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Isoflurane attenuates murine lupus nephritis by 
inhibiting NLRP3 inflammasome activation
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Abstract: The NOD-like receptor family-pyrin domain containing 3 (NLRP3) inflammasome is an essential factor 
in enhancing inflammation and autoimmunity. Anesthetic isoflurane (ISO) exerts a novel pharmacological action 
in anti-inflammation. However, whether ISO hinders the pathogenesis of lupus nephritis (LN) by inhibiting NLRP3 
inflammasome activation remains unclear. In this study, 12-week-old MRL/lpr and C57BL/6 mice were treated with 
and without 1.4% ISO for eight weeks. ISO administration significantly reduced mortality, serum anti-dsDNA level, 
renal immune complex deposition, and the ratio of Th17 to Treg cells in MRL/lpr mice. ISO treatment remarkably 
reduced the levels of blood urea nitrogen, proteinuria, interleukin (IL)-17, IL-1β, and tumor necrosis factor-α, as well 
as the infiltration of macrophages. ISO also abrogated renal NLRP3 inflammasome formation and activation. These 
results suggest that ISO may be a promising therapeutic agent for LN partly because it restricts NLRP3 inflamma-
some activation.
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Introduction

Systemic lupus erythematosus (SLE) is an auto-
immune disease involving multiple systems; 
however, the kidney is the most commonly 
affected organ [1]. Lupus nephritis (LN) is one 
of the most common and severe complications 
of SLE and results in approximately 50% inci-
dence of morbidity and mortality in lupus 
patients [2]. Despite considerable advances in 
therapeutic strategy, a large number of LN 
patients eventually progress to end-stage renal 
disease [3]. Thus, identifying the underlying 
mechanisms of LN and establishing a novel 
therapy approach are urgently needed. 

Inflammation is involved in the pathogenesis of 
LN with macrophage infiltration [4]. The inflam-
masome is known to switch on the inflamma-
tory responses to various stress signals [5, 6]. 
The NOD-like receptor family-pyrin domain con-
taining 3 (NLRP3) inflammasome is one of the 
best-characterized members implicated in vari-
ous mammalian cells. NLRP3 inflammasome is 
composed of the regulatory subunit NLRP3, an 

adaptor apoptosis-associated speck-like pro-
tein (ASC), and effector caspase-1. Caspase-1 
is triggered and activated to promote the cleav-
age and secretion of pro-inflammatory cytokine 
interleukin (IL)-1β [7]. Recent studies have 
reported on the enhancement of NLRP3 inflam-
masome activation in the pathogenesis of SLE, 
including LN [7-10]. Thus, reducing NLRP3 
inflammasome activation may be an effective 
therapeutic strategy for LN.

Isoflurane (ISO) induces a novel pharmacologi-
cal action in anti-inflammation [11]. Previous 
studies have confirmed that ISO treatment sig-
nificantly attenuates experimental lung and 
liver injury by inhibiting inflammatory responses 
[12-14]. However, whether the protective effect 
of ISO on LN depends on its anti-inflammatory 
activity remains unknown.

In this study, the inhibitory effect of ISO on LN in 
MRL/lpr mice and the underlying mechanisms 
were investigated. We found that ISO signifi-
cantly increased the survival rate and attenu-
ated the renal damage of the mice. ISO treat-
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ment abrogated renal NLRP3 inflammasome 
formation and activation to reduce inflamma-
tory responses. These results suggest that ISO 
may be a promising therapeutic agent for hin-
dering LN progression partly by the inactivation 
of NLRP3 inflammasome.

Materials and methods

Reagents

Rabbit anti-mouse NLRP3, ASC, caspase-1 
p20, and β-actin monoclonal antibodies (mAbs) 
were purchased from Abcam (Cambridge, UK). 
ISO was provided by Baxter Healthcare 
Corporation (Deerfield, IL, USA). Fluorescein 
isothiocyanate (FITC)-conjugated rabbit anti-
mouse IgG (Santa Cruz, Dallas, TX, USA) and 
FITC-conjugated goat IgG fraction to mouse 
complement C3 (Cedarlane Labs, Canada) 
were commercially obtained. Calf thymus 
dsDNA (Sigma-Aldrich, St. Louis, MO, USA), rab-
bit anti-mouse dsDNA mAb (Chemicon 
International, USA), and goat anti-rabbit sec-
ondary antibody conjugated to horseradish per-
oxidase (Cell Signaling Technology Inc., 
Danvers, MA, USA) were commercial products. 
Other reagents were purchased from Sigma-
Aldrich unless otherwise noted. 

Mice

Twelve-week-old female MRL/lpr mice were 
purchased from Shanghai SLAC Laboratory 
Animal Company (Shanghai, China) and main-
tained under specific pathogen-free conditions 
in the Laboratory Animal Center of the First 
Affiliated Hospital of Zhengzhou University. Sex- 
and age-matched C57BL/6 mice were obtained 
from the Laboratory Animal Center of Henan 
Province as the normal control. All experiments 
were conducted in accordance with the 
National Institute of Health Guide for Care and 
Use of Animals and adhered to the rules of the 
ethical committee of the First Affiliated Hospital 
of Zhengzhou University. Euthanasia by sodium 
pentobarbital was performed following the 
American Veterinary Medical Association 
Guidelines on Euthanasia (June 2007). 

Treatment protocol

MRL/lpr mice were randomly divided into two 
groups (n = 8), namely, room air (RA)-treated 
group (MRL + RA) and ISO-treated group (MRL 
+ ISO). The mice in the MRL + ISO group 

received 1.4% ISO inhalation (1 h per time, 
thrice a week) for eight weeks. The mice in the 
MRL + RA group were exposed to RA instead of 
ISO treatment in the same manner. The sex- 
and age-matched C57BL/6 mice as the control 
(Ctrl) were also randomly categorized into two 
groups (n = 8), namely, Ctrl + RA and Ctrl + ISO. 
The animals were treated in the same manner 
as the MRL/lpr mice. Briefly, the mice were 
placed in a sealed Plexiglas chamber with 
inflow and outflow outlets and allowed to inhale 
ISO for the indicated times, as previously 
described [12-14]. The gas concentration in the 
outflow hose of the chamber was continuously 
monitored with a gas analyzer (Brüel & Kjae, 
Naerum, Denmark). ISO concentration was 
maintained at 1.4%, and oxygen concentration 
was maintained at 21% in the chamber during 
ISO treatment. Carbon dioxide was removed 
from the chamber gases with baralyme (Allied 
Healthcare Products, Inc., St. Louis, MO, USA). 
The animals not subjected to ISO treatment 
were exposed to RA in the chamber in the same 
manner. The room and chamber temperatures 
were maintained between 22°C and 24°C. All 
animals were sacrificed after various treat-
ments for eight weeks. Kidney tissues were 
harvested after perfusion and removal of resid-
ual blood. Some of the samples were fixed in 
10% neutral-buffered formalin and embedded 
in paraffin, and the others were snap-frozen in 
liquid nitrogen and stored at -80°C.

Measurement of survival rate

To measure the survival rate, the 12-week-old 
MRL/lpr mice and sex- and age-matched 
C57BL/6 mice were treated with and without 
1.4% ISO for eight weeks; the survival state was 
examined for 18 weeks, from 12 weeks to 30 
weeks of age (n = 12). 

Biochemistry assays

Blood samples were collected upon completion 
of the experiment, and the levels of blood urea 
nitrogen (BUN) were determined with a com-
mercial autoanalyzer (Beckman Coulter, Inc., 
USA). To assess urinary protein excretion, the 
mice were placed in metabolic cages, and 24 h 
urine was collected biweekly from 12 weeks to 
20 weeks of age. Urinary protein excretion was 
tested with Multistix 10SG reagent strips (Bayer 
Health Care) and graded on a scale of 0-4, 
where 0 = none, 1 = 30-100 mg/dl, 2 = 100-
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300 mg/dl, 3 = 300-2,000 mg/dl, and 4 > 
2,000 mg/dl, as described previously [15].

Assessment of histopathology and immune 
complex deposition

The paraffin kidney sections were stained with 
hematoxylin and eosin (HE) reagents. According 
to the histopathology findings, the severities of 
the glomerular and renal vascular lesions were 
graded blindly on a scale of 0 to 3 as reported 
previously [16]. 

To detect immune complex deposition, the fro-
zen sections were blocked with 10% fetal 
bovine serum and then stained with FITC-
conjugated rabbit anti-mouse IgG (Santa Cruz) 
or FITC-conjugated goat IgG fraction to mouse 
complement C3 (Cedarlane). Fluorescence 
intensity was calculated and scored from 0 to  
3 as described previously [17].

Immunolohistochemistry (IHC) 

The paraffin kidney sections were deparaf-
finized, rehydrated, quenched with 0.3% H2O2, 
and incubated in 10% normal goat serum 
(Gibco). Primary anti-CD68 polyclonal antibody 
(Abcam) was added to the sections and incu-
bated overnight, followed by a biotinylated sec-
ondary antibody. The reaction products were 
visualized with a diaminobenzidine (DAB) sub-
strate (Maixin Biotech., Fuzhou, China). The 
slides were counterstained with commercial 

hematoxylin and observed under a light micro-
scope (Leica, Wetzlar, Germany). All sections 
were blindly evaluated for DAB-positive staining 
by two experienced pathologists. 

Enzyme-linked immunosorbent assay (ELISA)

Serum anti-double-stranded DNA (anti-dsDNA) 
level was determined by ELISA as described 
previously [18]. Briefly, 96-well plates were pre-
coated with 5 μg/ml calf thymus dsDNA. Serum 
was then added into the 96-well plates, and 
absorbance was measured at 450 nm. A mouse 
anti-dsDNA mAb (Chemicon International, USA) 
was utilized to prepare a reference standard 
curve. The anti-dsDNA concentrations were 
quantified according to the standard curve. 
Normal mouse IgG was employed as negative 
control. 

Serum and kidney homogenates were collected 
to measure IL-1β, IL-17, and tumor necrosis 
factor-α (TNF-α) by using commercial ELISA kits 
(R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s instructions. Optical 
density was measured with an ELISA plate 
scanner (CA94089, Molecular Devices, Sun- 
nyvale, Canada).

Western blotting

Total proteins were extracted from fresh kidney 
tissues using tissue lysis buffer (Cell Signaling 
Technology). Equal amounts of protein (20 μg) 
were separated through SDS-polyacrylamide 
gel electrophoresis and transferred onto a 
nitrocellulose membrane (Millipore, USA). 
Subsequently, the membranes were incubated 
with rabbit anti-mouse mAbs targeting NLRP3 
(1:3,000), ASC (1:2,000), caspase-1 p20 
(1:2,000), and β-actin (1:4,000) at 4°C over-
night. Blots were then incubated with goat anti-
rabbit secondary antibody (1:2,000) conjugat-
ed to horse radish peroxidase for 2 h at room 
temperature. Peroxidase reaction was visual-
ized with an enhanced chemiluminescence kit 
(Santa Cruz). Protein band density was quanti-
fied with Quantity One software (Bio-Rad, 
Berkeley, CA, USA).

Isolation of mouse splenocytes

Mice were euthanatized with sodium pentobar-
bital, and the fresh spleens were removed and 
dissociated by using the plunger end of the 
syringe. After the cell suspension was passed 

Figure 1. ISO treatment increased the survival rate 
of MRL/lpr mice. Treatment began at 12 weeks of 
age, and the mice were observed for 18 weeks. Each 
experiment was performed in triplicate. Values are 
presented as mean ± SD. *P < 0.05 versus (vs.) Ctrl 
groups; #P < 0.05 vs. MRL + RA group. Ctrl: control; 
RA: room air; ISO: isoflurane.
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through a 70 μm cell strainer, erythrocytes 
were lysed with red blood cell lysis buffer at 
room temperature for 5 min. Other cells were 
collected by centrifugation at 300 × g for 5 min 
and washed thrice for flow cytometry analysis. 

Flow cytometry

To evaluate the T cell subsets, single-cell sus-
pensions dissociated from splenocytes were 
incubated with FITC-conjugated anti-mouse 

Figure 2. ISO ameliorated renal dysfunction and 
injury in MRL/lpr mice. A. BUN levels of the dif-
ferent mice groups. B. Urine protein excretion 
was measured every two weeks. C. HE stain-
ing of kidney sections was histopathologically 
assessed using a scoring system based on the 
damage index of kidneys. Each experiment was 
performed in triplicate. Values are presented as 
mean ± SD. **P < 0.01 vs. Ctrl groups; #P < 0.05, 
##P < 0.01 vs. MRL + RA group. Ctrl: control; RA: 
room air; ISO: isoflurane.

Figure 3. ISO reduced serum anti-dsDNA antibody production and renal immune complex deposition in MRL/lpr 
mice. A. Serum anti-dsDNA antibody was assessed by ELISA. B. Deposition of immune complex in the kidney was 
detected and scored based on fluorescence intensity using FITC-conjugated anti-C3 and anti-IgG antibodies. Each 
experiment was performed in triplicate. Values are presented as mean ± SD. **P < 0.01 vs. Ctrl groups; #P < 0.05 
vs. MRL + RA group. Ctrl: control; RA: room air; ISO: isoflurane.
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CD4, phycoerythrin (PE)-conjugated anti-
mouse CD25, PE-Cy5-conjugated anti-mouse 
Foxp3 (FJK-16 s), PE-conjugated anti-mouse 
IL-17, or their respective isotype controls. The 
CD4+, CD25+, and Foxp3+ cells were considered 
Treg cells. To detect the amount of Thl7 cells, 
splenocytes (1 × 106 cells/well) were incubated 
with 50 ng/ml phorbol myristate acetate and 1 
μg/ml ionomycin (MultiSciences) supplement-
ed with brefeldin A/monensin mixture 
(MultiSciences) for 5 h before intracellular 
staining. The CD4+ and IL-17+ cells were consid-
ered Th17 cells. Cell groups were analyzed with 
FACS Aria II (BD Biosciences, San Jose, CA, 
USA). Analyses were performed with CellQuest 
3.0 software (BD).

Statistical analysis

Data were expressed as mean ± standard devi-
ation (SD). Statistical analysis was performed 
with student’s t test or one-way analysis of vari-
ance. Kaplan-Meier method and log-rank analy-
sis were employed to compare the survival 
rates. All data were analyzed with SPSS 16.0 
software. P < 0.05 was considered statistically 
significant.

Results

ISO reduced the mortality of MRL/lpr mice

The effect of ISO on the mortality of MRL/lpr 
mice was investigated. As expected, the mice 
in the control groups survived. A significant sur-
vival benefit was observed in ISO-treated MRL/
lpr mice as compared with the mice in the MRL 
+ RA group (Figure 1). These results indicate 
that ISO significantly increased the survival rate 
of MRL/lpr mice.

ISO ameliorated renal dysfunction and injury 
in MRL/lpr mice

The effect of ISO on renal function in MRL/lpr 
mice was also investigated. The BUN level was 
significantly higher in RA-treated MRL/lpr mice 
than that in the control groups. However, a 
notable reduction by ISO treatment was 
observed in MRL/lpr mice (P < 0.05; Figure 
2A). A similar effect on proteinuria develop-
ment by ISO treatment was observed (Figure 
2B). The HE staining results showed that 
RA-treated MRL/lpr mice exhibited severe kid-
ney damage, which was attenuated by ISO 

Figure 4. ISO treatment resulted in the reduction of Thl7/Treg cell ratio, macrophage infiltration, and IL-17 and 
TNF-α production in MRL/lpr mice. A. Thl7/Treg cell ratio was determined by flow cytometry analysis. B. ELISA analy-
sis of serum IL-17 level. C. Macrophage accumulation was assessed based on the number of CD68-positive cells. D 
and E. Renal and serum TNF-α levels were measured by ELISA. Each experiment was performed in triplicate. Values 
are presented as mean ± SD. **P < 0.01 vs. Ctrl groups; #P < 0.05, ##P < 0.01 vs. MRL + RA group. Ctrl: control; RA: 
room air; ISO: isoflurane.
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administration (P < 0.05; Figure 2C). All the 
data demonstrate that ISO improved renal 
function and reduced renal injury in MRL/lpr 
mice. 

ISO reduced autoantibody production and 
renal immune complex deposition in MRL/lpr 
mice

Circulating anti-dsDNA antibody level is a key 
marker for LN [18]. The level of anti-dsDNA anti-
body was much higher in the RA-treated MRL/
lpr mice than that in the control groups, where-
as ISO treatment significantly inhibited anti-
dsDNA antibody production (P < 0.05; Figure 
3A). Pronounced deposition of IgG and C3 was 
observed in the kidneys of MRL/lpr mice as 
compared with the control mice, which was 
remarkably reduced by ISO inhalation (P < 0.05; 
Figure 3B). These results indicate that ISO 
inhibited anti-dsDNA antibody production and 
kidney immune complex deposition in MRL/lpr 
mice.

ISO treatment reduced Thl7/Treg cell ratio, 
macrophage accumulation, and pro-inflamma-
tory cytokine production 

The Thl7/Treg cell ratio in the spleens was 
determined by flow cytometry analysis. A con-
spicuous reduction in the Thl7/Treg cell ratio 
was observed in MRL/lpr mice with ISO treat-
ment, suggesting an increase in Treg cells and 
a diminution in Thl7 cells compared with the 
RA-treated group (P < 0.05; Figure 4A). ISO 
treatment also resulted in a conspicuous 
decrease in serum IL-17 levels in MRL/lpr mice 
(P < 0.05; Figure 4B). In addition, macrophage 
accumulation in the kidney was sharply 
decreased in MRL/lpr mice with ISO treatment 
as compared with the RA-treated group (P < 
0.05; Figure 4C), as evidenced by CD68-
positive cell numbers. The ELISA results 
showed a significant reduction in TNF-α in renal 
and serum of ISO-treated MRL/lpr mice (P < 
0.05; Figure 4D and 4E). These results suggest 
that ISO administration reduced Thl7/Treg cell 

Figure 5. ISO suppressed NLRP3 inflammasome activation in the kidney of MRL/lpr mice. A. Western blot was per-
formed to analyze the expression of NLRP3, ASC, and caspase-1 p20. b-actin was used as the endogenous control. 
B. Quantitative expression of NLRP3, ASC, and caspase-1 p20 was normalized against b-actin. C and D. Renal and 
serum IL-1β levels were measured by ELISA. Each experiment was performed in triplicate. Values are presented as 
mean ± SD. **P < 0.01 vs. Ctrl groups; #P < 0.05, ##P < 0.01 vs. MRL + RA group. Ctrl: control; RA: room air; ISO: 
isoflurane.
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ratio and inflammatory response in MRL/lpr 
mice.

ISO treatment inhibited NLRP3 inflammasome 
activation in the kidneys of MRL/lpr mice

The effects of ISO on NLRP3 inflammasome 
activation in MRL/lpr mice were examined to 
decipher the underlying mechanisms by which 
ISO attenuates murine LN. The upregulation of 
NLRP3, ASC, and caspase-1 p20 was signifi-
cantly reduced by ISO treatment in the kidneys 
of MRL/lpr mice (Figure 5A and 5B). The renal 
and serum levels of IL-1β were also reduced 
after ISO treatment in MRL/lpr mice (P < 0.05; 
Figure 5C and 5D). These results demonstrate 
that ISO treatment inhibited NLRP3 inflamma-
some activation in MRL/lpr mice.

Discussion

Despite significant improvements in LN thera-
py, the pathogenesis of LN remains unclear, 
and its prognosis is still dismal [19]. Thus, clari-
fying the underlying mechanisms and discover-
ing new means of LN treatment are necessary. 
In this study, we found that ISO significantly 
attenuated LN in lupus-prone MRL/lpr mice. 
The key findings were as follows: First, ISO 
markedly reduced the mortality of MRL/lpr 
mice and improved kidney dysfunction and inju-
ry. Second, ISO significantly reduced serum 
anti-dsDNA levels and renal immune complex 
deposition. Third, the Thl7/Treg cell ratio, serum 
IL-17, macrophage accumulation in the kidney, 
and levels of TNF-α and IL-1β in renal and serum 
were significantly reduced by ISO treatment. 
Lastly, ISO administration inhibited NLRP3 
inflammasome activation. 

BUN and proteinuria are two indices of kidney 
inflammation and dysfunction [20]. Antibodies 
for dsDNA/nucleosomes are most closely 
linked with nephritis, and the presence of auto-
antibody is a requirement for LN development 
[21, 22]. Immune complex deposition in the 
kidney can trigger a series of events that result 
in kidney inflammation and injury [23]. This 
study showed that ISO significantly reduced the 
mortality of lupus-prone MRL/lpr mice that 
benefited from decreased BUN level, protein-
uria, serum anti-dsDNA production, and renal 
immune complex deposition.

The imbalance in Thl7/Treg cells is closely asso-
ciated with the pathogenesis of LN. Previous 

studies have shown that decreased Thl7 cell 
numbers is positively associated with LN atten-
uation [24], and expansion of Treg cells pro-
tects against chronic graft-versus-host dis-
ease-induced LN in mice [25]. Increased IL-17 
production contributes critically to the develop-
ment of lethal pathologic features [26]. In addi-
tion, IL-17 has strong pro-inflammatory effects 
by inducing the production of other cytokines 
(e.g., TNF-α), promoting inflammatory cell 
recruitment, and facilitating T-cell infiltration 
[27-29]. Macrophage infiltration is a prominent 
feature in both humans and mice LN [30]. In 
this study, ISO administration reduced the 
Thl7/Treg cell ratio probably by inhibiting IL-17 
generation, macrophage infiltration, and renal 
and serum TNF-α production.

Inflammation plays an indispensable role in LN 
progression [4]. The NLRP3 inflammasome/
IL-1β signaling pathway is reportedly implicated 
in a mouse model of LN [31]. The NLRP3 inflam-
masome is activated in the kidney of lupus-
prone NZBWF1 mice [32]. In addition, NLRP3 
expression is highly elevated in LN patients 
[33]. ASC is significantly upregulated in periph-
eral lymphocytes and renal biopsy tissues of 
LN patients [34, 35]. ASC acts as an adaptor by 
linking NLRP3 and procaspase-1, thereby acti-
vating caspase-1 to promote IL-1β production 
[36]. Moreover, self dsDNA can induce IL-1β 
production from human monocytes by activat-
ing the NLRP3 inflammasome in the presence 
of anti-dsDNA antibodies [37]. In the present 
study, ISO administration significantly inhibited 
NLRP3 inflammasome activation, as evidenced 
by the downregulation of NLRP3, ASC, and cas-
pase-1 p20 expression, as well as IL-1β produc-
tion. These results suggest that the protective 
effects of ISO on LN are partly attributed to the 
inhibition of the NLRP3 inflammasome/IL-1β 
signaling pathway.

In conclusion, ISO treatment attenuated LN by 
inhibiting NLRP3 inflammasome formation and 
activation and subsequently reducing inflam-
matory responses in MRL/lpr mice. Thus, ISO 
may be a promising therapeutic strategy to pre-
vent LN progression by inhibiting the NLRP3 
inflammasome/IL-1β signaling pathway.
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