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Curcumin plays a protective role against septic acute kidney injury
by regulating the TLR9 signaling pathway
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Background: This study aims to evaluate the inhibitory effect of curcumin (Cur) on the progression of
septic acute kidney injury (SAKI), in order to improve the survival rate in this patient population.

Methods: Acute kidney injury (AKI) was induced by cecal ligation perforation (CLP) in Sprague-Dawley
(SD) rats. Using this AKI animal model, the survival rate of the rats was evaluated at different time points
after Cur treatment to explore whether Cur can improve survival in an animal model of AKI. The expression
levels of inflammatory factors (NF-xB, TNF-a, and IL-10), organ injury markers [urea nitrogen (UN),
creatinine (Cr), alanine aminotransferase (ALT), aspartate aminotransferase (AST), amylase, creatine kinase
(CK), and lactate dehydrogenase (LDH)], and disease progression markers [neutrophil gelatinase-associated
lipocalin (NGAL), kidney injury molecule-1 (KIM-1), and cystatin-C (CysC)] were determined using an
enzyme-linked immunosorbent assay (ELISA).

Results: The serum levels of UN, Cr, NF-«B, ALT, AST, amylase, CK, LDH, inflammatory factors
TNF-a and IL-10, and markers of early diagnosis of SAKI (NGAL, CysC, KIM-1) were significantly lower
in the curcumin group than those in the placebo group (P<0.05). In addition, serum levels of TLR9 and
its downstream molecules MyD88, IRF5, and IRF7 in the curcumin group were significantly lower than
those in the placebo group (P<0.05). The application of TLR9-specific inhibitors to experimental rats led
to similar results as those obtained in the curcumin group, whose detection indexes were significantly lower
than those in the placebo treatment group (P<0.05).

Conclusions: Given the excellent performance of Cur in anti-tumor, anti-oxidation, anti-inflammatory,
and other clinical trials, it is very likely to be further developed as a potential drug for the clinical treatment
of AKI.
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Introduction Toll-like receptors (TLRs) can recognize the nucleic

. .. . i f ria and vir nd trigger innate immun
Acute kidney injury (AKI) is one of the most common and acids of bacteria and viruses and trigge ate une

serious complications of sepsis patients in the intensive care responses (2). MyD88 protein, an essential downstream
unit (ICU). Patients often develop multiple organ failure, adapter molecule in the mitochondrial activated protease

resulting in a mortality rate of 60-80% (1). and NF-«kB signaling pathway, can activate most of
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the TLR signals (3). Studies have shown that MyD88-
deficient rats have good resistance to the development of
sepsis, but TLR2- and TLR4-deficient rats do not show
resistance (4). TLR9 knockdown significantly inhibited
renal cell apoptosis, alleviated the severity of sepsis induced
acute kidney injury, and improved the survival rate of rat
model (5).

Curcumin (Cur) is a dietary polyphenol extracted from
the Zingiberaceae family of plants. Cur has been shown to
have good clinical value in cancer (6), osteoarthritis (7),
anxiety and depression (8), dyslipidemia (9), metabolic
syndrome (10), respiratory diseases (11), nonalcoholic fatty
liver (12), type 2 diabetes (13), and ulcerative colitis (14).

Although Cur has been studied in a variety of human
disease models, its application in septic acute kidney injury
(SAKI) has not been thoroughly explored. In this study, we
used a Sprague-Dawley (SD) rat model of SAKI to explore
the inhibitory effect of Cur on this disease from different
angles. Our results preliminarily proved that Cur exerts its
inhibitory effect on SAKI by inhibiting the TLR9Y signaling
pathway, which provides a theoretical basis for the clinical
application of Cur in SAKI.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/tau-21-385).

Methods
Experimental materials and instruments

Specific pathogen-free (SPF) SD rats (32-40 weeks old) were
purchased from Shanghai Xipuer-Bikai Laboratory Animal
Co., Ltd. Cur was purchased from SIGMA Biological
Company, USA (batch No. 08511). The Cur powder
was dissolved in normal saline to prepare a 400 mg/mL
solution, which was then filtered by a 0.22 um sterile filter
membrane and stored at -20 °C for later use. Purchased
from InvivoGene (France), the TLR9-inhibitor and
inhibitor-control drugs (batch Nos. ODN 2088 and ODN
2088 control) were prepared according to the method for
Cur and stored after filtration. Isoflurane was purchased
from Baxter Caribe company, USA (batch No. N094M209).
The NF-kB-specific ELISA kit was purchased from Abcam
Co., USA (batch No. ab176663). ELISA kits specific
for tumor necrosis factor (TNF)-a, interleukin (IL)-
10, neutrophil gelatinase-associated lipocalin (NGAL),
cystatin-C (CysC), and kidney injury molecule-1 (KIM-1)
were all purchased from Wuhan Boster Biological
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Technology Co. Ltd. (batch Nos. EK0527, EK0417,
EKO0854, EK0880, and EK0679, respectively). ELISA kits
specific for TLR9, MyD88, and IRFS5 were purchased from
Wauhan FineTest Biological Company (batch Nos. EM1412,
EMO0669, and EM0667, respectively). The IRF7 ELISA kit
was purchased from LifeSpan Biological Company, USA
(batch No. LS-F53197). Other commonly used biochemical
reagents were purchased from Shanghai Beyotime Biotech
Co. Ltd.

The 5424R high-speed refrigerated microcentrifuge
was purchased from Thermo Fisher Scientific, USA
(Model 917), the automatic biochemical analyzer from
Hitachi, Japan, and the Model 680 full-wavelength
microplate reader from Bio-Rad Company, USA.

Survival rate assessment experiment

Experiments were performed in compliance with Qiqihar
Medical University guidelines for the care and use of
animals. The study was approved by the Qigihar Medical
University Institutional Review Board (No. QMU-
AECC-2018-32), Heilongjiang, China. Twenty-four SPF
SD rats in the same batch were randomized into groups A,
B, and C, with eight rats in each group. Group A (curcumin
group) underwent cecal ligation perforation (CLP). The
rats were given Cur orally (40 mg/kg) 6 hours after the
operation. Group B (placebo group) was given the same
dose of normal saline 6 hours after CLP. Group C (sham
group) underwent a sham operation. The experimental
animals were observed 24, 48, 72, and 96 hours after
treatment for survival status, and were euthanized when
they became seriously ill.

The CLP procedure was as follows: After isoflurane
anesthesia and laparotomy, 4-0 ligation silk thread was
fastened 15 mm away from the cecal tip of the SD rats.
Then, the cecum was punctured twice with a 21-gauge
needle, and a small amount of fecal excretion was gently
extruded and inserted into the center of the abdominal
cavity. At the end of the operation, 20 mL/kg of normal
saline was injected subcutaneously. For the sham group,
CLP was not performed, but the other procedures remained
unchanged. After surgery, the abdominal incision was
sutured with 6-0 nylon thread (15).

Animal model index detection

Survival rate evaluation experiments were conducted, then
blood samples (1.0 mL) and urine samples (0.5 mL) were
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collected from the tail veins of the animals after 24 hours.
After the blood samples were left at room temperature for
20 minutes, the blood and urine samples were centrifuged
at 2,000 rpm/min for 20 minutes to collect the serum and
urine supernatants, which were then packaged and frozen at
-20 °C for the following experiments (16).

Evaluation of renal function injury

The levels of urea nitrogen (UN), creatinine (Cr), and the
expression of inflammatory protein NF-kB in the collected
animal serum samples were detected to evaluate the degree
of kidney injury in the different treatment groups.

% UN detection: a Hitachi 917 automatic biochemical
analyzer was used to detect the amount of UN in the
collected serum samples.

% Cr detection: the detection of Cr in the serum was
determined by the picric acid-based colorimetric
kinetic assay using the Astra 8 autoanalyzer.

% NF-«B protein detection: the protein expression
level of NF-kB in the serum was detected by an
ELISA kit from Bio-Rad, USA (450 ELISA).

Evaluation of functional impairment of other organs

The changes in alanine aminotransferase (ALT), aspartate
aminotransferase (AST), amylase, creatine kinase (CK), and
lactate dehydrogenase (LDH) in the serum samples were
detected to evaluate the functional impairment of other
organs in the different treatment groups. A Hitachi 917
automatic biochemical analyzer was utilized to measure the
indexes in the collected serum samples.

The degree of immune reaction in the different treatment
groups

The changes in TNF-o and IL-10 in the serum samples
were detected to evaluate the changes in inflammatory

factors. The detection was carried out by TNF-a- and IL-
10-specific ELISA kits.

Change trend of AKI markers
The molecular expression levels of NGAL, KIM-1, CysC,

and other markers in the urine samples were detected to
provide a reference for the clinical development of AKI.
NGAL-, Kim-1- and CysC-specific ELISA kits were used
for the detection.

© Translational Andrology and Urology. All rights reserved.

2105

Detection of TLRY expression

By detecting TLRY expression in the serum samples, the
activation degree of the TLRY signaling pathway in the
development of SAKI was preliminarily determined. A

TLR9-specific ELISA kit was used for the detection.

Mechanism exploration

Six hours after CLP, the SD rats were randomly assigned
into three groups, which were given equal doses of Cur
(40 mg/kg), TLRY inhibitor (ODN 2088), and the control
drug (ODN 2088 Control), respectively. After 24 hours,
serum UN, Cr, ALT, AST, amylase, and CK levels were
determined according to the above experimental protocol.

Meanwhile, MyD88, IRFS5, and IRF7 levels in the
collected serum samples were detected by MyD88-, IRF5-
and IRF7-specific ELISA kits.

All tests were conducted in strict accordance with the
manufacturers’ instructions.

Statistic analysis

GraphPad Prism 7.0 software was used for the data
processing, and all statistical data were expressed as the
mean = standard error (mean = SE). Differences between
the experimental groups were analyzed by multiple
comparisons and correction analysis of variance or 7-tests
for statistical significance. The level of significance was
taken as P<0.05.

Results
Cur significantly reduces SAKI-induced mortality

A significantly improved survival rate was observed in rats
who were treated with Cur 6 hours after CLP. Compared
with 80% of the rats in the curcumin group, only 40% of
the rats in the placebo group survived 96 hours after the
operation (Figure I).

Cur is beneficial in alleviating SAKI-induced kidney
damage

"To explore the protective effect of Cur on the kidneys, we
tested the related factors. The levels of UN, Cr, and NF-
kB in the serum of the SD rats in the curcumin and sham
groups were found to be significantly lower than those in
the placebo group (P<0.05), indicating that Cur treatment
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Figure 1 Cur significantly reduces SAKI-induced mortality in rats
after CLP. Survival curves of SD rats undergoing CLP were given
different treatments 6 hours after surgery: The solid line represents
the sham group (n=8), the dotted line represents the curcumin
group (40 mg/kg), and the chain-dotted line represents the placebo
group (equal volume of normal saline). ** indicates P<0.01, with
the placebo group as the control. SAKI, septic acute kidney injury;
SD, Sprague-Dawley; CLP, cecal ligation perforation.

6 hours after surgery can effectively alleviate kidney injury
caused by sepsis (Figure 2).

Cur has a good protective effect on many organs

The levels of ALT, AST, amylase, CK, and LDH in the
serum samples of the curcumin and sham groups were
significantly lower than those in the placebo group (P<0.05,
Figure 3), These results indicate that Cur also has a good

protective effect on a variety of organs other than the
kidney..

Cur downregulates the inflammatory response induced by
SAKI

The medical community generally believes that a
continuously activated immune response is the major cause
of renal function damage in patients with SAKI (17). In the
SD rat model of SAKI, We found significant increases in
serum levels of pro-inflammatory cytokines TNF-a and IL-
10 in the placebo group (P<0.05), which is consistent with
the phenomenon reported in clinical samples, while the
levels of TNF-a and IL-10 in curcumin treatment group
and sham operation group were significantly lower than
those in placebo group (P<0.05, Figure 4). This indicated
that the progression of SAKI may be related to the over-
continuous activation of an immune response in patients.
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Cur inhibits the expression profiles of related markers
during SAKI progression

According to previous studies, NGAL, serum CysC, and
KIM-1 can be used as accurate and reliable markers for
the early diagnosis of SAKI (18), so Cur may change the
molecular expression level of these markers during SAKI
progression. The levels of NGAL, CysC, and KIM-1 in
the serum samples of the placebo group were significantly
higher than those in the sham group (P<0.05). These
parameters were significantly lower in the curcumin group
compared with the placebo group (P<0.05, Figure 5),
validating that NGAL, CysC, and KIM-1 can be used to
judge the progression of SAKI. The therapeutic effect of
Cur on this disease can also be evaluated by these markers.

Cur inbibits TLRY upregulation induced by SAKI

Studies have shown that the occurrence of septic acute
kidney injury leads to significant up-regulation of
TLRY (19). Cur, as a vital inhibitor of TLR (20), may exert
its therapeutic effect on SAKI by inhibiting the TLR9
signaling pathway. In this study, the level of TLR9 in the
serum samples from the placebo group was significantly
higher than that in the sham and curcumin groups (P<0.05,
Figure 6), which provides preliminary confirmation of our
hypothesis.

Cur exerts its therapeutic effect on SAKI by inbibiting the
TLRY signaling pathway

The levels of UN, Cr, ALT, AST, amylase, CK, LDH,
NGAL, KIM-1, CysC, and other disease-related factors
in the curcumin group and TLR9-inhibitor group were
significantly lower than those in the control inhibitor group
(P<0.05, Figure 7). In addition, the expression levels of the
MyD88, IRFS5, and IRF7 downstream molecules of the
TLRY signaling pathway in the curcumin group were found
to be similar to those in the TLR9-inhibitor group and
were significantly lower than those in the control-inhibitor
group (P<0.05, Figure §). The results indicated that Cur
exerted its therapeutic effect on SAKI by inhibiting the
TLRY signaling pathway.

Discussion

Sepsis-induced AKI (SAKI) has been reported to be
caused by major surgery, heart failure, respiratory failure,
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hypovolemia, and tissue hypoperfusion (21). According to
recent studies, microcirculatory dysfunction, inflammation,
and bio-energetic adaptive response to injury are also
contribute to SAKI pathogenesis (22). Due to the
insufficient understanding of the pathophysiology of SAKI,
there is no guaranteed treatment for SAKI. Based on the

© Translational Andrology and Urology. All rights reserved.

mechanisms of SAKI we have got, fluid resuscitation,
systematic resuscitation have been used clinically, but the
most common therapeutic protocol was Renal replacement
therapy (RRT), while the best timing to implement is hard
to control (23), thus we should go deeper to explore the
mechanism of SAKI.
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injury; SD, Sprague-Dawley.
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According to the existing literature, Cur has anti-
infective properties against various human pathogens, such
as the influenza virus, hepatitis C virus, and HIV. It can also
reduce kidney damage associated with rhabdomyolysis (24).
Of note, the most promising application potential is its
anti-inflammatory effect, and many clinical studies have
evaluated its biological activity under various inflammatory
conditions. These clinical trial data not only show the actual
therapeutic effect of curcumin on some specific diseases,
but also indicate that Cur has considerable safety and
tolerability in human body, which provides very valuable
experience for clinical trials of Cur in SAKI.

In clinical sample reports, SAKI often induces injury to
multiple organs, such as the lungs, heart, brain, liver, and
kidneys (25). By detecting the concentration changes of
related factors in our rat model, we found that SAKI caused
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SD, Sprague-Dawley; Cur, curcumin; CLP, cecal ligation perforation.

damage to the kidneys and other multiple organs. This
indicates that the animal model simulates the development
of SAKI in human body to a certain extent, and provides
a reliable theoretical basis for future research and clinical
drug experiments. Besides, we found that Cur significantly
reduced the incidence of multiple organ damage. Therefore,
we speculate that Cur may play an important role in
balancing the immune response of the body.

Previous studies have shown that Cur can significantly
downregulate the expression level of inflammatory factors
such as TNF-a, IL-1, IL-2, IL-6, IL-8, and mitogen-
activated protein kinase (MAPK) (26). Cur can also inhibit
the activation of the extracellular TLR2/4 signaling
pathway and can suppress the activation of IRAKI,
IRAKSG6, TRIF, and MyD88 downstream of the TLR2/4
signaling pathway. In addition, Cur has been proved
to be one of the antagonists of the intracellular TLR9
signaling pathway (27). The change in TLRY expression
is usually considered to be a sign of the development of
various inflammation-related diseases, while Cur can
reduce TLRY expression in the rat liver and act as an anti-
inflammatory and immunomodulatory agent to treat liver
inflammation (28). The most recent study has revealed that
Cur could ameliorate the SAKI induced by CLP, but they
only detected the kidney protective effect of the Cur (29).
While in this paper, we have found that the Cur could
significantly decrease the mortality caused by AKI, and we
also determined that Cur could prevent multiple organs
from dysfunction caused by AKI, meanwhile, our results
were almost based on the /2 vivo data, which may be more

© Translational Andrology and Urology. All rights reserved.

coincidence with the pathogenesis of AKI in human.

Conclusions

In this study, we found that the expression of pro-
inflammatory factors, which rose significantly in rats with
SAKI, can be counteracted by Cur. Also, the activation of
the TLR9 molecule was detected in the SAKI rat model,
but not in the curcumin group or the control-inhibitor
group. The relevant results of this study showed that Cur,
while playing its role in the resistance to SAKI, indeed
inhibited the expression of downstream molecules in the
TLRO signaling pathway. Based on the above results, Cur
can inhibit SAKI by inhibiting the activation of the TLR9
signaling pathway.
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