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IL-35 Pretreatment Alleviates Lipopolysaccharide-Induced
Acute Kidney Injury in Mice by Inhibiting NF-κB Activation

Linkun Hu,1 Cheng Chen,1 Jun Zhang,1 Kerong Wu,3 Xuefeng Zhang,1 Haiyan Liu,2,4 and
Jianquan Hou1,4

Abstract— Septic acute kidney injury (AKI) is a public health problem with high mor-
tality. Suppression of over-active inflammation is considered as a promising strategy for
septic AKI. In this study, we evaluated the prophylactic effect of interleukin (IL)-35, the
unique immune-suppressive member of IL-12 cytokine family, on lipopolysaccharide (LPS)-
induced AKI in mice, and found that compared with control mice given empty vector, mice
pretreated with plasmid encoding IL-35 (pIL-35) significantly improved renal function
indicated by reduced blood urea nitrogen (BUN) and serum creatinine (SCr), and obviously
alleviated renal pathological changes. To explore the underlying protective mechanisms, we
found that pIL-35 treatment could robustly reduce the production of renal pro-inflammatory
cytokines (TNF-α, IL-6, and IL-1β), with no significant impact on IL-10, an anti-
inflammatory cytokine. Furthermore, our results revealed that IL-35 pretreatment could
potentially inhibit the activation of renal NF-κB signaling pathway in LPS-induced AKI
mice. Taken together, our study indicated that IL-35 pretreatment could efficiently prevent
LPS-induced AKI via inhibiting NF-κB activation and reducing pro-inflammatory cytokine
production, and it might represent a novel therapeutic strategy against septic AKI and other
inflammatory renal diseases.
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INTRODUCTION

Acute kidney injury (AKI), an abrupt deterioration in
renal function, is primarily characterized by the disruption
in the fluid maintenance, electrolyte homeostasis as well as
metabolism, and often diagnosed by a sudden reduce in
glomerular filtration rate (GFR), increased serum creati-
nine (SCr) or oliguria. Generally, AKI is temporary but will
have a negative effect on long-term renal function. More
importantly, a third of patients who recovered from AKI
will develop chronic kidney disease [4]. As revealed by a
large-scale meta-analysis, AKI, a common and increasing
complication in hospitalized patients with acute illness,
occurs in 21.6% adults and 33.7% children [33]. Of note,
in recent years, although the mortality of AKI is
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decreasing, the absolute number of deaths is increasing due
to the increased incidence [26]. In sharp contrast, no ap-
proved AKI therapy is available so far as a result of limited
candidate drugs or biological strategy in clinical trials.
Therefore, the development of novel and efficient thera-
peutic strategies is urgently needed.

There are convincing evidences that sepsis makes the
most frequent and important contributor to AKI [1, 23,
31], especially in critically ill patients, who have 50% or
more occurrence and high mortality [36]. To date, our
understanding of the septic AKI is mainly derived from
studies on murine models, among which endotoxin lipo-
polysaccharide (LPS) injection model was the most widely
used [7, 9, 14]. It has been proven that LPS-induced AKI
shares many characteristics with human diseases, includ-
ing augmented pro-inflammatory cytokines, changed he-
modynamics as well as direct renal injury [7]. All these
alterations result in the accumulation of renal inflammato-
ry cells (neutrophils and macrophages) as well as de-
creased renal function reflected by reduced glomerular
filtration rate (GFR) and increased blood urea nitrogen
(BUN) and serum creatinine (SCr) [19, 32]. Therefore,
corresponding prophylactic or therapeutic strategies
targeting these pathological conditions have been devel-
oped [17]. Among them, immune modulation methods
have already attracted more and more interests and
showed promising potential in murine AKI models [8,
27, 42].

Interleukin (IL)-35, consisting of the p35 subunit of
IL-12 (encoded by IL-12 α chain) and Epstein-Barr virus
induced 3 (EBi3) chain, is a recently identified member of
IL-12 cytokine family. Compared with other members (IL-
12, IL-23, and IL-27) which are primarily produced by
activated antigen-presenting cells (APC), IL-35 is mainly
secreted by regulatory T cells [2, 6], regulatory B cells,
[30] as well as plasma cells [30], and it is the unique one
strictly functioning as an immune suppressive cytokine in
IL-12 family. Therefore, it represents a potential novel
target for immune manipulation measures against autoim-
mune diseases [12, 22] as well as cancers [10, 16, 35]. It
has been proven that after binding its receptor, IL-35 could
exert its immune suppressive functions by facilitating the
differentiation of regulatory T (Treg) [3, 34] and B (Breg)
cells [29], inhibiting T cell proliferation [41] and T-Helper
17 (Th17) differentiation [24] as well as manipulating the
balance between Treg and Th17 [40], etc. However, a
recent study reported that IL-35 inhibited the angiogenesis
and inflammation in rheumatoid arthritis by reducing
angiopoietin-2 [15], indicating that the exact role of IL-
35 in immune modulation is still vastly unclear.

Considering the critical pathological role of over-active
inflammation in the initiation and development of septic
AKI, it is feasible and practicable to apply immune suppres-
sors or modulators to prevent or alleviate AKI. In the present
study, plasmid encoding IL-35 (pIL-35) was injected into
mice 7 days before LPS administration, and its prophylactic
effects against LPS-induced AKI were evaluated.

MATERIALS AND METHODS

Mice

C57BL/6 (H-2b) male mice, 6–8 weeks old, were
obtained from the experimental animal center of Chinese
Academy of Science (Shanghai, China) and housed in
pathogen-free mouse colonies under room temperature
with 12-h light/dark cycles. All animal experiments were
carried out in strict according to the guidelines for the Care
and Use of Laboratory Animals. The protocol was ap-
proved by the Laboratory Animal Ethical Commission of
Soochow University.

Plasmid Injection

Plasmid pcDNA3.1-IL-35 (pIL-35) was constructed
as previously describe [21]. Mice were given pIL-35, emp-
ty vector (pcDNA3.1) or PBS by a hydrodynamic-based
gene transfer technique via rapid injection as described by
Liu et al. [20]. Briefly, 100 μg plasmid DNAwas resolved
in 2.0 mL PBS and injected via the tail vein within 5 to
10 s.

Establishment of aMurine Model of LPS-Induced AKI

Seven days post the hydrodynamic delivery of pIL-
35, mice were intraperitoneally injected with LPS
(Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis,
MO) at 10 mg/kg. The dose of LPS was determined by
the preliminary experiments in which the minimal dose
caused 50% death 24 h post injection was finally chosen.
Serum and kidney tissues were collected at 12, 24, or 48 h
post LPS injection and subjected to the determination of
renal function, histological observation as well as cytokine
analysis.

Measurement of Serum Creatinine (SCr) and Blood
Urea Nitrogen (BUN)

Serum samples of mice were obtained via retroorbital
venous plexus, and levels of SCr and BUN were deter-
mined by a BS-800 Chemistry Analyzer (Mindray).
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Histological Examination

Kidney tissues were removed at indicated time points
post LPS injection followed by fixation, section as well as
hematoxylin and eosin staining. Sections were examined by
two independent investigators in a blinded manner, and
renal tubular injury was assessed using previously described
0–4 scale [9], in which 0, none; 1, < 10%; 2, 10–25%; 3,
25–75%; or 4, > 75%. Each group contained 5–6 animals.

ELISA Assays

Kidney tissues were homogenized in 0.5 ml RIPA
buffer. After centrifugation in a cooled micro-centrifuge,
the supernatants were collected and the total protein con-
centration was determined and adjusted to 1 mg/ml, and
then subjected to ELISA assays with mouse ELISA Kits
for TNF-α, IL-6 as well as IL-1β (eBioscience).

Western Blot

The supernatants of kidney homogenates were col-
lected and subjected to SDS-PAGE. After transferring onto
nitrocellulose membranes and blocking with 3% BSA-
PBST, the blots were probed with primary antibodies
against IKK, phosphorylated IKK (p-IKK), NF-κB p65
and phosphorylated p65 (p-p65) (CST, rabbit anti mouse).
After washing with PBST, membranes were further incu-
bated with an appropriate HRP-labeled goat anti-rabbit
secondary antibody (Southern Biotech). The blots were
developed with enhanced chemiluminescence (Thermo
Scientific Pierce) according to the manufacturer’s
instructions.

Statistical Analysis

All data are expressed as mean ± SEM. Statistical
significance of differences in 2 groups or more than 2
groups was respectively determined by t test or one-way
ANOVA followed by Bonferroni test using GraphPad Prism
version 5.0 (GraphPad Software Incorporated). P values
less than 0.05 were considered statistically significant.

RESULTS

IL-35 Pretreatment Significantly Alleviated LPS-
Induced Renal Injury

Mice were injected with LPS 7 days after hydrody-
namic tail vein injection of pIL-35, and SCr and BUN
levels were evaluated at 12, 24 and 48 h later. As shown

in Fig. 1, the levels of SCr and BUN in the control group
obviously increased at as early as 12 h post LPS treatment
and continued to increase as time went by, while these two
indices in the pIL-35 pretreated group were potentially
reduced at all indicated time points, indicating that pIL-
35 could protect against LPS-induced damage of renal
function. In line with these data, improved renal patholog-
ical changes were also observed in pIL-35 pre-treated
mice. As shown in Fig. 2, after LPS injection, control
group showed severe renal pathological lesions including
prominent infiltration of inflammatory cell in glomeruli,
loss of brush border, and tubule dilatation in both proximal
and distal tubules. In contrast, these damages were remark-
ably attenuated in pIL-35 pre-treated group. All these data
indicated that IL-35 could efficiently prevent LPS-induced
AKI.

IL-35 Pretreatment Significantly Decreased Renal Pro-
inflammatory Cytokine Production in LPS-Induced
AKI Mice

Over-active inflammation plays an important patho-
logical role in AKI development to investigate whether IL-
35 pre-treated could impact the inflammatory responses in
LPS-induced AKI mice; renal levels of pro-inflammatory
cytokines (TNF-α, IL-6, and IL-1β) were determined. As
shown in Fig. 3, compared with the control group, pIL-35
pretreatment robustly decreased the renal TNF-α, IL-6,
and IL-1β production, suggesting that IL-35 could potently
inhibit the excessive local renal pro-inflammatory cytokine
production in LPS-induced AKI mice.

IL-35 Pretreatment Had No Significant Impact on the
Production of Anti-inflammatory Cytokine IL-10 in
Renal Tissues

As previous study showed that IL-35 could increase
the serum anti-inflammatory cytokine IL-10 which pos-
sesses the potent ability to suppress immune responses
[24], here, we tried to find out whether the IL-35-caused
decreased pro-inflammatory cytokine production could be
attributed to the increased IL-10 production. As shown in
Fig. 4, consistent with previous study [7], obviously in-
creased renal IL-10 level was evidenced in LPS-induced
AKI mice, while comparable IL-10 production was also
evidenced in IL-35 pre-treated mice, indicating that IL-35
did not impact the renal IL-10 production, in another
words, IL-35 did not exert its anti-inflammation effect via
promoting renal IL-10 production.
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IL-35 Pretreatment Obviously Inhibited the Renal NF-
κB Pathway Activation

As pro-inflammatory cytokine production was under
the control of NF-κB signaling pathway, therefore, we next
investigated the influence of IL-35 on the renal NF-kB
pathway activation. As shown in Fig. 5, IL-35 pre-treated
could obviously inhibited the phosphorylation of IKK and
NF-κB p65 components as early as 12 h post LPS injec-
tion, and this suppressive effect could be sustained to 48 h,

indicating the persistent inhibitive function of IL-35 on the
renal NF-κB pathway activation.

DISCUSSION

AKI is a complicated and multi-factor involved dis-
ease and characterized by rapid loss of renal function.
Causes of AKI are generally categorized into 3 groups:

Fig. 1. IL-35 pretreatment improved serum BUN and SCr in LPS-induced AKI mice. Serum was collected at indicated time points after LPS injection, and
the levels of BUN (a) and SCr (b) were detected. Each group contained 5 or 6 mice. Each experiment was repeated for 3 times and the representative data
were shown. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 2. IL-35 pretreatment alleviated renal pathological injury in LPS-induced AKI mice. Paraffin sections of renal tissues were prepared and histological
alterations was revealed by HE staining. aOne representative section was shown for each group, magnification ×200. bKidney injury score. Each experiment
was repeated for 3 times and the representative data were shown. N.D. not detected, *P < 0.05; **P < 0.01; ***P < 0.001.
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pre-renal (reducing blood supply to the kidneys), renal
(damaging kidney tissue, e.g., accident, sepsis) or post-
renal (blocking urine leaving the kidney). A previous study
reported that about 50% AKI are related to sepsis [39].
Besides, the combination of sepsis could greatly increase
the mortality of acute renal failure from 45 to 70% [13]. So
far, only activated protein C has been approved by FDA as
the therapy to sepsis, and increasing concern has been
raised about its efficiency and safety. Meanwhile, to date,

no efficient AKI treatment strategies are available. All
these dramatized the urgent need to deepen our understand-
ing of septic AKI pathogenesis and to develop novel pro-
phylactic or therapeutic measures.

Excessive inflammation is considered as the criti-
cal factor that initiates and aggravates AKI [39]. More-
over, AKI could also lead to vigorous inflammation in
both renal and extrarenal organs [11], further exacer-
bates the renal dysfunction and tissue damages. Based
on this, prevention or alleviation of over-active inflam-
mation at AKI initiation phrase represents a promising
therapeutic strategy [14] and its feasibility and efficien-
cy has also been evidenced in murine AKI models [39].

IL-35, the recently identified and processing im-
mune suppressive member of IL12 family, has been
well-known for its immune-suppressive effects on
adaptive immune responses, such as inhibiting T cell
proliferation, promoting the induction and expansion
of Treg cells [6] and re-balancing Treg and Th17 [40];
therefore, IL-35 has been increasingly applied to the
development of novel control measures against auto-
immunity and inflammatory diseases [12, 22]. Howev-
er, the impact of IL-35 on innate immune responses is
still not clear.

A recent study revealed that lack of IL-35 en-
hanced LPS-induced airway eosinophilia in EBI3-
deficient mice [18], suggesting that IL-35 also possess
the ability to regulate innate immunity. In the present
study, we found that IL-35 pre-treated could signifi-
cantly decrease the renal production of pro-
inflammatory cytokines TNF-α, IL-6 as well as IL-1β
which play important pathological roles in LPS-
induced AKI [5, 25, 37], further confirming the

Fig. 3. IL-35 pretreatment reduced renal pro-inflammatory cytokine production in LPS-induced AKImice. Renal tissues were collected 12, 24, and 48 h after
LPS injection for ELISA determination of TNF-α (a), IL-6 (b), and IL-1β (c). Each group contained 5 or 6 mice. Each experiment was repeated for 3 times
and the representative data were shown. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 4. IL-35 pretreatment had no significant impact on renal anti-
inflammatory cytokine IL-10 production. Renal tissues were collected
12, 24, and 48 h after LPS injection for ELISA determination of IL-10.
Each group contained 5 or 6 mice. Each experiment was repeated for 3
times and the representative data were shown. n.s. no significance.
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suppressive effect of IL-35 on inflammation responses
as reported by Kanai et al. [18]. In addition, our study
further extended the innate immunity modulation abil-
ity of IL-35 from lung to kidney tissues. In line with
the reduced pro-inflammatory cytokines, IL-35 pre-
treated potentially inhibited renal NF-κB signaling
pathway activation, evidenced by the decreased phos-
phorylated IKK and NF-κB p65.

Previous studies showed that IL-35 could promote
the serum level of anti-inflammatory cytokine IL-10
[24], which could potentially inhibit tissue inflamma-
tion via inhibit NF-κB pathway [28]. However, in this
study, we did not observe the obvious alteration in
renal IL-10 level, indicating that IL-35 was not depen-
dent on IL-10 to exert its anti-inflammation effect.
Osamu Yoshie and his colleagues [18] demonstrated
that IL-35 possessed the ability to inhibit the produc-
tion of CCL11 and CCL24 of lung epithelia cells. As
CCL11 is under the control of NF-κB signaling path-
way [38], in their LPS-induced acute airway inflam-
mation model, it is possible that IL-35 might suppress
this chemokine production via inhibiting NF-κB. Be-
sides, since infiltrating inflammatory cells are the ma-
jor source of pro-inflammatory cytokines (TNF-α, IL-
6, and IL-1β), IL-35 might also suppress renal inflam-
mation in our AKI model via inhibiting NF-κB-
associated chemokine production, leading to the fever
infiltrating inflammatory cells and consequent de-
creased pro-inflammatory cytokine levels, which

further weakened NF-κB-associated renal inflamma-
tion, alleviated tissue damage and improved renal
function.

Taken together, in this study, we investigated the
preventive effect of IL-35 on LPS-induced AKI and found
that it could obviously improve renal function and patho-
logical changes. This efficient prophylactic effect could be
ascribed to its ability to suppress NF-κB pathway activa-
tion as well as associated pro-inflammatory cytokine pro-
duction, albeit of no significant impact on anti-
inflammatory cytokine IL-10 production. Our study indi-
cated that IL-35 may represent a promising and feasible
preventive or curative strategy for septic AKI or other renal
inflammatory diseases. In addition, it would also help us to
gain a better understanding of the modulation effects of IL-
35 on innate immune responses.
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