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Honokiol Attenuates Sepsis-Associated Acute Kidney Injury via
the Inhibition of Oxidative Stress and Inflammation

Shilin Xia,1 Hongli Lin,2 Han Liu,3 Zhidan Lu,4 Hui Wang,4 Songtao Fan,5,6 and Nan Li 4,6

Abstract— Acute kidney injury (AKI) is one of the most common complications of sepsis,
which largely contributes to the high mortality rate of sepsis. Honokiol, a natural polyphenol
from the traditional Chinese herbMagnolia officinalis, is known to possess anti-inflammatory
and antioxidant activity. Here, the underlying mechanism of honokiol-induced amelioration
of sepsis-associated AKI was analyzed. The expression patterns of oxidative stress molecu-
lars and TLRs-mediated inflammation pathway were examined to identify the response of
NRK-52E cells incubated with septic rats’ serum to honokiol. The levels of iNOS, NO, and
myeloperoxidase in NRK-52E cells were increased during sepsis, which could be reversed by
honokiol. The production of GSH and SOD as in vivo antioxidant was increased after
honokiol treatment. The administration of honokiol significantly inhibited TLR2/4/MyD88
signaling pathway in AKI-induced NRK-52E cells. Furthermore, ZnPPIX, the HO-1 inhib-
itor, weakened honokiol-mediated morphological amelioration, and the reduced level of
TNF-α, IL-1β, and IL-6 in kidneys of rats subjected to CLP. Finally, Honokiol was shown
to connect with the Nrf2-Keap1 dimensionally. These findings suggest that honokiol plays its
protective role on sepsis-associated AKI against oxidative stress and inflammatory signals.
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INTRODUCTION

Severe sepsis with organ dysfunction is a leading
cause of multiple organ failure [1, 2]. Acute kidney injury
(AKI) is one of the primary complications of sepsis, which
is characterized by inappropriate hyperinflammatory and
oxidative stress [3–5]. Understanding the process mecha-
nisms of sepsis-associated acute kidney injury would be of
significant clinical value. Inflammatory reactions triggered
by cytokine production and tubular dysfunction induced by
oxidative stress have been implicated in the process of
sepsis-induced AKI [6]. It has positive significance to
develop the hypotoxicity and efficient drug which has an
anti-inflammatory and antioxidant effect and then uses it in
clinical treatment of sepsis-derived AKI.

Honokiol, which is isolated from the traditional Chi-
nese herb Magnolia officinalis, might be considered as a
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potential therapeutic agent with anti-inflammatory and an-
tioxidant activities [7–10]. One study suggests that
honokiol can inhibit oxidative stress and inflammation
happened in renal ischemia/reperfusion injury [11]. It can
reduce the mortality of sepsis in mice [12]. Now, there is no
report about how honokiol exhibited the protective effect
in sepsis-induced AKI via the mechanism of suppression
of oxidative stress and inflammation.We hypothesized that
honokiol could alleviate sepsis-induced AKI through its
anti-inflammatory and anti-oxidative activities.

Activated nuclear transcription factor (Nrf2) regulates
intracellular oxidation-reduction homeostasis in oxidative
stress by dissociating from its kelch-like ECH-associated
protein (Keap1), to promote the expression of downstream
endogenous antioxidant heme oxygenase-1 (HO-1). Nrf2/
HO-1 pathway has a pivotal role in the field of anti-
oxidative stress, anti-inflammation, anti-aging, anti-apo-
ptosis, neuroprotection, and anti-tumor [13–15]. Our pre-
vious reports have shown that the administration of
honokiol effectively reduced cecal ligation and puncture
(CLP)-induced oxidative stress and inflammatory cytokine
production. We also observed that the levels of nitric oxide
(NO) and inducible NO synthetase (iNOS) were attenuated
by honokiol in septic rats [12].

In order to study the molecular mechanisms of anti-
inflammatory and anti-oxidative effects of honokiol, we
cultured NRK-52E cells of rats incubated with normal rats’
serum and septic rats’ serum. The levels of iNOS were
tested, and activities of NO, MPO, GSH, and SOD were
determined. At the same time, we studied its effects on
TLR2/4/MyD88 signaling pathways. Given the hypothesis
that the dissociation of Nrf2-Keap1 initials the protection
process of oxidative stress from sepsis-induced AKI, we
boldly connected honokiol with Nrf2-Keap1 dimensional-
ly to investigate the possible function of honokiol during
the process of the dissociation of Nrf2-Keap1 to provide
experimental support for the application of the Chinese
medicine honokiol in the treatment of sepsis-induced
AKI which also can be considered as a new approach for
the application of Chinese medicine in the research of
treatments of sepsis.

MATERIALS AND METHODS

Cell Culture and Treatment

NRK-52E cells were grown in DMEM (Gibco, USA)
supplemented with 10% fetal bovine serum (Gibco, USA)
under 37 °C and 5% CO2 condition. 12.5 mg Honokiol was

dissolved in 100 μl DMSO and diluted to appropriate con-
centrations with growth medium immediately before use.
15.7 mg ZnPPIX was dissolved in 5 ml NaOH and diluted
to neutral with HCL. Then, 25 mg/10 ml ZnPPIXwas treated
with 5 ml honokiol. Cultured NRK-52E cells were divided
into five groups: control, normal rat serum control (cells
cultured in normal rat serum for 24 h), normal rat serum +
honokiol (normal rat serum + 20 μmol honokiol), septic
serum (cells cultured in septic serum for 24 h), and septic
serum + honokiol (septic serum + 20 μmol honokiol).

Septic serum in this article is the serum from sepsis rat
model. Based on the methods we used in the published
article [12], sepsis was induced in rat by cecal ligation and
puncture, whichwas used to induce polymicrobial sepsis in
rats. Blood samples were obtained from the peripheral
vessels of rats under anesthesia.

Animals and CLP Procedures

Most of the animal experiment listed here have been
published previously but are presented here for clarity [12,
16].

ELISA Assay

The levels of TNF-α, IL-1β, and IL-6 were measured
using ELISA kit (USCN, Shanghai, China) following the
manufacturer’s protocol. The samples were centrifuged at
1000 rpm for 20 min at 4 °C, then the supernatant was
collected for ELISA according to the manufacturer’s in-
structions. Quantitative analysis is performed by spectro-
photometry at 450 nm. The reading at 450 nm is directly
proportional to TNF-α, IL-1β, and IL-6 and serves as a
convenient method to determine activation of serum in-
flammatory factors.

Protein Preparation and Western Blot Analysis

Total cellular proteins were prepared from NRK-52E
cells under culture conditions. The protein (15 μg/well)
was collected following lysis buffer (Beyotime, Shanghai,
China), then centrifuged at 12000 rpm for 10 min at 4 °C.
The proteins were transferred to a fresh tube, and the
concentration was determined using a BCA protein assay
kit (Beyotime, Shanghai, China). The proteins were run on
10% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride mem-
brane. The membrane was blocked with skimmed milk in
TBS-T at room temperature and followed by incubation
with primary antibodies (Beyotime, Shanghai, China) at
4 °C overnight, including anti-iNOS, anti-TLR4, anti-
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TLR2, anti-MyD88, anti-TRIF, anti-p-IκBα, anti-IκBα,
and anti-β-actin antibodies. After being rinsed three times
with TBS-T, the membrane was incubated with
peroxidase-linked secondary antibody (Beyotime, Shang-
hai, China). The bound antibody was detected using the
chemiluminescence system. The label signal was removed
by using stripping buffer and followed by being reprobed
with another antibody. The binding of specific antibodies
was visualized using a Gel Imaging System and analyzed
by Gel-Pro Analyzer software.

Immunocytochemical Staining

Immunocytochemical (ICC) staining was performed
on the different experimental groups following the stan-
dard protocol. The antibody used was rabbit anti-rat iNOS
(Beyotime, Shanghai, China) at dilutions of 1:100. The
section without the first antibody incubation was used as
the background control.

Molecular Docking Study

The crystallographic structure of keap1/Nrf2 complex
was obtained from Protein Data Bank (http:/ /
www.rcsb.org/pdb). The two-dimensional structures of
honokiol were drawn by MDL ISIS Draw 2.5 standalone

software and converted into three-dimensional structures
using the Prepare Ligands of Accelrys Discovery Studio
(DS) 2.5 software (http://www.accelrys.com/). After defin-
ing and editing the bind site by using DS, we predicted the
docking procedures involved adding the hydrogens and
correcting the chemistry of the protein. The parameters of
input receptor and input binding site were rebuilt followed
by energy grid parameters set. The Ligand Fit module was
used for molecular docking modeling. The analysis of
molecular dock was performed by DS software.

Statistics Analysis

All data are expressed as means ± SD. Statistical
significance was determined by ANOVA Bonferroni test.
Differences with P < 0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Results

Honokiol attenuates oxidative stress of NRK-52E cell
incubated with septic serum.

a b c

d e f

Fig. 1. a–e Immunocytochemical staining of iNOS expression in NRK-52E cells. aControl (normal NRK-52E cell), bNC (normal rat serum control), cNC+
H (normal rat serum + honokiol), d SC (septic rat serum control), and e SC+H (septic rat serum+ honokiol). fWestern blot analyses of iNOS in NRK-52E cell
cultured with a–e treatment.
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The expression patterns of iNOS in the NRK-52E
cells were analyzed using immunohistochemical stain-
ing. The intensive signal of NRK-52E cells in septic
serum group was observed relative to those in the
control group, serum control group, and serum control
group plus honokiol. However, the treatment with
honokiol reduced the increase of iNOS in NRK-52E
cells incubated with septic serum (Fig. 1d, e). Based on
western blot results, honokiol given after septic serum
effectively reverse the septic serum-induced increase in
iNOS protein expression (Fig. 1f). After evaluating the
supernatant fluid of cultured NRK-52E cells, we find
that honokiol effectively lowered the expression of
oxidative stress molecules NO and MPO and signifi-
cantly increased the activity of antioxidant molecules
GSH and SOD (Fig. 2).

Honokiol Attenuates Septic AKI-Induced TLR2/4/
MyD88 Signal Pathway

It has been demonstrated that TLR2/4/MyD88/
NF-κB signal pathway was activated in septic AKI.
Western blotting showed that there were little trace
expressions of TLR4, TLR2, MyD88, TRIF, and p-
IκBα in the control group, serum control group, and
serum control group plus honokiol. Conversely, in the
group incubated with septic serum, these protein levels
of TLR4, TLR2, MyD88, TRIF, and p-IκBα were
significantly upregulated. The expressions of all these
proteins were markedly downregulated by honokiol
treatment (Fig. 3).

ZnPPIX Weakened the Amelioration of Honokiol

PAS staining was used to observe the morphological
change of renal tissue after application of honokiol and
ZnPPIX (HO-1 inhibitor) for CLP rat. As shown in
Fig. 3(A), (B), no obvious morphological changes were ob-
served in normal rats treated with honokiol relative to the
control group. However, dilated renal tubules and swollen
tubular cells were found in the CLP group (Fig. 4c). The
treatment with honokiol effectively restored the morphologi-
cal changes in kidneys of rats subjected to CLP (Fig. 4d).
Additionally, ZnPPIX as the HO-1 inhibitor dramatically
weakened the honokiol amelioration (Fig. 4e).

The inflammatory cytokine TNF-α, IL-1β, and
IL-6 showed little change in honokiol group relative
to the control group. It was found that the production
of TNF-α, IL-1β, and IL-6 was increased in the CLP
group and reversed following honokiol treatment.
However, ZnPPIX as the HO-1 inhibitor reversed the
level of these inflammatory cytokine against the
honokiol effects (Fig. 5).

Molecular Docking Confirmed the Interaction of
Honokiol with Keap1/Nrf2 Complex

The molecular modeling and docking simulation
methods were used to confirm the interaction between
honokiol with keap1/Nrf2 complex. The results revealed
that two benzene ring structures of honokiol were basically
vertical. The structure of Nrf2 was computationally pre-
dicted to dock to the binding sites of Keap1. After dimen-
sionally connecting honokiol with Nrf2-Keap1, we prelim-
inary think that honokiol is able to activate Nrf2 and then
activate Nrf2/HO-1 channel, which is probably by com-
bining with keap1 to displace Nrf2 (Fig. 6).

DISCUSSION

The effect of honokiol on sepsis has been investigated,
with the aim of finding a method to improve the therapeutic
outcome of sepsis. AKI is one of the most common compli-
cations of sepsis. Reactive oxygen species (ROS) generated
during oxidative stress is the major factor that leads to the
occurrence of sepsis-induced AKI [17–19]. There are two
well-characterized free radical defense systems. One is the
anti-oxidative enzyme system, such as superoxide dismutase
(SOD). The other is non-anti-oxidative enzyme system, such
as glutathione peroxidase (GSH). Both kinds of systems are
able to remove part of the reactive oxygen species in time,
which avoided excessive oxidative stress injury. SOD and

Fig. 2. The contents of NO, GSH, SOD, and MPO in supernatant of
NRK-52E cells under the following conditions: control (normal NRK-52E
cell), NC (normal rat serum control), NC+H (normal rat serum +
honokiol), SC (septic rat serum control), and SC+H (septic rat serum +
honokiol). ###P < 0.001 and ##P < 0.01 vs. NC+H, **P < 0.01 and
*P < 0.05 vs. SC.
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GSH, as important antioxidants, can block the lipid peroxi-
dation and remove the harmful oxygen-free radicals. As
demonstrated in the current study, SOD and GSH in super-
natant fluid of NRK-52E cells were clearly downregulated
after incubation with septic serum, and both levels were
restored by honokiol treatment. Moreover, the amount of
myeloperoxidase (MPO) released from azurophil granule of
neutrophils was increased during oxidative stress [20–22]. In
the present study, we also demonstrate that MPO was

downregulated in NRK-52E cells after honokiol treatment
compared to sepsis group. It is thus revealed that honokiol
can effectively alleviate sepsis-derivedAKI in order to protect
kidney cells by alleviation of oxidative stress injury.

The presence of iNOS has been thought to play an
important role in the pathogenesis of renal injury. Aberrant
induction and activation of iNOS act to produce large
amount of NO, which has been contributed to organ injury
during sepsis [23–25]. Excess NO has been shown to cause

Fig. 3. Western blot profiling of the expression of TLR4, TLR2, MyD88, TRIF, and p-IκBα in NRK-52E cells under the following conditions: a Control
(normal NRK-52E cell), b NC (normal rat serum control), c NC+H (normal rat serum + honokiol), d SC (septic rat serum control), and e SC+H (septic rat
serum + honokiol). **P < 0.01 vs. control and #P < 0.05 vs. SC.
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mitochondrial protein damage and mitochondrial respira-
tory function injury. A strong increase of NO during sepsis
can lead to tissue hypoxia-associated high mortality and
low blood pressure. For this reason, the iNOS expression
pattern was profiled immunohistochemically. It was re-
vealed that honokiol reduced iNOS expression in NRK-
52E cells. Meanwhile, we found that honokiol treatment
weakened the aberrant level of NO induced by sepsis.
These results are consistent with the previous reports that
honokiol can significantly reduce the level of NO in vivo

and in vitro [26, 27]. The currently working hypothesis on
the effects of honokiol indicates that honokiol plays a
favorable role in the protective effect of response to oxida-
tive stress in AKI via modulation of iNOS-derived NO
decrease.

Inhibition of NF-κB activation can improve the survival
rate of mice with sepsis [28, 29]. It was previously reported
that NF-κB can regulate the expression of multiple genes
related to the pathophysiology of sepsis [30–32]. According
to our previous research, honokiol significantly reduced the
level of NF-κB p65 in the nuclear and inhibited activation of
the NF-κB signaling pathway in the kidney of septic rats,
suggesting that honokiol might be used as a potential thera-
peutic agent for complications of sepsis-induced AKI [12].
Given these data, it is necessary to explore the molecular
mechanism underlying attenuation of honokiol to enable
reliable application for sepsis-induced AKI.

A body of evidence has revealed that TLR2/4/MyD88/
NF-κB pathway is involved in the process of sepsis [33, 34].
Some reports demonstrate that the activation of Nrf2/HO-1
can effectively inhibit the activation of TLRs in inflammatory
diseases. For example, it was reported that activation of Nrf2/
HO-1 had the protective effect in the ischemic brain by
modulation of TLR4 and NF-κB decrease [35]. Knockdown
of keap1 enabled Nrf2 to inhibit the activation of TLR4

a b c

d e f

Fig. 4. a–e Periodic acid-Schiff (PAS) staining of renal tissue injury in sepsis. a Control (normal rat), b SO+H (sham operation group with honokiol
treatment), c SR (septic rat), d SR+H (septic rat group with honokiol treatment), e SR+H+Z (septic rat group with 10 μmol/kg ZnPPIX followed by 5 mg/kg
honokiol treatment). f Tubule pathology score of renal tissue injury in sepsis with a–e treatment. **P < 0.01 vs. SR and #P < 0.05 vs. SR+H.

Fig. 5. The concentrations of TNF-α, IL-6, and IL-1β in peripheral blood
of rat under the following conditions: Control (sham operation group), H
(sham operation group with honokiol treatment), CLP (septic rat group),
CLP+H (septic rat group with honokiol treatment honokiol), CLP+H+Z
(septic rat group with ZnPPIX followed by honokiol treatment). **P < 0.01
and *P < 0.05 vs. control, ##P < 0.01 and #P < 0.05 vs. CLP.

831Honokiol Attenuates Sepsis-Associated Acute Kidney Injury



involved in innate immune [36]. In addition, knockdown of
Nrf2 improved the production of NADPH oxidase-derived
ROS to enhance TLR4-mediated excessive inflammatory
response and promote the septic death.

The antioxidant enzyme HO-1 played a favorable role
of the endogenous antioxidant system against oxidative
stress [37, 38]. This strategy has been attempted on human
pulmonary vascular endothelial cells and liver Kupffer cells
as well. One study found that extract of Ginkgo biloba
downregulated ROS level to inhibit the apoptosis of pulmo-
nary vascular endothelial cells in order to enable the protec-
tive effect on the pulmonary function [39]. One report
demonstrated that the expressions of Nrf2 and HO-1 were
increased in the liver and kidney after the activation of liver
Kupffer cells during hepatic ischemia-reperfusion (I-R) in
wild-type SD rats. Moreover, Nrf2 nuclear translocation was
promoted and serum creatinine clearance rate reduced. Nev-
ertheless, the protective effect in Nrf2−/− rats disappeared
[40]. In the current study, the HO-1 inhibitor ZnPPIX was
used to investigate whether honokiol exerted protective
effect on the sepsis-derived AKI via Nrf2/HO-1 antioxidant

pathway. Our data clearly revealed that honokiol-induced
protective property of Nrf2/HO-1 pathway could be weak-
ened after HO-1 inhibitor treatment. The in vivo results
showed that honokiol effectively alleviated the change of
renal tubular expansion and renal tubular epithelial cell
necrosis in CLP model rats. It further supports this notion
underlying the improvement of honokiol to morphological
changes of renal tissue of septic rats.

Consequently, our results suggest that honokiol has a
protective effect on renal injury in sepsis by inducing HO-1
expression in CLP rat. This hypothesis was therefore tested
using Discovery Studio software to calculate the possible
molecular mechanism underlying molecular docking
models of honokiol and Nrf2. It was found that honokiol
was dimensionally connected with Nrf2-Keap1 complex.
Therefore, we preliminary think that honokiol is able to
activate Nrf2 and then activate Nrf2/HO-1 channel, which
could probably combine with keap1 followed by
displacing Nrf2. Current data has suggested that keap1
binding with Nrf2 is able to promote Nrf2 ubiquitin deg-
radation [41, 42].

a b

c d

Fig. 6. Molecular docking of honokiol to keap1/Nrf2 complex. a Keap1 is on the left side and Nrf2 (red) on the other side. b Fig. a is rotated by 180°. c, d
Docking conformation of honokiol (green molecular skeleton) to the crystal structure keap1 is identified with DS software. The hydrogen bond (green dotted
line) is formed by hydroxyl portion of honokiol and Arg415 of keap1.
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Taken together, the current study has revealed that levels
of iNOS, NO, and MPO in NRK-52E cells are decreased by
honokiol. In contrast, the activity of GSH and SOD had a
significant rise after honokiol treatment. Honokiol can in-
crease the antioxidant property of HO-1 in rats subjected to
CLP and ameliorates the morphological changes in kidneys
of rats subjected to CLP. The antioxidant effect can be weak-
ened by ZnPPIX as the HO-1 inhibitor. Given these data, it is
demonstrated that honokiol ameliorates oxidative stress in
sepsis-induced AKI. Meanwhile, the protein detection of
TLR2, TLR4, TRIF, MyD88, IκBα, and p-IκBα is per-
formed that honokiol can inhibit the aberrant activation of
TLRs signaling pathway. The inhibition of TLRs signaling
pathway with the application of honokiol further supports the
notion that honokiol has anti-inflammatory effect.

CONCLUSIONS

These results provide a new insight into the role of
honokiol as protective role on sepsis-derived AKI via the
modulation of levels of oxidative stress and expression of
inflammatory cytokines in the kidney. Future clinical studies
are needed to confirm the therapeutic efficacy of honokiol.
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