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N-acetylcysteine alleviates angiotensin lI-mediated
renal fibrosis in mouse obstructed kidneys
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Aim: To investigate the effects of ROS scavenger N-acetylcysteine (NAC) on angiotensin Il (Ang Il)-mediated renal fibrosis in vivo and in

vitro.

Methods: Mice were subjected to unilateral ureteral obstruction (UUO), and then treated with vehicle or NAC (250 mg/kg, ip) for 7
days. Histological changes of the obstructed kidneys were observed with Masson’s trichrome staining. ROS levels were detected with
DHE staining. The expression of relevant proteins in the obstructed kidneys was assessed using Western blotting assays. Cultured rat

renal fibroblast NRK-49F cells were used for in vitro experiments.

Results: In the obstructed kidneys, Ang Il levels were significantly elevated, and collagen | was accumulated in the interstitial spaces.
Furthermore, ROS production and the expression of p47 (a key subunit of NADPH oxidase complexes) were increased in a time-
dependent manner; the expression of fibronectin, a-SMA and TGF- were upregulated. Administration of NAC significantly alleviated
the fibrotic responses in the obstructed kidneys. In cultured NRK-49F cells, treatment with Ang Il (0.001-10 pmol/L) increased the
expression of fibronectin, collagen |, -SMA and TGF-B in dose-dependent and time-dependent manners. Ang |l also increased ROS
production and the phosphorylation of Smad3. Pretreatment with NAC (5 pymol/L) blocked Ang ll-induced oxidative stress and ECM

production in the cells.

Conclusion: In mouse obstructed kidneys, the fibrotic responses result from Ang Il upregulation can be alleviated by the ROS scavenger

N-acetylcysteine.
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Introduction

Renal fibrosis is the final common pathway of chronic kidney
disease (CKD). It is characterized by the accumulation of
extracellular matrix (ECM) proteins in both the glomeruli and
tubulointerstitial spaces. Renal fibrosis is an important pre-
dictor of clinical prognosis and a determinant of renal insuf-
ficiency!l. Renal fibrosis can be initiated by many pathological
factors including toxicity, ischemia, pathogenic microorgan-
ism infections, paraneoplastic syndromes, congenital abnor-
malities, inherited defects, and endocrine and immunological
diseases™. Eventually, progression of renal fibrosis leads to
end-stage renal failure, and patients require lifelong dialysis
or kidney transplantation. Although CKD is widespread and
the incidence is increasing, no effective medication is currently
available to manage the progression of renal fibrosis. Under-
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standing the molecular and cellular mechanisms is necessary
for identifying and developing an effective therapy for renal
fibrosis.

Many studies have shown that overactivation of the intra-
renal renin-angiotensin system (RAS) plays an essential
role in the pathogenesis of CKDP?!. Overactivation of RAS
stimulates the proliferation of renal mesangial cells and inter-
stitial fibroblasts, increases the synthesis and secretion of
inflammatory factors by renal inherent cells, and promotes
the morphological and functional remodeling of cells!*"".
Because angiotensin II (Ang II) is the major effector in RAS,
angiotensin-converting enzyme inhibitors (ACEI) and Ang II
type I receptor blockers (ARB) are currently recommended as
the first-line medications for the treatment of CKD.

Reactive oxygen species (ROS) include the superoxide anion
(Oy), hydrogen peroxide (H,O,), and hydroxyl radicals (OH -).
ROS were once recognized as endogenous pathogenic mol-
ecules in cellular injury due to the damage they inflict on lip-
ids, proteins, and DNA in cells™ . However, ROS have now
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been widely accepted as important signaling molecules that
play multiple roles in regulating normal cellular functions™ ™,
Only under pathological conditions, for various reasons, are
the formation and elimination of ROS disturbed and excessive
ROS generated; the elevated ROS levels induce a condition
called oxidative stress and inflict cell and tissue damage.

Oxidative stress is associated with multiple factors that
induce the development of CKD"™), and eliminating oxida-
tive stress is an alternative strategy for the treatment of CKD.
In this study, we aimed to clarify the relationship between
renal RAS activation and oxidative stress, and we investigated
the effect of ROS elimination on RAS activation-induced renal
fibrosis in the unilateral ureteral obstructive (UUO) model and
on cultured renal fibroblasts.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), recombinant
human angiotensin II, N-acetylcysteine (NAC), and dihydro-
ethidium (DHE) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Bovine calf serum (BCS) was obtained from
Gibco (Grand Island, NY, USA). The BCA Protein Assay Kit
was obtained from Shenergy Biocolor BioScience and Tech-
nology (Shanghai, China). Anti-fibronectin antibody was
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Anti-
collagen I antibody was obtained from Abcam (Cambridge,
MA, USA), and anti-p47 antibody was obtained from Santa
Cruz Biotechnologies, Inc (Santa Cruz, CA, USA). Anti-
GAPDH antibody, an enhanced chemiluminescence (ECL)
detection kit and hydrogen peroxide assay kits were pur-
chased from Beyotime Institute of Biotechnology (Jiangsu,
China). Ang II ELISA kit was obtained from Westang Biotech
(Shanghai, China). Polyvinylidene difluoride (PVDF) mem-
branes were obtained from Millipore (Billerica, MA, USA).
Proteinase inhibitor and phosphatase inhibitor were obtained
from Roche (Mannheim, Germany). All other chemicals and
reagents used were of analytical grade.

UUO animal model

Male C57BL/6] mice (20-25 g) were purchased from Shanghai
SLAC Laboratory Animal Co Ltd (Shanghai, China). All ani-
mal experiments were performed according to the Criteria of
the Medical Laboratory Animal Administrative Committee of
Shanghai and the Guide for Care and Use of Laboratory Ani-
mals of Fudan University, and the protocols were approved
by the Ethics Committee for Experimental Research, Shanghai
Medical College, Fudan University. The mice were anesthe-
tized with 10% chloral hydrate via intraperitoneal injection.
The left ureter was visualized by a flank incision and ligated
with 4-0 silk. The sham group underwent the same surgery
except for left ureter ligation. Over the course of the study, six
mice were included in each group and were euthanized 1, 3, or
7 days after surgery. Mice that underwent the UUO surgery
were randomly divided into two groups: UUO with vehicle
(0.9% saline) and UUO with NAC (250 mg/kg body weight)
administered by intraperitoneal injection at 0.1 mL per day for
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7 days. The kidneys were then harvested, quick-frozen by lig-
uid nitrogen, and stored at -80°C until use.

Cell culture

Normal rat kidney fibroblasts (NRK-49F) were purchased
from the Institute of Biochemistry and Cell Biology (Shanghai,
China). Cells were cultured in DMEM containing 10% BCS,
in 5% CO,-95% air at 37°C. Cells were deprived of serum for
16 h when they reached approximately 80% confluence. Cells
were pretreated with either 5 pmol/L NAC or vehicle for 30
min followed by the administration of 1x10° mol/L Ang IL

Western blotting

Protein was isolated from the homogenized frozen kidneys or
cell lysate homogenates as previously described™. Protein
concentrations were determined using a BCA Protein Assay
Kit according to the manufacturer’s instructions. An equal
amount (30 pg per sample) of total protein was loaded and
separated by electrophoresis on a 10% SDS-PAGE gel and then
transferred onto a PVDF membrane. The membrane was then
blocked with 5% skim milk for 1 h at room temperature with
gentle shaking. The membranes were then incubated with
primary antibody overnight at 4 °C [anti-fibronectin antibody,
1:10000; anti-collagen I antibody, 1:500; anti-a-smooth muscle
actin (anti-a-SMA) antibody, 1:3000 anti-phospho-smad3 anti-
body, 1:1000; anti-smad3 antibody, 1:1000; anti-p47 phox anti-
body, 1:500; and anti-GAPDH antibody, 1:3000]. The mem-
branes were then washed 3 times with Tris-buffered saline
with 0.1% Tween and incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature.
After another 3 washes with TBS/Tween, the hybridizing
bands were developed using the ECL detection kit according
to the manufacturer’s instructions. Protein bands were visual-
ized by GE chemiluminescence system for the required time.
Bands were normalized using GAPDH or smad3.

Measurement of kidney content of Ang Il

The concentration of Ang II was measured using commercially
available enzyme immunoassay kits (Westang Biotech, Shang-
hai, China). The procedures were performed according to the
manufacturer's instructions. The Ang II concentration was
calculated from a standard curve constructed with standard
solutions.

Histological examination

Kidneys were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections were collected and prepared
accordingly. Slides of paraffinized tissue sections were depa-
raffinized and then rehydrated. Sections were stained with
Masson’s trichrome. Histological changes were observed at
400x optical magnification.

DHE staining

The production of superoxide in oxidative stress was mea-
sured in the frozen kidneys using the oxidative fluorescent
dye DHE. DHE (2 pmol/L) was applied to 10 pm kidney
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sections, and the slides were then incubated in a light-pro-
tected humidified chamber at 37°C for 30 min. In the presence
of superoxide, DHE is oxidized to fluorescent ethidium, which
is trapped by intercalation with DNA. Ethidium is excited at
518 nm with an emission wavelength of 605 nm. The intensity
of fluorescence was observed at X400 optical magnification.

Hydrogen peroxide assay

The reactions were performed with a hydrogen peroxide assay
kit (Beyotime Institute of Biotechnology, Jiangsu, China). In
this assay, Fe™ is oxidized to Fe’" by H,O,. The Fe’* then
forms a purple complex with xylenol orange (3,3'-bis [N,
N-di(carboxymethyl)-aminomethyl]-o-cresolsulfone-phthalein,
disodium salt and xylenol orange), which is measurable with
a microplate reader at a wavelength of 560 nm™. The level
of H,O, in the kidney tissues was calculated according to the
manufacturer’s instructions.

Statistical analyses

Data are presented as the mean+SEM with statistical analysis
performed using one-way analysis of variance with post hoc
analysis using Tukey’s multiple comparison test. The differ-
ences between the two groups were compared using Student’s
t test. P<0.05 was considered to indicate a statistically signifi-
cant difference between mean values.

Results

Renin-angiotensin system was activated in UUO mice

The ELISA result showed that the level of Ang I was elevated
in obstructed kidney tissues, indicating the activation of RAS
(Figure 1).
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Figure 1. Unilateral ureteral obstruction (UUO)-induced activation of the
renin-angiotensin system in the kidney. The level of Ang Il was detected by
ELISA kit. Data are the mean+SEM of 6 animals. “P<0.05 compared with
Con.

Oxidative stress was induced in the UUO model

The DHE staining results indicated that ROS increased 1 day
after the UUO surgery and persisted to the end of the experi-
ment (7 days) (Figure 2A). The level of H,O, increased signifi-
cantly in the kidney tissues (Figure 2B). Western blot analysis
showed that the protein level of p47 phox, a key subunit of
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase complexes, increased significantly in the UUO model
(Figure 2C-D). These results indicated that oxidative stress

was induced in the obstructed kidneys.

An ROS scavenger attenuated fibrosis in obstructed kidneys

To determine whether ROS is involved in the progression of
renal fibrosis, an ROS scavenger, NAC, was administered by
intraperitoneal injection in the UUO mice. Masson trichrome
staining indicated that NAC treatment significantly attenuated
UUO-induced collagen deposition (Figure 3A). The Western
blot results indicated that NAC also inhibited UUO-induced
upregulation of fibronectin, collagen I, and a-SMA protein
expression in the obstructed kidney (Figure 3B-F). The UUO-
induced increase in TGF-p was also suppressed by NAC treat-
ment (Figure 3G-H). These results indicate that ROS scaven-
ger NAC did inhibit the production and accumulation of ECM
protein in the obstructed kidneys; thus, ROS was involved in
the progression of renal fibrosis.

Ang Il induced profibrotic responses in NRK-49F cells

To determine whether elevated ROS was involved in Ang II-
induced profibrotic effects, in vitro studies were performed in
renal fibroblast cells. Western blot results showed that Ang II
treatment increased fibronectin, collagen I, and a-SMA protein
levels in NRK-49F cells in a dose-dependent and time-depen-
dent manner (Figure 4), confirming the profibrotic effects of
Ang L

Ang Il induced oxidative stress in NRK-49F cells

To determine whether Ang II treatment could induce the
upregulation of ROS in NRK-49F, the level of ROS was
assayed. The results showed that the increase in ROS levels
was statistically significant beginning 1 h after Ang II treat-
ment and persisted to the end of the experiment (Figure 5A).
The DHE fluorescence result showed that Ang II treatment
induced a significant increase in ROS production in NRK-49F
cells (Figure 5B). Western blot results showed that p47 protein
level increased after Ang II treatment (Figure 5C-D).

NAC inhibited Ang ll-induced expression of profibrotic genes in
NRK-49F cells

To determine whether ROS contributed to the profibrotic
effects of Ang II, the ROS scavenger NAC was employed.
Western blot analysis showed that pretreatment with NAC for
1 h abolished the Ang II-stimulated upregulation of fibronec-
tin, collagen I, and a-SMA (Figure 6A-D). The upregulation
of TGF-p induced by Ang II was inhibited by NAC (Figure
6E-F). Smad3 activation was also suppressed by NAC (Figure
6G-H), suggesting the inhibition of TGF-f signaling. Further-
more, H,O, treatment was sufficient to induce the upregula-
tion of fibronectin and a-SMA in NRK-49F cells (Figure 61-K).

Discussion

Renal fibrosis is a major health problem affecting millions
of people worldwide and is the final common pathway of
CKD in the progression to end-stage renal disease. It can be
considered a sustained scarring process in response to patho-
genic factors, during which an excessive amount of ECM is
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Figure 2. Unilateral ureteral obstruction (UUO)-induced oxidative stress in the kidney. (A) The level of ROS was detected by DHE staining after UUO for 1,
3, and 7 days. (B) The level of H,0, in kidney tissue was analyzed by hydrogen peroxide assay. (C, D) Western blotting visualized p47 in a time course
of UUO mice. Data are the mean+SEM of 6 animals. ‘P<0.05, *"P<0.01 compared with Con.

deposited in interstitial spaces and causes irreversible tissue
damage and impairment of renal function.

The overactivation of RAS is known to be involved in renal
injury induced by multiple factors. Ang II, one of the major
components of RAS, has emerged as an important profibrotic
cytokine in renal fibrosis. Due to the specific role of RAS in
renal fibrosis, ACEI inhibitors and ARB blockers have been
recommended as first-line therapy in the treatment of CKD.
However, the results of both clinical and laboratory studies
have shown that these agents can only slow but not halt the
progression of renal disease. In recent years, with the identifi-
cation of the ACE-2/Ang (1-7)/Mas receptor pathway and the
prorenin-renin/ prorenin receptor, RAS has proved to be far
more complex than originally recognized. The newer under-
standing of RAS explains why ARB or ACEI agents fail to halt
the progression of CKD and also suggests that new targets and
strategies are needed to improve treatment outcomes.

ROS are critical intermediates in both normal physiological
and pathological conditions of kidney cells. Oxidative stress
refers to the aberrantly high levels of intracellular ROS that
cause damage to proteins, lipids, and DNA. Oxidative stress
is the result of the disrupted balance between ROS generation
and antioxidants and is linked to a variety of human diseases,
including organ fibrosis in the liver and kidney. ROS act as
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mediators of Ang II-induced epithelial-mesenchymal transi-
tion (EMT) and apoptosis. The use of antioxidant therapy
for the treatment of renal fibrosis has attracted wide interest
in recent years™. Some reports have shown an interaction
between ROS and RAS, but the relationship is still unclear.
Our results showed that interstitial fibrosis was induced in
the UUO animals, and the concentration of Ang II in renal tis-
sue was significantly elevated. These results suggested that
activation of RAS was involved in the UUO-induced renal
fibrosis. Both DHE staining and hydrogen peroxide analysis
showed that ROS levels were increased in the obstructed kid-
ney in UUO model mice; this finding indicated that oxidative
stress was present in the UUO kidney. P47 phox, an orga-
nizer subunit for NADPH oxidase 1/2, was also elevated in
the UUO kidney. To determine whether ROS was involved
in the progression of renal fibrosis, the ROS scavenger NAC
was administered to the UUO mice. NAC is a metabolite of
the sulfur-containing amino acid cysteine and has been used
in clinical practice for several decades™. Currently NAC is
used as an antioxidant and a mucolytic agent. The therapeu-
tic potential of NAC has been investigated for the treatment
of numerous disorders such as ischemia-reperfusion cardiac
injury, acute respiratory distress syndrome, chemotherapy-
induced toxicity, radio-contrast-induced nephropathy, heavy
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Figure 3. Effect of NAC on tubulointerstitial fibrosis in the UUO kidney. Control and UUO mice received vehicle or NAC (200 mg/kg body weight) by
intraperitoneal injection at 0.1 mL per day for 7 days. (A) Representative sections of Masson'’s trichrome-stained kidneys. Collagen was stained blue.
Original magnifications x400. (B-F) Western blotting visualized fibronectin, collagen | and o-SMA. (G-H) TGF-B were assayed by Western blot analysis.
Data are the mean+SEM of 6 animals. "P<0.05, “"P<0.01 compared with Con. **P<0.01 compared with UUO treated with vehicle.

metal toxicity, and psychiatric disorders®™?!. Several studies

have shown that NAC could be used for the treatment of pul-
monary fibrosis, liver fibrosis, and skin fibrosis?31.

In the present study, NAC inhibited the production of ECM
proteins and the activation of TGF-P signaling pathway in the
UUO kidneys. The histology results showed that NAC also
ameliorated interstitial fibrosis, indicating that ROS elimina-
tion effectively slowed the progression of renal fibrosis in
UUO model mice. These results suggest that ROS plays a cru-
cial role in renal fibrosis.

Resident renal fibroblasts are the most important source of
scar-producing myofibroblasts®. The activation and prolifer-
ation of resident fibroblasts in the kidney results in enhanced
production and excessive deposition of ECM. To determine
whether the elevation of ROS was involved in the Ang II-
induced profibrotic effects, the renal fibroblast cells were
used for in vitro studies. The results showed that the Ang II
induced elevation in ROS in the cultured NRK-49F renal fibro-
blast cells, suggesting that ROS is a downstream molecule of
RAS activation. Treatment with Ang II induced significant
profibrotic effects including Smad3 signaling activation and

excessive production of ECM proteins. The elimination of
ROS by NAC treatment in vivo reversed the Ang Il-induced
renal fibroblast activation and ECM overproduction, suggest-
ing that blocking ROS production is an effective means to
attenuate the profibrotic effects of RAS activation.

In summary, Ang II stimulates ROS generation, and over-
production of ROS is indispensable for Ang II-induced fibro-
genesis in the kidney. The newer understanding of RAS is
much more complex than recognized previously; it is demon-
strated that ACEI and ARB inhibitor therapy can only partially
reverse the RAS activation-induced progression of CKD. If
ROS acts downstream of Ang II to mediate the fibrotic effect,
then inhibition of ROS production may be a feasible thera-
peutic strategy to address CKD-associated fibrosis. Whether
ROS scavenging or ACEI/ARB inhibition is a more effective
treatment strategy awaits extensive investigation in both labo-
ratory and clinical studies. The efficacy of NAC treatment on
patients with renal fibrosis has not been reported. Our study
showed that NAC attenuated renal fibrosis effectively both in
vitro and in vivo. Given its high safety, we propose that NAC
could be used clinically to treat renal fibrosis.

Acta Pharmacologica Sinica
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Figure 4. Effect of angiotensin Il (Ang Il) on expression of profibrotic genes in NRK-49F cells. (A-E) Cells were treated with Ang Il at the indicated
concentrations for 48 h. Fibronectin, collagen |, a-smooth muscle actin (a-SMA), and TGF-B were analyzed by Western blot analysis. (F-1) Cells were
stimulated with 1 ymol/L Ang Il for 24 or 48 h. Fibronectin, collagen |, and a-SMA were assayed by Western blot analysis. Data are the mean+SEM of 3
experiments. "P<0.05, “"P<0.01 compared with Con.
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Figure 5. Effect of Ang Il on the level of ROS in NRK-49F cells. (A) Cells were treated with Ang Il for indicated times. DHE assay was used to detect the
level of ROS in NRK-49F cells. (B) Cells were treated with Ang Il for 24 h. The level of ROS was visualized by DHE fluorescence images. (C, D) P47 was
assayed by Western blot. Data are the mean+SEM of 3 experiments. "P<0.05, “"P<0.01 compared with control.
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