in blue). Images are representative for n = 12 rats each group. Staining quantification data are presented as
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renal function tests for blood urea nitrogen and serum creatinine
level (Figure 1D) also revealed impaired renal function in long
term-UUO rats compared with sham rats. It is noteworthy that
the treatment of eplerenone (EPL) to these long term-UUO rats
protected their contralateral kidneys from chronic fibrosis
(Figures 1B,C), even though some cast formation were still
observed in the HE stained kidney sections (Figure 1A).
These findings suggest that long term-UUO induces severe
fibrosis and chronic injuries in the contralateral kidneys,
thereby impairing renal function. Interestingly blocking MR by
EPL attenuated massive fibrosis in the contralateral kidneys of
UUO rats, indicating that MR activation may be involved in the
pathogenesis of developing chronic renal fibrosis in the
contralateral kidneys of UUO rats.

Eplerenone Attenuated UUO-Induced MMT

in the Contralateral Kidney

Renal fibrosis is a leading factor resulting in kidney destruction and
loss of renal function. The activation of a-smooth muscle actin
(a-SMA) positive myofibroblasts plays a key role in this process
(Eddy, 2013; Klingberg et al, 2013). To examine the role of

myofibroblasts in chronic injury of the contralateral kidney of
long-term UUO rats, we stained these kidneys with antibodies
against a-SMA and vimentin, specific markers used to identify
myofibroblasts (Eddy, 2013; Klingberg et al., 2013; Bagalad et al,
2017). We found massive infiltration of myofibroblasts in the
contralateral kidneys of rat exposed to long-term UUO
(Figure 2A), and these effects also were prevented by treatment of
EPL (Figure 2A).

Monocytes/macrophages are highly involved in the process of
renal injury, repair and fibrosis. One significant feature in kidney
biopsy specimens of patients with CKD is the presence of massive
macrophage infiltration and severe fibrosis (Wang, Y. Y. et al., 2017).
To determine whether macrophages are involved in UUO-induced
renal fibrosis in the contralateral kidney of UUO rats, we performed
immunofluorescent co-staining using specific antibodies against
monocyte/macrophage marker CD68 and myofibroblast marker
a-SMA. As shown in Figure 2B, massive infiltration of CD68"
macrophages were observed in the contralateral kidneys of UUO
rats compared to sham rats. It is worthy to note that most of these
renal infiltrated macrophages in the contralateral kidneys of UUO
rats co-expressing a-SMA, indicating macrophage-to-myofibroblast
transition (MMT), and the co-staining of CD68 and a-SMA in the
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FIGURE 3 | M2 macrophages are the major source of MMT in the contralateral kidneys of long term-UUO rats. (A) immunofluorescent multi-staining of kidney
sections with antibodies against collagen | (blue), macrophage marker F4/80 (green), and a-SMA (red). (B) fluorescent co-staining of a-SMA (red) with M2 macrophage
marker CD206 (green, upper panel) or M1 macrophage marker INOS (green, lower panel), nuclei were stained with DAPI in blue. Images are representative forn = 12 rats
each group. Quantification data are presented as mean + SEM, n = 6. *p < 0.05 vs. the sham, #p < 0.05 vs. the UUO.
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UUO-contralateral kidneys were largely diminished by the treatment
of eplerenone (Figure 2). These data suggest that MMT is
contributing to renal fibrosis and pathology in the contralateral
kidneys of long term-UUO rats.

Next, we stained the UUO-contralateral kidneys with multi-
antibodies against Collagen-I, F4/80 (macrophage specific marker)
and a-SMA. As expected, cells co-expressing F4/80 and a-SMA were
surrounded by collagen-1, suggesting production of collagen-I from
MMT cells (Figure 3A). Moreover, we explored subtypes of
macrophages contributing to MMT by co-staining a-SMA with
macrophage subfamily markers CD206 (M2 macrophages) or
iNOS (M1 macrophages). Results further revealed that M2
macrophages are the major contributor to MMT in the
contralateral kidneys of long term-UUO rats (Figure 3B), which
is consistent with previous acute study using UUO kidneys (Wang, Y.
Y. et al, 2017).

Taken together, data from Figures 2, 3 suggest a potential
mechanism for the pathogenesis of fibrosis in the contralateral

kidney of UUO rats, that at least a great portion of myofibroblasts
developed by MMT from renal infiltrated macrophages,
particularly M2 macrophages, contributing to collagen
production and subsequently developing renal fibrosis.
Moreover, these effects are inhibited by eplerenone, a MR
specific blocker, leading us to speculate an important role for
MR involved in the process of MMT and thereafter renal fibrosis.

Activation of MR Stimulate
Macrophage-to-Myofibroblast Transition
(MMT) in Macrophages

Plasma aldosterone level is elevated in long term-UUO rats,
which may lead to higher activity of MR (Wang, Y. Y. et al,
2017). In the current study, we further confirmed activation of
MR in the contralateral kidney of UUO rats by detecting
molecules downstream of MR using western blots. Consistent
with our previous findings (Wang, C. H. et al,, 2017), we found
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FIGURE 4 | Effects of long term-UUO and treatment of eplerenone (EPL) on the expression of MR downstream molecules. Western blot for protein level expression
of SGK1, (p)SGK1, NGAL and MCP-1 in the contralateral kidneys of rats treated with Sham, UUO and UUO + eplerenone (EPL). Data are mean + SEM for n = 12 rats
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greater expression of SGK-1, phosphorylated-SGK-1, NGAL and
MCP-1 in the contralateral kidneys of UUO rats compared
to the contralateral kidneys from Sham rats (Figure 4),
indicating higher MR activity in these kidneys, and these
effects were inhibited by MR blocker eplerenone (Figure 4),
as we expected.

To further investigate the role of MR activation in MMT, we
tested the effects of additional aldosterone and MR blockade on
the expression of a-SMA in macrophages. Addition of
aldosterone stimulated mRNA expression of a-SMA in
macrophage cell line RAW 264.7 cells, and this effect was
blocked by specific MR inhibitor spironolactone (Figure 5A,
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FIGURE 5 | Effects of aldosterone and MR blocker spironolactone (Spir) on the expression of a-SMA in macrophages. (A) mRNA levels expression of a-SMA in cell
line macrophages, RAW264.7 cells, treated with or without additional aldosterone and Spir. Data are mean + SEM. n = 3 independent tests. *p < 0.05 vs. control;
#p < 0.05 vs. Aldosterone. (B) Two-color flow cytometry analysis show protein level expression of a-SMA in macrophage cell line (RAW264.7, upper panel) and mouse
bone marrow derived macrophages (lower panel). Numbers in red color indicating the percentage of MMT cells with a-SMA™, F4/80*. Data are representative for

n = 5-7 independent tests.

detected by Tagman realtime PCR). Consistent with realtime-
PCR results, aldosterone stimulation also upregulated protein
level expression of a-SMA in RAW 264.7 cells, and this
upregulation was attenuated by MR blocker spironolactone as
well (Figure 5B, upper panel, detected by flow cytometer). As
expected, similar data was also observed in mouse bone marrow-
derived macrophages (Figure 5B, lower panel, F4/80" cells,
detected by flow cytometer), confirmed above results using cell
line. The stimulating effects of aldosterone on the expression of
a-SMA in macrophages were clearly blocked by MR specific
blocker spironolactone, suggesting activation of MR contributes
to MMT in macrophages.

Taken together, our results suggest that in the chronic phase of
obstructive kidney disease, activated MR stimulate MMT for
renal infiltrated macrophages to transdifferentiate into
myofibroblasts, producing excessive collagen, exacerbating
renal fibrosis in the contralateral kidney. Moreover, MR
blockers diminish MMT and protect the contralateral kidney
from fibrosis and further chronic renal injury.

DISCUSSION

Obstructive kidney disease is one of the major causes of renal
injury, which may lead to renal failure (Tseng and Stoller, 2009).
UUO, as a classic preclinical model of obstructive kidney disease
have been studied for decades. However, the majority of those
studies focused on the acute kidney injury of the obstructed
kidneys, and the mechanisms causing chronic injury to the non-
obstructed contralateral kidneys remain largely unknown. In
recent years, a growing body of evidence has shown that
obstructive kidney injury-induced CKD or renal failure are
related to both the obstructed kidney and the non-obstructed
contralateral kidney (Wang, C. H. et al., 2017; Ma et al., 2019).
Thus, we focus on investigating the mechanisms of inflammation
and fibrosis in the contralateral kidneys of UUO animals,
hopefully to improve therapeutic strategies to help gain better
outcomes for patients suffering obstructive kidney disease.
Previous studies from our laboratory have reported
observations of higher level plasma aldosterone in UUO rats
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compared with sham rats. Moreover, the activation of MR
contributes to chronic inflammation in the contralateral
kidneys of UUO rats compared to sham rats (Wang, C. H.
et al, 2017; Ma et al, 2019). In the current study, we further
determined the contributing role of MR-activation in the
pathogenesis of renal fibrosis in the contralateral kidneys of
UUO rats, enhancing MMT in the kidney, promoting renal
infiltrated macrophages to transdifferentiate into myofibroblasts.

In this study, our first novel finding is that the MR blocker
eplerenone efficiently prevented chronic development of fibrosis
in the contralateral kidney of UUO animals, and thereby
protected the contralateral kidney from further damage. MR
has been reported to contribute to fibrosis in many organs
(Shrestha et al, 2019); however, its role in participating in
fibrosis in the contralateral kidney in UUO rats has not
previously been revealed. Here, we found the mechanism of
these effects is at least in part, by reducing accumulation of
myofibroblasts in the kidney. Macrophage to myofibroblast
transition (MMT) is one of the important mechanisms for the
origin of myofibroblasts in solid organs (Wynn and Barron, 2010;
Klingberg et al., 2013; Emily et al., 2015; Kryczka and Boncela,
2015; Kurose and Mangmool, 2016). By co-staining macrophage
marker and a maker for myofibroblasts, our data further
elucidated that attenuating MMT is an important mechanism
for eplerenone to prevent accumulation of myofibroblasts in the
contralateral kidneys of UUO rats.

Our second novel finding in this study is that MR also directly
participates in MMT of macrophages. MR blockade is a well-
known antihypertensive treatment, and high blood pressure often
occurs in obstructive kidney diseases (El-Dahr et al., 1993; Al-
Marhoon et al., 2015). Although our in vivo data cannot exclude
the possible role of BP in MMT, our in vitro studies using cultured
cells without BP effects suggest aldosterone-MR-induced MMT is
not BP dependent. Our data in Figure 5 demonstrated that
Aldosterone stimulates macrophages to express higher level of
a-SMA, a marker for myofibroblasts, indicating enhanced MMT,
and these effects are significantly blocked by specific MR blocker
spironolactone. Similar results were observed in both the non-
polarized macrophage cell line R264.7 cells and well differentiated
mouse bone-marrow-derived macrophages.

One limitation in this study is that we do not exactly know the
molecular mechanism by which activated MR participates in
macrophage-differentiation. One of the possible mechanisms for
reducing MMT in the contralateral kidney of UUO rats is that the
treatment with eplerenone decreased renal infiltration or
accumulation of macrophages. Indeed in our immunostaining
sections, we observed higher macrophage accumulation in the
contralateral kidneys of UUO rats (Figure 2). This is consistent
with our previous report that contralateral kidneys of UUO rats
demonstrate higher level of chronic inflammation (Wang, C. H.
et al, 2017). However, other than eliminating the number of
macrophages in the kidney, whether MR is otherwise involved in
the MMT process remains to be tested. Using both in vivo and
in vitro studies, we determined that MR blockers also attenuated
MMT in macrophages as one of the mechanisms involved in
reducing collagen deposition and renal fibrosis in the
contralateral kidney of UUO rats. Therefore, future study will

Eplerenone Prevents Renal Fibrosis

be needed to further address the precise molecular mechanisms of
MR stimulating MTT. In summary, our study indicated an
important benefit of giving MR blocker to subjects with
obstructive kidney disease, for protecting the contralateral
kidney from chronic injury and fibrosis. Moreover, we suggest
the mechanisms of this protection are probably by preventing
both macrophage-infiltrations in the contralateral kidney and the
MMT process of macrophages.

MATERIALS AND METHODS

Animals and In-Vivo Experimental Models
Male Sprague-Dawley (SD) rats (about 7 weeks old, body weight
200 + 10 g) were purchased from Hebei Medical University Animal
Center and used for this study. The rats were maintained with
standard rat chow and tap water at room temperature under a
12-h light/12-h dark cycle. Animal care followed the criteria of the
Ethics Committee on Animal Experimentation of Hebei Medical
University. 36 SD rats were randomly assigned to sham group, UUO
group and UUO with eplerenone treatment group (UUO + Epl, n =
12 each). UUO and sham surgeries were performed as described
previously (Truong et al., 2011). After surgeries, eplerenone (Pfizer,
United States) was given to UUO + Epl group via diet at the dose of
1.25 g/kg diet (equal to 100 mg/kg/day) for 6 months and other
groups of rats were fed on regular chow. 180 days after UUO, all
animals were sacrificed and the kidneys on the contralateral side of
UUO or sham surgeries were collected for histological and protein
analysis. Serum sample from all rats were used to test renal function
using BUN and Scr screening kits from Beckman Coulter.

Histological Analysis,
Immunohistochemistry and

Immunofluorescence

The contralateral kidneys were dehydrated with alcohol,
embedded in paraffin blocks after fixation overnight in 4%
paraformaldehyde (PFA). Paraffin blocks were cut into 5pm
sections for HE, Masson, Sirius red staining and
immunohistochemistry for a-smooth muscle actin (a-SMA;
Abcam) and vimentin (Abcam). Light images were observed
and pictured using a Leica BX53 optical microscope.

For fluorescent stainings, kidneys were irrigated by 4%PFA,
dehydrated in 30% sucrose solution and frozen in OCT
compound. 7 pum kidney sections were cut using freezing
microtome, and prepared for staining with the following
fluorescent-conjugated antibodies: Alexa Fluor 555-conjugated
alpha smooth muscle Actin (Abcam), FITC-conjugated F4/80
(EterLife) or unconjugated antibodies anti-collagen-I (Col-I),
anti-CD68, anti-iNOS and antiCD206 (all from Abcam)
flowed by fluorescent secondary staining. After staining,
sections were incubated with DAPI for nucleus staining and
sealed for photography using a Leica SP8 confocal microscope.

HE staining sections were examined by two nephrologists and
scored from 0 to 3 (normal to severe). Other image
quantifications were performed using Image J or Image-Pro
Plus 6.0 software.
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Protein Extraction and Western Blot

Analysis

The contralateral kidneys were homogenized in RIPA buffer for
protein extraction. Western blots employed SDS-PAGE and
PVDF membranes. After blocking nonspecific bindings with
5% nonfat milk, the membranes were incubated with primary
antibodies against SGK-1, p-SGK-1, MCP-1 (all from Abcam),
and NGAL (LCN2, ABclonal) at 1:500-1:1,000 dilution overnight
at 4°C. Next day, Blots were then incubated with fluorescein-
conjugated secondary antibodies for 1h at room temperature,
and scanned with Odyssey Infrared Imaging System (LI-COR,
Lincoln, NE, United States). GAPDH and B-actin antibodies were
used for normalization of protein loading.

Reverse Transcription and Quantitative

Real-Time PCR

Total RNA was isolated using RNeasy plus mini kit (Qiagen)
following the protocol recommended by the manufacturer.
Superscript III kit (Thermo Fisher) was used for reverse
transcription of RNA, and realtime PCR was performed using
Tagman reaction system (Thermo Fisher) on an Mx3005p

realtime PCR instrument. GAPDH was used as a
housekeeping transcript for normalization, and relative
realtime PCR result were calculated using the 27**“T method.

Cell Culture Treatment and Flow Cytometry
Raw264.7 macrophages and bone marrow differentiated monocyte/
macrophages were maintained in culture media with 10% heat-
inactivated FBS at 37°C in an incubator with a humidified
atmosphere and 5% CO,. 107 M aldosterone (Ald) was used for
Ald treatment and in Ald + Spir group cells were pre-treated with
10uM spirolactone 1h prior to Ald treatment. 24 h after the
treatment, all cells were harvested and stained with PE-conjugated
anti-moue F4/80 (Biolegend), APC-conjugated anti-a-SMA (Abcam)
for 1h in dark tubes. Cells were analyzed in a BD Accuri C6 flow
cytometer, viable singlet cells were selected by FSC/SSC gating, and
data were further analyzed using FlowJo 10 software.

Mouse Bone Marrow-Derived

Macrophages
Full protocol of mouse bone marrow-derived macrophages was
obtained from Dr. Tiffany Weinkopff in University of Arkansas
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