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A B S T R A C T

Renal fibrosis is a key pathological feature in chronic kidney diseases (CKDs). Dysregulation of hydrogen sulfide
(H2S) homeostasis is implicated in the pathogenesis of CKDs. Here, C57/BL6 mice were allocated to Sham and
unilateral ureteral obstruction (UUO) groups, which were treated with NaHS or NLRP3 inflammasome inhibitor
16673-34-0 for 3–14 days. UUO mice displayed downregulation of H2S production and increased macrophage
infiltration in obstructed kidneys. H2S donor NaHS treatment attenuated renal damage and fibrosis and inhibited
M1 and M2 macrophage infiltration. NLPR3 inflammasome was activated and levels of phosphorylated nuclear
factor κB (NF-κB) p65 subunit, phosphorylated signal transducer and activator of transcription 6 (STAT6) and
interleukin (IL)-4 protein were increased in the kidneys after UUO. NLRP3 inhibitor inactivated NF-κB and IL-4/
STAT6 signaling, suppressed M1 and M2 macrophage infiltration and attenuated renal damage and fibrosis in
UUO mice. NaHS treatment also suppressed NLRP3, NF-κB and IL-4/STAT6 activation in the obstructed kidneys.
In conclusion, the therapeutic effects of H2S on UUO-induced renal injury and fibrosis are at least in part by
inhibition of M1 and M2 macrophage infiltration. H2S suppresses NLRP3 activation and subsequently inactivates
NF-κB and IL-4/STAT6 signaling, which may contribute to the anti-inflammatory and anti-fibrotic effects of H2S.

1. Introduction

Renal fibrosis is a final common pathway leading to end-stage
kidney failure in many chronic kidney diseases (CKDs) [1,2]. Among
the diverse causative factors, interstitial macrophage accumulation has
been recognized as an important component of CKD that contributes to
disease progression and fibrosis [3]. Macrophages are heterogeneous,
multifunctional immune cells that can be broadly divided into two
categories based on their response to different microenvironments:
classically activated inflammatory macrophages (M1) and alternatively
activated macrophages (M2). M1 macrophage activation is associated
with tissue destruction and inflammation and is characterized by in-
creased production of proinflammatory cytokines, nitric oxide and re-
active oxygen species. In contrast, M2 polarized macrophages typically

have immune-suppressive activity and express arginase (Arg)-1, pro-
moting tissue repair and collagen production [4,5]. Accumulating evi-
dence suggests that subsets of M1 and M2 macrophages are likely to
coexist during the pathogenesis of renal fibrosis [6]. Controlling the
infiltration of M1 and M2 macrophages may represent a potential
therapeutic strategy for preventing renal fibrosis.

M1/M2 polarization of macrophage is a tightly controlled process
entailing a set of signaling pathways and transcriptional regulatory
networks. As a key transcription factor related to pro-inflammatory
processes, nuclear factor κB (NF-κB) activation modulates M1 polar-
ization that is activated by Toll ligand receptor (TLR) ligands [7,8]. and
regulates the expression of a large number of inflammatory genes in-
cluding tumor necrosis factor (TNF)-α, interleukin (IL)-1β, interleukin
(IL)-6, and inducible nitric oxide synthase (iNOS). On the other hand,
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activation of the interferon regulatory factor/signal transducer and
activator of transcription (IRF/STAT, via STAT6) signaling pathways by
IL-4 and IL-13 skews macrophage function toward the M2 phenotype
[9,10].

The central inflammasome component NACHT, LRR, and PYD do-
mains-containing protein 3 (NLRP3) form a cytosolic multimolecular
platform in complex with the adaptor protein ASC and caspase-1 and
activates caspase-1, which, in turn, proteolytically matures and leads to
the release of bioactive IL-1β and IL-18 [11]. NLRP3 is known to
mediate NF-κB activation in a variety of cell types [12,13]. Activation
of NLRP3 inflammasome plays a critical role in M1 macrophage po-
larization [8,14]. Moreover, NLRP3 also acts as a key transcription
factor to transactivate IL-4 promoter [15], and is found to regulate M2
macrophage polarization through the up-regulation of IL-4 in asthma
[9]. Previous studies have shown that the NLRP3 inflammasome is in-
volved in the pathogenesis of renal inflammation and CKD [16,17].
However, whether NLRP3 activation contributes to the increased in-
filtration of M1 and M2 macrophages in CKD remains largely unknown.

Hydrogen sulfide (H2S) is now considered as the third gas trans-
mitter after nitric oxide (NO) and carbon monoxide (CO) [18]. Two key
enzymes that catalyze the production of H2S, cystathionine-β-synthase
(CBS) and cystathionine-γ-lyase (CSE) are enriched in proximal renal
tubules and produce H2S through the transsulfuration pathway [19].
Dysregulation of H2S homeostasis is implicated in the pathological
processes of renal inflammation and CKD [20–23]. H2S treatment can
attenuate the activation of NLRP3 inflammasome and NF-κB pathways
in multiple cell types including macrophages [24–26]. These findings
raise an intriguing possibility that H2S may regulate the infiltration of
M1 and M2 macrophages in CKD via modulating NLRP3-dependent
signal pathways in renal tissues.

In the present study, we investigated the effect of H2S on macro-
phage infiltration, tissue damage and fibrosis in obstructed kidneys of
unilateral ureteral obstructive (UUO) mice. Given that M1 and M2
macrophage infiltration contributes to UUO-induced fibrosis [27–29],
we then examined the effects of H2S on M1 and M2 macrophage in-
filtration. Finally, we explored whether NLRP3-dependent signaling
pathways were involved in the protective effects of H2S against UUO-
induced macrophage infiltration, tissue damage and fibrosis.

2. Materials and methods

2.1. Animal surgery and experimental protocols

Wild-type 9-week-old male C57BL/6 mice (22–25 g) were pur-
chased from SLAC Laboratories (Changsha, China). Mice were housed
in the animal care facility of the Xiangya Medical College of Central
South University and had access to food and water ad libitum for the
duration of the study. All protocols involving animals were reviewed
and approved by the institutional animal welfare committee of Central
South University. We performed sham surgery (free ureter) or unilateral
ureteral obstruction in mice. UUO was induced by ligation of the left
ureter according to the procedure previously described [30]. First, we
randomly assigned C57BL/6 mice into eight groups (6 mice per group):
four groups (Sham, UUO3d, UUO7d, and UUO14d) were treated with
NaHS [19] (Sigma-Aldrich, St. Louis, MO, USA, 50 μg/kg/d, ip) or an
equal amount of saline. Second, we randomly divided C57BL/6 mice
into four groups (6 mice per group): mice after sham and UUO surgery
were injected intraperitoneally with the vehicle (5%DMSO+40%
PEG300 + 5%Tween80 + ddH2O) or a specific NLRP3 inhibitor
16673-34-0 (Selleck Chemicals, Houston, USA) [31] at 10 mg/kg once
daily for 7 days.

2.2. Measurement of endogenous H2S production

Endogenous H2S production in renal tissues was measured as de-
scribed previously [32]. Fresh kidney tissues were homogenized in cold

PBS buffer (PH = 7.0). The lysate (80 μl) was mixed with 2 mmol/L L-
cysteine, 2 mmol/L pyridoxal 5′-phosphate, and 100 mmol/L KH2PO4

buffer (pH = 6.8) with a final reaction volume of 1 ml in an Eppendorf
tube sealed with Parafilm. After incubation at 37 °C for 1 h, the reaction
was stopped on ice. Then, 10% ZnAc (500 μl) was injected into the
Eppendorf tube using a sterile syringe to trap H2S, before immediately
sealing the hole with Parafilm. After incubation at room temperature
for 10 min, the contents of the Eppendorf tubes were transferred into
test tubes. N,N-dimethyl-p-phenylenediamine (Sigma-Aldrich,
2.4 mmol/L) in 7.2 M HCl and 4.5 mmol/L FeCl3 in 1.2 M HCl was
added. Twenty minutes later, the absorbance of the resulting solution at
670 nm was measured. For each experiment, an internal control reac-
tion with ZnAc omitted was performed, for subtraction to obtain the
H2S-specific signal.

2.3. Immunofluorescence staining

For immunofluorescence staining, kidneys were snap frozen and
embedded into optimum cutting temperature formulation (Sakura
Finetek, Staufen, Germany). Cryosections of 8 μm thickness were pre-
pared using Leica Cryostat CM3050 (Wetzlar, Germany) and were
placed on silan-coated cover slides. Frozen sections were fixed and in-
cubated overnight at 4 °C with antibodies against F4/80 (Abcam,
Cambridge, MA, USA) at 1:100 dilution, CD206 (R&D Systems,
Minneapolis, MN) at 1:150 dilution, and iNOS (Servicebio, Wuhan,
China) at 1:500 dilution. Following incubation with CY3- or FITC-
conjugated secondary antibodies (1:200, Abcam) for 1 h in the dark, the
nucleus was stained with DAPI (Servicebio, Wuhan, China) for 5 min
before microscopic analysis (Leica DFC500, Wetzlar, Germany). As a
negative control, the primary antibodies were replaced by preimmune
IgG from the same species; little or no nonspecific staining occurred.
Quantification of the F4/80 positive areas was performed by taking
random images (original magnification power × 400, 5 fields per
kidney) of kidney sections from each mouse (n = 6) and counting the
percentages of the positively stained areas in every microscopic field
[28]. For the quantification analysis of double immunofluorescence
staining, five high-power fields were analyzed in kidney sections taken
from each mouse. We then determined the percentages of iNOS+/F4/
80+ and CD206+/F4/80+ cells in total F4/80+ cells, respectively.

2.4. Histopathological assessment

Formalin-fixed kidneys were embedded in paraffin and prepared in
4 μm sections for hematoxylin-eosin (HE) and Masson trichrome
staining. The tubulointerstitial damage index and tubulointerstitial fi-
brosis score were graded as previously described [33].

2.5. Western blot analysis

Kidney tissues were homogenized in cold RIPA buffer (Beyotime,
Jiangsu, China) containing 1% proteinase Inhibitor Cocktail (Sigma-
Aldrich). 30 μg of protein were separated by 10% SDS-PAGE and sub-
sequently transferred to PVDF membranes (Millipore Crop, Bedford,
MA). Membranes were then blocked in Tris-buffered saline containing
0.1% Tween-20 (TBST) and 5% skimmed milk powder for 1.5 h at room
temperature. Membranes were incubated with primary antibody
against GAPDH (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), CBS (1:500, Abcam), CSE (1:900, Abcam), NLRP3 (Cell Signaling
Technology, Beverley, CA), NF-κB p65 (1:1000, Abcam), Phospho-p65
(1:1000, Cell Signaling Technology), Caspase-1/p20/p10 (1:600,
Proteintech Group, Wuhan, China), STAT6 (1:1000, Cell Signaling
Technology), Phospho-STAT6 (1:1000, Cell Signaling Technology) at
4 °C overnight, followed by incubation with a secondary HRP-con-
jugated IgG (1:1000, Santa Cruz) for 1 h at room temperature.
Immunoreactive proteins were visualized using the 5200-ECL
Chemiluminescence imaging system (Tanon, Shanghai, China). The

Y. Zhou, et al. Experimental Cell Research xxx (xxxx) xxxx

2



staining intensity of the bands was measured using ImageJ software.

2.6. Measurement of IL-4, serum creatinine (Scr) and blood urea nitrogen
(Bun)

IL-4 in obstructed renal tissue was detected by ELISA kits
(CUSABIO, Wuhan, China). Mouse serum creatinine and blood urea
nitrogen concentrations were detected with an automatic biochemical
analyzer (AU5400, Olympus, Tokyo, Japan).

2.7. Real-time qPCR analysis

Total RNA was extracted from kidney tissue using Trizol (Life
Technologies, USA) reagent according to the manufacturer's instruc-
tions. The cDNAs were synthesized from 1 μg of the total RNA in a 20 μl
reaction system using a PrimeScript™ RT reagent Kit (TaKaRa, Tokyo,
Japan). The qPCR quantitation for individual target mRNA expression
was performed with a QuantStudio 7 Real-Time PCR detection bio-
system using a cDNA synthesis kit (GeneCopoeia, Guangzhou, China).
The amount of specific mRNA in each sample was calculated based on
the cycle threshold (CT) values, which were standardized with the
quantity of the housekeeping gene GAPDH. Further calculation and
statistical analysis were based on the comparative 2-ΔΔCT method. The
primers used in the PCR reactions are listed in Supplementary Table 1.

2.8. Statistical analysis

Data were expressed as mean ± SEM. SPSS 20 (IBM, NY, USA) and
GraphPadPrism 5 (GraphPad Software, CA, US) were used to perform
statistical analyses and to build the graphs presented in this paper,
respectively. Statistical comparisons between two groups were de-
termined by two-tailed Student's t-test. One-way ANOVA with
Bonferroni's post hoc test was performed for comparisons among mul-
tiple groups. A value of p < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Downregulation of H2S production is associated with increased
macrophage infiltration in obstructed kidneys of UUO mice

To investigate the relationship between endogenous H2S production
and macrophage infiltration during the development of renal injury, we
performed UUO surgery on mice and sacrificed mice 3, 7, and 14 days
after surgery. As shown in Fig. 1A, there were very few F4/80-positive
staining cells in the renal tissues of the sham group. Then 3, 7, and 14
days after ureteral ligation, mice that underwent UUO developed severe
infiltration of F4/80+ cells. The quantification analysis showed that the
staining area of F4/80+ cells was increased to 3.7%, 6.2% and 7.4% at
3, 7, 14 days after ureteral ligation, respectively (Fig. 1B). It was found
that ureteral ligation resulted in decreased levels of kidney H2S in a
time-dependent manner (Fig. 1C), which were accompanied by time-
dependent decreases in renal CSE and CBS expression (Fig. 1D). No-
tably, levels of H2S were negatively correlated with F4/80+ macro-
phage infiltration (Fig. 1E). These results indicate that CSE/CBS-
mediated H2S production is intimately linked with increased macro-
phage infiltration in the UUO model.

3.2. H2S donor attenuates macrophage infiltration, tissue damage and
fibrosis in the obstructed kidneys of UUO mice

We then examined the effect of H2S donor, NaHS, on UUO-induced
macrophage infiltration, tissue damage and fibrosis in the kidney. It
was found that NaHS treatment [19] at a dose of 50 μg/kg/d for 7 and
14 days markedly reduced the number of F4/80+ macrophages in the
interstitium of obstructed mouse kidneys (Fig. 2A and B, Fig. 2B have

used the same control values as Fig. 1B). As shown in Fig. 2C and D,
histologic examination with hematoxylin-eosin (HE) staining revealed
progressive tubular dilation, tubular atrophy in the obstructed kidneys,
simultaneously accompanied by inflammatory cell infiltration, with the
renal tubulointerstitial injury scores of 4.7, 7.2, and 9.0 at 3, 7, 14 days
after UUO, respectively. However, histological damage to the renal
interstitium was alleviated by NaHS treatment, and the renal tubu-
lointerstitial injury scores were reduced to 5.8 (p < 0.05), and 6.2
(p < 0.001) at 7 and 14 days after NaHS treatment, respectively.

Masson's trichrome staining demonstrated an increase of collagen
deposition (blue area) as early as 3 days after UUO (Fig. 2E). After day
7, the collagen deposition appeared diffusively in the renal interstitium
and was accompanied with dilatation of tubules and increases of in-
terstitial cell number in the kidney. NaHS treatment at a dose of 50 μg/
kg/d for 7 (p < 0.01) and 14 (p < 0.001) days markedly attenuated
the fibrotic lesions with less collagen deposited in the renal interstitium
(Fig. 2F).

In line with the morphological and histopathological data, the
serum parameters for kidney failure and injury, Scr and Bun were also
less severe in UUO mice treated with NaHS for 7 and 14 days as com-
pared with saline-treated UUO mice (Fig. 2G and H).

3.3. H2S inhibits M1 and M2 macrophage infiltration in the obstructed
kidneys of UUO mice

Previous studies have shown that UUO-induced tubulointerstitial
inflammation and fibrosis are accompanied by increased infiltration of
both M1 and M2 macrophages [27–29], which can mediate renal injury
and tissue repair, respectively. We then examined the effect of the H2S
donor on M1 and M2 macrophage infiltration in UUO kidneys. M1
phenotype was evaluated by iNOS expression, which was significantly
increased in F4/80+ infiltrating macrophages on saline-treated UUO
kidneys. The quantification analysis showed that the percentage of
iNOS+/F4/80+ cells in total F4/80+ cells was induced as early as 3
days after UUO and reached the peak at 14 days post-obstruction,
whereas administrating NaHS for 7 or 14 days resulted in a significant
inhibition (p < 0.001) of M1 macrophage infiltration (Fig. 3A and B).
Accordingly, the mRNAs of Rantes, TNF-α, IL-1β and IL-6 (M1 markers)
are highly expressed in saline-treated UUO kidneys at 14 days post-
obstruction, but the expression is significantly lower in NaHS-treated
UUO kidneys (Fig. 3C–F).

In parallel, the M2 phenotype was evaluated by CD206 staining on
renal sections. It was found that the percentage of CD206+/F4/80+

cells in total F4/80+ cells was significantly elevated in kidneys at day 7
and day 14 after UUO, whereas administrating NaHS for 7 (p < 0.01)
or 14 (p < 0.05) days resulted in a significant inhibition of M2 mac-
rophage infiltration (Fig. 4A and B). In addition, UUO-induced mRNA
expressions of CD206, Arg-1, and tissue inhibitor of metalloproteinases
1 (TIMP-1) (M2 markers) in renal tissues were significantly inhibited by
NaHS treatment for 14 days (Fig. 4C, D and E). Taken together, these
results suggest that H2S donor treatment can inhibit M1 and M2 mac-
rophage infiltration in UUO mice.

3.4. NLRP3 inflammasome activation contributes to M1 and M2
macrophage infiltration, tissue damage and fibrosis in the obstructed kidneys
of UUO mice

NF-κB and IL-4/STAT6 signaling pathways have been demonstrated
to have a significant role in mediating the process of M1 and M2
macrophage polarization, respectively [34,35]. We found that levels of
phosphorylated NF-κB p65 subunit, phosphorylated STAT6, as well as
IL-4 protein in kidneys were increased from day 3 to day 14 after UUO
compared with the sham group (Fig. 5A, B and C), indicating the ac-
tivation of NF-κB and IL-4/STAT6 signaling pathways in obstructed
kidneys of UUO mice. The crosstalk between NLRP3 inflammasome and
NF-κB pathway has been widely investigated [12,36]. More recently,
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Liu et al. report that NLRP3 regulates macrophage M2 polarization
through the up-regulation of IL-4 in asthma [9]. We found that UUO-
induced activation of NF-κB and IL-4/STAT6 pathways was accom-
panied by NLRP3 inflammasome activation, as evidenced by increased
levels of NLRP3 and cleaved caspase-1 p10 fragments. In addition,
specific NLRP3 inhibitor, 16673-34-0, significantly reduced the levels
of phosphorylated NF-κB p65 subunit, phosphorylated STAT6 (Fig. 5D
and E), as well as IL-4 protein (Fig. 5F) in obstructed kidneys of UUO
mice, suggesting that NLRP3 acts upstream of NF-κB and IL-4/STAT6
signaling pathways.

As shown in Fig. 6A-D, double immunofluorescence staining showed
that the percentages of both iNOS+/F4/80+ cells and CD206+/F4/80+

cells in total F4/80+ cells were significantly lower in obstructed kid-
neys of NLRP3 inhibitor-treated UUO mice as compared with saline-

treated UUO mice. Administration of NLRP3 inhibitor also significantly
reduced the mRNA levels of M1 markers (Rantes, TNFα, IL-1β and IL-6)
and M2 markers (CD206, Arg-1, and TIMP-1) in obstructed kidneys of
UUO mice (Fig. 6E and F).

We also observed the effect of NLRP3 inhibitor on UUO-induced
renal damage and fibrosis. It was found that obstructed kidneys of
NLRP3 inhibitor-treated UUO mice exhibited less structural alteration
when compared to saline-treated UUO mice as evidenced by reduced
tubular dilation, infiltrating inflammatory cells and basement mem-
brane thickening (Fig. 7A). The renal tubulointerstitial injury scores
were reduced to 5.8 after the administration of NLRP3 inhibitor
(Fig. 7B). Masson's trichrome staining indicated that the extensive de-
position of fibrillar collagen and the destruction of normal renal ar-
chitecture observed in obstructed kidneys of UUO mice were markedly

Fig. 1. Downregulation of H2S production is associated with increased macrophage infiltration in obstructed kidneys of UUO mice. Mice were subjected to
UUO. Renal tissues were harvested at the indicated time points. Mice that received the Sham operation served as controls. A, F4/80 immunofluorescent staining of
renal tissues. Scale bar = 50 μm. B, Quantitative analysis for F4/80 positive staining. C, H2S production in renal tissues. D, Protein levels of CBS and CSE in renal
tissues. Representative protein bands were presented on the top of the histograms. E, Correlation analysis between H2S content and F4/80 positive staining area in the
kidney. Data were expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared to the Sham group.
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attenuated by NLRP3 inhibitor (Fig. 7C and D). UUO mice receiving
NLRP3 inhibitor also showed a significant decrease in Scr and Bun
concentrations at 7 days after the injection of NLRP3 inhibitor as

compared with saline-treated UUO mice (Fig. 7E and F).
Taken together, these findings suggest that blockade of NLRP3 in-

flammasome suppresses M1 and M2 macrophage infiltration by

Fig. 2. H2S donor attenuates macrophage infiltration, tissue damage and fibrosis in obstructed kidneys of UUO mice. Mice were subjected to UUO and
treated with saline or NaHS (50 μg/kg/d, ip). Renal tissues were harvested at the indicated time points. Mice that received the Sham operation served as controls. A,
F4/80 immunofluorescent staining of renal tissues. Scale bar = 20 μm. B. Quantitative analysis for F4/80 positive staining. C, Hematoxylin and eosin staining of
renal tissues. Scale bar = 100 μm. D, The tubulointerstitial injury score. E, Masson's trichrome staining of renal tissues. Scale bar = 100 μm. F, The tubulointerstitial
fibrosis score. G, Serum creatinine (Scr). H, Blood urea nitrogen (Bun). Data were expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.

Y. Zhou, et al. Experimental Cell Research xxx (xxxx) xxxx

5



Fig. 3. H2S donor inhibits M1 macrophage infiltration in obstructed kidneys of UUO mice. A and B, Mice were subjected to UUO and treated with saline or
NaHS (50 μg/kg/d, ip). Renal tissues were harvested at the indicated time points. A, M1 macrophages were shown via double immunofluorescent staining of F4/80
(green) and M1 marker iNOS (red). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Merge image represented the staining of F4/80+

and iNOS+ cells in renal tissues. Scale bar = 20 μm. B, The proportion of iNOS+/F4/80+ cells in total F4/80+ cells. C–F, Sham and UUO mice were treated with
saline or NaHS (50 μg/kg/d, ip). Two weeks later, renal tissues were harvested to examine the relative mRNA expression of M1 markers Rantes (C), TNF-α (D), IL-1β
(E), and IL-6 (F). Data were expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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inactivates NF-κB and IL-4/STAT6 signaling pathways, thus preventing
tissue damage and fibrosis in obstructed kidneys of UUO mice.

3.5. H2S donor suppresses the activation of NLRP3 inflammasome, NF-κB
and IL-4/STAT6 signaling pathways in the obstructed kidneys of UUO mice

As shown in Fig. 8A, NaHS treatment at a dose of 50 μg/kg/d for 14
days significantly reduced protein levels of NLRP3 and cleaved caspase-
1 p10 fragments in obstructed kidneys of UUO mice. In addition,
phosphorylation of NF-κB p65 subunit and STAT6, as well as IL-4
protein levels in obstructed kidneys of UUO mice were also reduced by
NaHS treatment (Fig. 8B and C). Taken together, these findings suggest

that NaHS can inhibit the activation of NLRP3 inflammasome, NF-κB
and IL-4/STAT6 signaling pathways in obstructed kidneys of UUO mice.

4. Discussion

Dysregulation of endogenous H2S production has been reported
during the development of CKD [20–23]. Clinically, it has been found
that plasma H2S levels are significantly decreased in non-dialysis CKD
and hemodialysis patients, as well as patients with sepsis-associated
acute kidney injury, compared to healthy controls [37,38]. Further-
more, there is a significant inverse correlation between the plasma le-
vels of H2S and creatinine or urea nitrogen in SA-AKI patients [37]. In

Fig. 4. H2S donor inhibits M2 macrophage infiltration in obstructed kidneys of UUO mice. A and B, Mice were subjected to UUO and treated with saline or
NaHS (50 μg/kg/d, ip). Renal tissues were harvested at the indicated time points. A, M2 macrophages were shown via double immunofluorescent staining of F4/80
(green) and M2 marker CD206 (red). Nuclei were counterstained with DAPI (blue). Merge image represented the staining of F4/80+ and CD206+ cells in renal
tissues. Scale bar = 20 μm. B, The proportion of CD206+/F4/80+ cells in total F4/80+ cells. C–F, Sham and UUO mice were treated with saline or NaHS (50 μg/kg/
d, ip). Two weeks later, renal tissues were harvested to examine the relative mRNA expression of M2 markers CD206 (C), Arg-1 (D), and TIMP-1 (E). Data were
expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 5. NLRP3 acts upstream of NF-κB and IL-4/STAT6 signaling pathways in obstructed kidneys of UUO. A-C, Mice were subjected to UUO. Renal tissues were
harvested at the indicated time points. Mice that received the Sham operation served as controls. A and B, Protein levels of phosphorylated NF-κB p65 subunit (p-
p65), p65, phosphorylated STAT6 (p-STAT6), STAT6, NLRP3, cleaved caspase-1, Pro-caspase-1 and GAPDH in renal tissues. Representative protein bands (A) were
presented on the left of the histograms (B). C, Protein levels of IL-4 in renal tissues were detected by using ELISA assay. D-F, Sham and UUO mice were treated with
vehicle or specific NLRP3 inhibitor 16673-34-0 (10 mg/kg/d, ip). Renal tissues were harvested 7 days later. D and E, Protein levels of p-p65, p65, p-STAT6, STAT6,
and GAPDH in renal tissues. Representative protein bands (D) were presented on the left of the histograms (E). F, Protein levels of IL-4 in renal tissues. Data were
expressed as mean ± SEM, n = 6, *p < 0.05, **p < 0.01, ***p < 0.001.
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animal models, decreased plasma and/or renal H2S contents have been
shown in CKD induced by UUO [22], 5/6 nephrectomy [23], or dia-
betes [39]. In contrast, Song et al. demonstrate that renal CSE expres-
sion is gradually upregulated from 3 days to 14 days after UUO [40].
Despite these inconsistent data on the responsiveness of endogenous
H2S pathway to CKD, NaHS treatment has been shown to attenuate
renal damages in CKD models induced by both UUO and diabetes
[19,39], which is in agreement with the present study. Nevertheless,
our findings provide evidence that decreases of renal CBS/CSE protein

expression and H2S production occur from 3 days to 14 days after ur-
eteral ligation and even contribute to the pathogenesis of UUO-induced
renal injury and fibrosis.

Macrophage recruitment plays an essential role during the injury
and repair phases after an obstructive injury in the kidney. In the early
phase following ureteral obstruction, M1 macrophages promote infl-
ammation and amplify injury through the release of proinflammatory
cytokines. In the late phase after UUO, macrophages undergo a switch
from a pro-inflammatory M1 phenotype to a trophic M2 phenotype that

Fig. 6. NLRP3 inhibitor reduces M1 and M2 macrophage infiltration in obstructed kidneys of UUO. Sham and UUO mice were treated with the vehicle or
specific NLRP3 inhibitor 16673-34-0 (10 mg/kg/d, ip). Renal tissues were harvested 7 days later. A, M1 macrophages were shown via double immunofluorescent
staining of F4/80 (green) and M1 marker iNOS (red). Nuclei were counterstained with DAPI (blue). Merge image represented the staining of F4/80+ and iNOS+ cells
in renal tissues. Scale bar = 20 μm. B, The proportion of iNOS+/F4/80+ cells in total F4/80+ cells. C, M2 macrophages were shown via double immunofluorescent
staining of F4/80 (green) and M2 marker CD206 (red). Nuclei were counterstained with DAPI (blue). Merge image represented the staining of F4/80+ and CD206+

cells in renal tissues. Scale bar = 20 μm. D, The proportion of CD206+/F4/80+ cells in total F4/80+ cells. E, The relative mRNA expression of M1 markers Rantes,
TNF-α, IL-1β, and IL-6. F, The relative mRNA expression of M2 markers CD206, Arg-1, and TIMP-1. Data were expressed as mean ± SEM, n = 6, *p < 0.05,
**p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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plays an important role in the repair process acting as scavengers of cell
debris and promoting regeneration [5,41]. Many studies have con-
firmed the direct effect of H2S on macrophages in vivo or in vitro. For
instance, H2S can reduce the level of oxidative stress of macrophages
stimulated by LPS [42] or ox-LDL [25]; a novel slow-releasing hydrogen
sulfide donor exerts anti-inflammatory effects by reducing the levels of
inflammatory factors secreted by macrophages [43]; furthermore, H2S
can even inhibit the inflammatory response through epigenetic mod-
ification [44] or regulation of calcium ion [45] in mouse RAW264.7
macrophages. However, the impact of H2S on M2 macrophage polar-
ization is only observed in some acute injury models. For example, H2S
donors have been demonstrated to promote M2 polarization of

macrophages and microglia in murine models of myocardial infarction
and LPS-induced neuroinflammation, respectively [46,47]. Notably,
Cao et al. have reported that H2S donor significantly inhibits bleo-
mycin-induced production of IL-4, the key cytokine in both Th2 lym-
phocyte polarization and M2 macrophage polarization, therefore ex-
erting a protective efficacy against bleomycin-induced pulmonary
fibrosis by regulating Th1/Th2 balance [48]. Moreover, JAK/STAT6, a
critical signaling pathway in M2 macrophage polarization, is also
downregulated by H2S donor NaHS in a rat model of diabetes-asso-
ciated myocardial fibrosis [49]. In line with these findings, our results
demonstrated that NaHS treatment led to a significant decrease in IL-4
expression and STAT6 phosphorylation, which might contribute to the

Fig. 7. NLRP3 inhibitor alleviates tissue damage and fibrosis in obstructed kidneys of UUO mice. Sham and UUO mice were treated with the vehicle or specific
NLRP3 inhibitor 16673-34-0 (10 mg/kg/d, ip). Renal tissues were harvested 7 days later. A, Hematoxylin and eosin staining of renal tissues. Scale bar = 100 μm. B,
The tubulointerstitial injury score. C, Masson's trichrome staining of renal tissues. Scale bar = 100 μm. D, The tubulointerstitial fibrosis score. E, Serum creatinine
(Scr). F, Blood urea nitrogen (Bun). Data were expressed as mean ± SEM, n = 6, **p < 0.01, ***p < 0.001.
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inhibitory effect of NaHS on M2 macrophage infiltration in the ob-
structed kidney.

Activation of NF-κB and IL-4/STAT6 signaling pathways has been
implicated in the polarization of M1 and M2 macrophage phenotypes,
respectively [34,35]. In the context of renal injury, NF-κB activation is
characteristic of M1 macrophages and promotes renal injury in cres-
centic glomerulonephritis [50]. Macrophages in which NF-κB activation
is inhibited acquire an anti-inflammatory phenotype and suppress renal
injury following adoptive transfer it in a rat model of nephrotoxic ne-
phritis [51]. On the other hand, mice lacking the IL-4 receptor α-chain
are protected from renal fibrosis induced by UUO and folic acid, con-
comitant with reduced STAT6 signaling in the kidney and reduced
numbers of M2 macrophages [52]. Furthermore, STAT6 deletion in the
bone marrow compartment was sufficient to reduce renal fibrosis
markedly in the obstructed kidney [53]. In line with these findings, this
study found that UUO-induced M1 and M2 macrophage infiltration in
the kidney was accompanied by activation of NF-κB and IL-4/STAT6
signaling pathways. In addition, both H2S donor and NLRP3 inhibitor
inactivated NF-κB and IL-4/STAT6, thus resulting in a significant re-
duction of M1 and M2 macrophage infiltration. Taken together, these
results emphasize the central role of NF-κB and IL-4/STAT6 signaling
pathways in M1 and M2 macrophage-mediated kidney damage.

NLRP3 inflammasome has been shown to contribute to the patho-
genesis of various kidney diseases [16,17,54,55]. However, whether
NLRP3 activation contributes to the increased infiltration of M1 and M2
macrophages in CKD remains largely unknown. Previous studies in-
dicate that NLRP3 can mediate NF-κB activation [12,13], and mean-
while transactivate IL-4 promoter to increase IL-4 expression in per-
ipheral blood monocyte-derived macrophages [9]. In this study, we
provided the first in vivo evidence that blockade of NLRP3 inflamma-
some inactivated NF-κB and IL-4/STAT6 signaling pathways, mean-
while attenuated M1 and M2 macrophage infiltration, renal injury and
fibrosis in obstructed kidneys of UUO mice. These findings suggest that
NLRP3 inflammasome activation may act upstream of NF-κB and IL-4/
STAT6 signaling pathways to regulate M1/M2 macrophage infiltration,
thus contributing to tissue damage and fibrosis in UUO-induced CKD.

H2S has been reported to exert antioxidant, anti-apoptotic and anti-
inflammatory actions to protect against renal injury and/or fibrosis
induced by UUO [19,22,56], ischemia/reperfusion [57,58], adenine
[59], and high-fat diet [60]. However, the signal transduction

mechanisms responsible for the renal protective effects of H2S remain
largely unknown. H2S has been shown to attenuate renal fibrosis by
inhibiting TGF-β/Smad and ROS-AMPK pathways [19,56], or by acti-
vating Nrf2 antioxidant pathway [20]. As discussed above, NLRP3-de-
pendent activation of NF-κB and IL4/STAT6 signaling pathways may
contribute to the M1 and M2 macrophage infiltration in obstructed
kidneys of UUO mice. Previous in vitro studies have reported that H2S
blocks the activation of NLRP3 and NF-κB in macrophages exposed to
various stimuli such as LPS and oxidative stress [24,43]. H2S can also
decrease the production of IL-4 in bronchoalveolar lavage fluid of
bleomycin-induced pulmonary fibrosis model [48]. In this study, we
provided the in vivo evidence that H2S treatment alleviated UUO-in-
duced NLRP3 inflammasome activation, NF-κB p65 subunit/STAT6
phosphorylation, IL-4 production, and M1/M2 macrophage infiltration
in the obstructed kidney tissues. Taken together, these findings suggest
that inhibition of NLRP3 and the downstream NF-κB and IL4/STAT6
signaling pathways as well as M1 and M2 macrophage infiltration may
contribute to the protection against UUO-induced renal injury and fi-
brosis afforded by H2S.

5. Conclusion

Our results have indicated that the increased number of infiltrating
macrophages in the obstructed renal interstitial is associated with de-
creased H2S content in the renal tissue. The therapeutic effects of H2S
on UUO-induced renal injury and fibrosis are at least in part by in-
hibition of M1 and M2 macrophage infiltration. H2S can suppress
NLRP3 activation and subsequently inactivates NF-κB and IL4/STAT6
signaling, which may contribute to the anti-inflammatory and anti-fi-
brotic effects of H2S.
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