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Background: Protein kinase R (PKR) is implicated in the inflammatory response to bacterial infection while the role of PKR
in sepsis-induced acute kidney injury (AKI) is largely unknown. This study aimed to investigate the effects of
the specific PKR inhibitor C16 (C13H8N40S) on lipopolysaccharide (LPS)-induced AKI, and its mechanisms of
action.

Material/Methods: C57BL/6) mice were injected intraperitoneally with C16 or vehicle 1 h before the LPS challenge and then inject-
ed intraperitoneally with LPS or 0.9% saline. After the LPS challenge, histopathological damage, renal function,
and levels of proinflammatory cytokines were assessed. All the related signaling pathways were analyzed.

Results: C16 effectively inhibited LPS-induced renal elevation of proinflammatory cytokines and chemokines. C16 pre-
vented NF-kB activation and suppressed the PKR/elF2a. signaling pathway in AKI after the LPS challenge.
Furthermore, C16 significantly inhibited pyroptosis during AKI, as evidenced by decreased renal levels of apop-
tosis-associated speck-like protein; NACHT, LRR, NLR Family Pyrin Domain-Containing 3; caspase-1; interleukin
(IL)-1p; and IL-18.

Conclusions: Our findings suggest that inhibition by C16 ameliorated LPS-induced renal inflammation and injury, at least
partly through modulation of the pyroptosis signal pathway in the kidney.
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Background

Acute kidney injury (AKI) is defined as a sudden and reversible
renal dysfunction associated with systemic inflammation [1,2].
Sepsis, induced by a pathogen or an endotoxin, is implicat-
ed in the pathogenesis of AKI [3]. Lipopolysaccharide (LPS), a
common source for simulating clinical AKI, acts on the toll-like
receptor (TLR4)/NF-xB signaling pathway, leading to oxidative
stress and uncontrolled inflammatory response [4]. The ele-
vated levels of reactive oxygen species and proinflammato-
ry cytokines contribute to renal hypoperfusion and low blood
pressure, eventually resulting in a gradual decline in kidney
function [5]. Considering the crucial role of inflammatory me-
diators in sepsis-induced AKI, modulation of systemic inflam-
mation may be an effective strategy for preventing and treat-
ing sepsis-induced AKI.

Protein kinase R (PKR), originally found to play a role in in-
nate antiviral immune response, senses various stimuli, such
as viral double-stranded RNAs, bacterial infection, and inflam-
matory cytokines [6-8]. The activated PKR leads to phosphor-
ylation of eukaryotic translation initiation factor 2a (elF20r),
thereby suppressing translation initiation as an antiviral strat-
egy [9]. In addition, activated PKR provokes diverse down-
stream events, such as the activity of inflammasomes and
transcription factors in induction of apoptosis and inflamma-
tion [10,11]. Recently, evidence has been presented indicating
that PKR mediates acute lung injury, whereas pharmacologi-
cal inhibition of PKR may ameliorate organ damage through
anti-inflammatory mechanisms [12,13]. However, the precise
role and regulatory mechanism of PKR in the pathogenesis of
AKI remain to be elucidated.

Here, we investigated whether inhibition of PKR by the spe-
cific inhibitor C16 (C13H8N40S) reduces acute renal inflam-
mation and injury elicited by the LPS challenge. The possible
signaling pathways through which PKR may mediate AKI also
were explored.

Material and Methods

Reagents

The PKR inhibitor C16 and lipopolysaccharide (LPS) (Escherichia
coli 0111: B4) were provided by Sigma-Aldrich (St. Louis, MO,
USA). Primary antibodies against IKKa/B (phospho S176+5177);
IKKat; IKKB; nuclear factor kappa B (NF-kB) p65 (phospho
S536); NF-kB; IkBa (phospho S32); IkBa; PKR; apoptosis-as-
sociated speck-like protein (ASC); NOD-, LRR- and pyrin do-
main-containing protein 3 (NLRP3); caspase-1; and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were provided by
Abcam (Cambridge, MA, USA). The anti-phospho-PKR (Thr451)

Zhou J. et al.:
C16 alleviates sepsis-induced acute kidney injury
© Med Sci Monit, 2020; 26: €926254

antibody was obtained from ThermoFisher (Shanghai, China).
The anti-phospho-elF2a (Ser51) and anti-elF2a antibodies were
from Cell Signaling Technology (Danvers, Massachusetts, USA).

Animals and lipopolysaccharide challenge

Mice with a C57BL/6J genetic background were provided by
the Model Animal Research Center of Yangzhou University
(Yangzhou certificate no. SCXK2012-0004). Experimental pro-
tocols were approved by the Institutional Animal Care and Use
Committee of Nanchang University. All procedures were per-
formed according to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Male mice (age
~8 weeks, weight 18 to 22 g) were used in the control and the
experimental groups. One hour before the LPS challenge, C16
(0.5 and 1 mg/kg in 0.5% dimethy! sulfoxide [DMSO]) or ve-
hicle (0.5% DMSO in phosphate-buffered saline) was admin-
istered intraperitoneally to the animals. Then the mice were
subjected to intraperitoneal injection of LPS (15 mg/kg) or an
equal volume of 0.9% saline as a control.

Histologic analysis

The mice were euthanized 24 h after the LPS challenge for
histopathological examination. The formalin-fixed kidneys
were sliced and stained with hematoxylin and eosin (H&E).
Discontinuous regions of the renal cortex were observed and
photomicrographs were made using a light microscope. The
histological tissue damage was semiquantitatively evaluat-
ed and scored using the following scale: no damage, 0; <25%
damage, 1; 25% to 50% damage, 2; 50% to 75%, 3; and >75%
damage, 4 [14].

Measurement of creatinine and blood urea nitrogen

Serum was collected from each mouse 24 h after the LPS chal-
lenge. The concentrations of creatinine and blood urea nitro-
gen in the serum were measured using a Roche Cobas €311
Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN, USA).
The manufacturer’s instructions for the protocol were followed.

Real-time polymerase chain reaction

The mRNA levels of tumor necrosis factor (TNF) «, interleu-
kin (IL)-1B, IL-6, monocyte chemoattractant protein-1 (MCP-1),
inducible nitric oxide synthase (iNOS), and cyclooxygenase-2
(COX-2) were measured in renal tissues with real-time poly-
merase chain reaction (PCR) as previously described [15].
Samples totaling 50 mg were taken from the same area in
the renal cortex regions 6 h after the LPS challenge. The tis-
sues were quick-frozen in liquid nitrogen and RNA was iso-
lated with TRIzol™ Reagent (Life Technologies, Carlsbad, CA,
USA). The first-strand cDNAs were synthesized with a One Step
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Table 1. Primers used in real-time PCR reactions.

Gene Forward primer (5’—3’)

TNF-a GTGGAACTGGCAGAAGAGGCA
""""" 1B AGGCTCCGATGAACAA
""""" 6  GGAAATCGTGGAAATGAG
~ McP1 CTCTCTCTTCCTCCACCACCAT -
~ iNOS  CAGCTGGGCTGTACAAACCTT
""""" cox2  GATGACTGCCCAACTCCC
""""" GAPDH  ACATGGCCTCCAAGGAGTAAGAA

ANIMAL STUDY

Reverse primer (5°—3’)

AGAGGGAGGCCATTTGGGAAC

GGGATAGGGCCTCTCTTGCT

PrimeScript™ reverse transcription-PCR Kit (Takara, Liaoning,
China). The reaction mixture contained 2x SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA), prim-
er pairs, and cDNA. The reaction consisted of a 2-step ther-
mocycling protocol (40 cycles at 95°C for 15 s and 60°C for
1 min). The mRNA levels were calculated by using the 244
method. The primer sequences used in the experiment are
listed in Table 1.

Western blot

Protein samples were collected from kidneys 6 h after the LPS
challenge, and protein content was quantified using a BCA
Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
Western blotting was performed as previously described [16].
Briefly, equal amounts of protein were loaded into the wells
of the sodium dodecyl sulfate-polyacrylamide electrophoresis
gel and separated by electrophoresis for 2 h at 100 V. Then
the protein was transferred from the gel to the membrane.
Five percent (w/v) dried skim milk powder was used to block
nonspecific binding. Membranes were incubated with differ-
ent primary antibodies at 4°C overnight, followed by incuba-
tion for 1 h at room temperature with horseradish peroxidase-
conjugated secondary antibodies. The bands were detected
with a SuperSignal West Pico Chemiluminescent Substrate
Trial Kit (Pierce, Rockford, IL, USA) and analyzed with the
ChemiDoc XRS system using Quantity One software (Bio-Rad,
Richmond, CA, USA).

Enzyme-linked immunosorbent assay

The protein levels of IL-1B and IL-18 were detected in the re-
nal homogenate 6 h after the LPS challenge, using commer-
cial enzyme-linked immunosorbent assay kits (NeoBioscience,
Shenzhen, China). The optical density was detected at 450
nm and the protein concentration was obtained from the ab-
sorbance curves generated following standards for recombi-
nant proteins.

Statistical analysis

Data were obtained from at least 3 independent experiments
and were represented as mean+SD. Statistical differences
were compared using one-way analysis of variance (ANOVA)
followed by a Tukey’s test. An unpaired t test was performed
to compare data between 2 independent groups. A difference
of P<0.05 was considered statistically significant.

Results

C16 ameliorates sepsis-induced renal injury and improves
renal function in mice

To investigate the protective effects of C16, H&E staining was
used to detect histological changes in renal tissues. In the ve-
hicle-treated group, the renal tissues exhibited normal mor-
phology. Exposure to LPS resulted in obvious tubular swelling,
tubular dilatation and distortion, necrosis (with condensed or
missing nuclei), interstitial hemorrhage, and infiltration of in-
flammatory cells. However, pretreatment with C16 (0.5 and
1 mg/kg) significantly reduced histopathological alterations
in the LPS-challenged mice (Figure 1A). Quantitative analy-
sis further revealed that renal damage scores were signifi-
cantly improved in C16-treated mice compared with control
mice after the LPS challenge (Figure 1B). In addition, the mice
treated with C16 also exhibited significantly lower levels of
creatinine and blood urea nitrogen compared with the LPS-
treated mice (Figure 1C, 1D). These data suggest that C16 is
effective in attenuating AKI and improving renal function af-
ter LPS stimulation.

C16 inhibits renal inflammatory responses induced by LPS

To confirm whether C16 regulates renal inflammatory respons-
es, we performed real-time PCR to detect mRNA levels of pro-
inflammatory genes following LPS stimulation. As expected,
remarkable elevations in TNFa, IL-1, IL-6, MCP-1, iNOS, and
COX-2 were observed 6 h after LPS injection. In contrast, both
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Figure 1. C16 ameliorates sepsis-induced acute kidney injury in mice. (A) Representative hematoxylin and eosin-stained paraffin
sections of kidney. Damage is indicated by arrows. (a: Tubular dilation and distortion. b: Necrosis. c: Interstitial hemorrhage.
d: Infiltration of inflammatory cells.) Scale bar, 50 pm. (B) Histopathological score for the kidney. (C) Blood urea nitrogen in
serum. (D) Creatinine levels in serum. Data are shown as mean + standard deviation (n=8). ** P<0.01.

doses of C16 treatment suppressed renal expression of these
cytokines (Figure 2).

C16 prevents LPS-induced NF-«xB activation in AKI

Because NF-kB is one of the most important signal pathways
that mediate cellular inflammatory response, we used western
blotting to assess whether C16 has effects on NF-kB activation
in AKI. LPS induced phosphorylation of IKKa/f, p65, and IkBo
and caused IkBa degradation, indicating that the NF-xB sig-
nal pathway had been activated (Figure 3A). C16 significantly
decreased levels of phospho-IKKo/f (Figure 3A, 3B), phospho-
p65 (pp65) (Figure 3A, 3C) and phospho-IkBa, Figure 3A, 3D),
and suppressed degradation of IxBa (Figure 3A, 3E) after LPS
stimulation. These results suggest that C16 is a potent inhib-
itor of NF-xB activation in AKI.

C16 suppresses the PKR/elF2o. signaling pathway in the
kidney

The PKR/elF2a signaling pathway is essential in infection and
innate immunity. Phosphorylation of elF2a. by PKR induces
attenuation of translation and reduces inhibition of NF-xB,
which in turn promotes cytokine production [17]. We inves-
tigated whether the anti-inflammatory effects of the PKR in-
hibitor were associated with modulation of the PKR/elF2a sig-
naling pathway. LPS promoted phosphorylation of PKR T451
residue whereas this effect was suppressed by treatment with
C16 (Figure 4A, 4B). The PKR-activated phosphorylation of el-
F2a also was reversed in the presence of C16 (Figure 4A, 4C).
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Figure 2. C16 inhibits renal inflammatory responses after lipopolysaccharide (LPS) injection. Real-time polymerase chain reaction
was used to measure renal levels of proinflammatory cytokines and chemokines after LPS injection. (A) Tumor necrosis
factor a. (B) Interleukin (IL)-1p. (C) IL-6. (D) Monocyte chemoattractant protein-1. (E) inducible nitric oxide synthase.

(F) Cyclooxygenase-2. Data are presented as mean+standard deviation (n=6). * P<0.05, ** P<0.01.
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Figure 3. C16 prevents NF-kB activation in lipopolysaccharide-induced acute kidney injury. (A) Immunoblots of phospho-IKKa/B
(pIKKo/B), total IKKo (IKKar), total IKKB (IKKPB), phospho-NF-kB p65 (pp65), total NF-kB p65 (p65), phospho-lkBa (plkBa),
total IkBa (IxBar), and glyceraldehyde-3-phosphate dehydrogenase. The levels of (B) pIKKa/B, (C) pp65, (D) plkBa, and
(E) IxBo were quantitatively analyzed and are shown as mean+ standard deviation (n=6). * P<0.05, ** P<0.01.
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Figure 4. C16 suppresses the renal protein kinase R (PKR)/elF2a. signaling pathway. (A) Immunoblots of phospho-PKR (pPKR), total PKR
(PKR), phospho-elF2a. (pelF20y), total elF2c (elF2ar), and glyceraldehyde-3-phosphate dehydrogenase. The levels of (B) pPKR
and (C) pelF2a. were quantitatively analyzed and are shown as mean+standard deviation (n=8). **P<0.01.

C16 inhibits LPS-induced pyroptosis after LPS challenge

Pyroptosis is a recently described type of inflammatory pro-
grammed cell death. Pyroptosis is often triggered by infection
or various pathological stimuli, and eventually exacerbates in-
flammation [18,19]. Activation of the NACHT, LRR, and Pyrin do-
mains-containing protein 3 (NLRP3) inflammasome is involved

with AKI and the process of pyroptosis [20]. Emerging evidence
indicates that PKR mediates NLRP3 activation [21]. Therefore,
we investigated the effect of C16 on the NLRP3-related pyrop-
tosis pathway. Western blot showed that LPS induced expres-
sion of NLRP3, the ASC (apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain), and cleaved
caspase-1, which were all suppressed by treatment with C16
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Figure 5. C16 inhibits lipopolysaccharide (LPS)-induced pyroptosis after LPS challenge. (A) Immunoblots of apoptosis-associated
speck-like protein (ASC); NACHT, LRR, NLR Family Pyrin Domain-Containing 3 (NLRP3); caspase-1 (cleaved form); and
glyceraldehyde-3-phosphate dehydrogenase. We quantitatively analyzed levels of (B) ASC, (C) NLRP3, and (D) cleaved
caspase-1. (E) The production of interleukin (IL)-1p in the kidney was detected with enzyme-linked immunosorbent assay
(ELISA). (F) The production of IL-18 in the kidney was detected with ELISA. All values are shown as meanzstandard deviation

(n=8). ** P<0.01.
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(Figure 5A-5D). Treatment with C16 also decreased LPS-induced
IL-1B and IL-18 levels in the kidneys (Figure 5E, 5F).

Discussion

We demonstrated that the PKR inhibitor C16 significantly at-
tenuates sepsis-induced AKI, improves renal function, and
ameliorates renal inflammatory response in a mouse mod-
el of LPS injection. Mechanistically, C16 prevents NF-kB acti-
vation, inhibits the PKR/elF2a signal pathway, and regulates
NLRP3-related pyroptosis in the kidney, which suggests that
PKR may be a potential target in renal inflammation and injury.

PKR was previously implicated in the defense mechanism
against viruses, and recently has been found to be a major
regulator of transcriptional control, mRNA translation, cell pro-
liferation, and apoptosis [22]. PKR can be activated by various
endogenous and exogenous factors, including pathogens, en-
dotoxins, cytokines, irradiation, and multiple stresses [23,24].
Inhibition of PKR has been proven to have beneficial effects
in LPS-induced organ injury and systematic inflammation. PKR
inhibition has been shown to decrease inflammation and at-
tenuate lung injury in LPS-challenged mice [12,13]. The pres-
ent in vitro study showed that inhibition of PKR exerted a pro-
tective effect through regulation of inflammatory response in
macrophages and in retinal endothelial cells [8,25]. The im-
idazolo-oxindole derivative C16 is the first selective and po-
tent PKR inhibitor to be described. Its inhibitory effect on PKR
is ATP-binding site-directed [26]. The role of PKR in sepsis-in-
duced AKI remains largely unknown, according to previous
studies. For the first time, in the present study, we reported
on the effect of C16 on LPS-induced renal damage. Our re-
sults demonstrate that C16 effectively improved renal func-
tion and histology, suggesting that the inhibitor has potential
in therapy for AKI.

Our results suggested that the protective effect of C16 on
AKl is closely related to renal inflammation. Therefore, we ex-
plored the signal pathway-mediating inflammatory response.
PKR was shown to activate the proinflammatory NF-xB path-
way by directly interacting with the IKK complex in the pres-
ence of small amounts of double-strand RNA in cells, such as
at the onset of viral infection [27]. By using the PKR inhibitor
C16, we confirmed that inhibition of PKR also prevents NF-xB
activation in LPS-challenged renal tissue. Thus, we hypothe-
size that C16 prevents NF-kB activation and suppresses tran-
scription of NF-xB target genes, which in turn reduces inflam-
matory response during AKI.
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PKR is one of the kinases that regulates phosphorylation of
eukaryotic initiation factor 2 on its o subunit (elF2c), a ma-
jor regulator of the initiation phase of mRNA translation.
Phosphorylation of elF2a by PKR leads to the transient sup-
pression of general protein synthesis, resulting in a decrease
in or prevention of viral replication [22]. The inhibitory effects
of C16 on the PKR/elF2a signal pathway were confirmed in our
study. However, how elF2oe modulates LPS-induced AKI and in-
flammation, possibly through mediation of endoplasmic retic-
ulum stress [28], remains to be elucidated.

Pyroptosis is a recently identified form of programmed cell
death and NLRP3 is a key factor in this process [29]. NLRP3
activation is usually triggered by pathogen-associated mo-
lecular patterns (PAMPs) or endogenous infection in the host
cells, and promotes pro-caspase-1 recruitment [30]. Activated
caspase-1 (the cleaved form) proteolytically cleaves the cyto-
kine precursors pro-IL-1B and pro-IL-18, which are critical for
the release of the biologically active forms (IL-18 and IL-18),
and consequently triggers a proinflammatory response [31].
PKR was previously believed to regulate the activity of the
NLRP3 inflammasome [10]. PKR inhibition was shown to pre-
vent PKR activation and inhibit NLRP3-mediated pyroptosis
in LPS-challenged macrophages [12]. In the present study, we
investigated whether PKR inhibition influences the NLRP3 py-
roptosis pathway in AKI. In the in vitro study, C16 decreased
expression of ASC, NLRP3, and caspase-1 and reduced renal
IL-1B and IL-18 levels after LPS stimulation. The effect of C16
on other inflammasomes and pyroptosis-related signal path-
way and its mechanism of action are not entirely clear but war-
rant further investigation in our laboratory. Overall, our study
suggests the possibility that PKR inhibitors could have prom-
ising beneficial effects in AKI.

Conclusions

In summary, the PKR inhibitor C16 acts on the PKR/elF2a sig-
nal pathway to inhibit NF-xB activation and suppresses the
NLRP3 pyroptosis signal pathway, which are both associat-
ed with mediation of inflammatory responses. The result is
attenuation of LPS-induced renal inflammation and injury.
Pharmacological inhibition of PKR may be a novel therapeu-
tic strategy for sepsis-induced AKI.
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