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The proximal tubular α7 nicotinic
acetylcholine receptor attenuates ischemic
acute kidney injury through Akt/PKC
signaling-mediated HO-1 induction
Hwajin Kim1, So Ra Kim1, Jihyun Je1, Kyuho Jeong1, Sooji Kim1, Hye Jung Kim1, Ki Churl Chang1 and Sang Won Park 1

Abstract
Activation of the α7 nicotinic acetylcholine receptor (α7nAChR) has been shown to attenuate excessive inflammation
by inhibiting proinflammatory cytokines during ischemia–reperfusion (IR) injury; however, the underlying kidney-
specific molecular mechanisms remain unclear. The protective action of α7nAChR against renal IR injury was
investigated using a selective α7nAChR agonist and antagonist. α7nAChR activation reduced plasma creatinine levels
and tubular cell damage, whereas α7nAChR inhibition aggravated the IR-induced phenotype. α7nAChR activation
decreased neutrophil infiltration and proinflammatory cytokine expression, increased heme oxygenase-1 (HO-1)
expression, and reduced proximal tubular apoptosis after IR as shown by terminal deoxynucleotidyl transferase dUTP
nick-end labeling staining and caspase-3 cleavage. In this study, we first showed that α7nAChR activation in the
proximal tubules induced HO-1 expression through the phosphoinositide 3-kinase (PI3K)/Akt and protein kinase C
(PKC) signaling pathway in vivo in renal IR mice and in vitro in proximal tubular cells. Chemical inhibitors of PKC or
PI3K/Akt and small interfering RNA-mediated PKC silencing confirmed the signal specificity of α7nAChR-mediated
HO-1 induction in the proximal tubular cells. α7nAChR activation inhibited high-mobility group box 1 release by
inducing HO-1 expression and reduced proinflammatory cytokine gene expression and apoptotic cell death in tumor
necrosis factor α-stimulated proximal tubular cells. Taken together, we conclude that α7nAChR activation in proximal
tubular cells directly protects cells against renal IR injury by inducing HO-1 expression through PI3K/Akt and PKC
signaling.

Introduction
Acute kidney injury is associated with high rates of

morbidity and mortality in hospitalized patients1.
Ischemia–reperfusion (IR) injury is the most common
cause of acute kidney injury and is a significant risk factor
for chronic kidney disease in the elderly2. IR injury causes
tubular and microvascular damage; initiates acute

inflammatory responses; and results in apoptotic or
necrotic cell death, tissue damage, and renal dysfunction3.
Acetylcholine signals transduced through nicotinic

receptors (ligand-gated ion channels) that are promi-
nently expressed in macrophages inhibit proinflammatory
cytokine synthesis4. The α7 nicotinic acetylcholine
receptor (α7nAChR) is a critical regulator of cholinergic
anti-inflammatory responses in several disease models of
endotoxemic shock, sepsis, IR, colitis, and pancreatitis5, 6.
Nicotine, a selective cholinergic agonist that is more
efficient than acetylcholine, inhibits tumor necrosis factor
(TNF)-induced endothelial cell activation during
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endotoxin-induced inflammation by blocking nuclear
factor-κB (NF-κB) signaling7. In animal models of sepsis,
nicotine attenuates the secretion of high-mobility group
box 1 (HMGB1) from macrophages and improves survi-
val8. During IR injury, nicotine has an anti-inflammatory
effect;9 however, the underlying molecular mechanisms
remain unclear. Heme oxygenase-1 (HO-1) is a cytopro-
tective enzyme that catalyzes the degradation of heme to
biliverdin, carbon monoxide, and free iron10. The induc-
tion of HO-1 downregulates proinflammatory cytokines
and attenuates tissue damage during IR injury; however,
little is known about the molecular mechanisms under-
lying α7nAChR and HO-1 signaling in renal IR.
In this study, the α7nAChR agonist GTS-21

dihydrochloride (DMBX-A) and the antagonist methyl-
lycaconitine (MLA) were used to investigate the effect of
α7nAChR activation on renal IR. We showed that
α7nAChR activation in proximal tubular cells protected
the kidney against IR injury in vivo in mice and in vitro in
proximal tubular cells. Here, we describe a molecular
mechanism whereby α7nAChR in proximal tubular cells
protects the kidney from IR injury by increasing HO-1
expression levels via phosphoinositide 3-kinase (PI3K)/
Akt and protein kinase C (PKC) signaling.

Materials and methods
Animals
Male C57BL/6 mice (7 weeks old) were purchased from

Koatech (Pyeongtaek, South Korea) and maintained in the
animal facility at Gyeongsang National University (GNU).
All animal experiments were approved by the Institutional
Board of Animal Research at GNU and performed in
accordance with the National Institutes of Health guide-
lines for laboratory animal care. The mice were housed
with an alternating 12-h light/dark cycle and provided
with water and standard chow ad libitum.

Renal IR surgery
The mice were divided into four groups: (1) sham-

operated mice (Sham, n= 4); (2) subjected to IR injury
(Veh+ IR, n= 8); (3) IR mice pretreated for 1 h prior to
IR injury with DMBX-A (Abcam, Cambridge, UK; 4 mg/
kg, i.p.) (DMBX+ IR, n= 8); and (4) IR mice pretreated
with DMBX-A (4mg/kg) and MLA (Abcam; 3 mg/kg, i.p.)
(MLA+DMBX+ IR, n= 8). The mice were intra-
muscularly anesthetized with zoletil (0.5 mg/kg; Virbac
Laboratories, Carros, France) and placed supine on a
heating pad under a heat lamp to maintain the body
temperature at 37 °C. The kidneys were exposed via flank
incisions. The right renal pedicle was ligated, and the left
renal pedicle was clamped with a microaneurysm clip for
25min. After removal of the clip, the wounds were
sutured, and the sham mice were subjected to right
nephrectomy only without clamping. The mice were

sacrificed 4 or 24 h after reperfusion. To assess renal
function, plasma creatinine (pCr) was measured by an
enzymatic method using Pure Auto S CRE-N (Daiichi
Sankyo, Tokyo, Japan). The kidneys were excised and
either snap-frozen in liquid nitrogen for western blotting
and quantitative PCR analyses or perfusion-fixed in 4%
formalin for histologic studies.

Cell culture and treatment
HK-2 human proximal tubular epithelial cells were

maintained in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium (Thermo Fisher Scientific, Waltham, MA,
USA)/Kaighn’s modification of Ham’s F-12 medium
(F-12K; Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin
(HyClone Laboratories, Logan, UT, USA). PKCα-specific,
PKBβ1-specific, and HO-1-specific small interfering RNA
(siRNA) and control scrambled siRNA were purchased
from Bioneer (Daejeon, South Korea). The cells were
transfected using Lipofectamine (Invitrogen, Carlsbad,
CA, USA) and incubated with siRNA for 24 h. The
siRNA-treated cells exhibited no cytotoxicity. Cells were
then treated with DMBX-A (DMBX, Abcam, Cambridge,
UK), MLA (Abcam), LY294002 (Sigma, St. Louis, MO,
USA), wortmannin (Sigma), and Gö6983 (Sigma) as
indicated in the figure legends. Cells were treated with
recombinant TNF-α (R&D Systems, Minneapolis, MN,
USA) to stimulate the IR-induced cellular response.

Cell viability
Cell viability was determined by 3-(4,5-dimethyldiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
After drug treatment, 200 μl of MTT solution was added
to each well (final 0.1 mg/ml), and the cells were
incubated for 4 h at 37 °C. The supernatant was aspirated,
and formazan crystals were dissolved in 200 μl of dimethyl
sulfoxide. Absorbance at 570 nm was measured using an
Infinite 200 microplate reader (Tecan Austria GmbH,
Grödig, Austria).

Tissue preparation and H&E staining
Mice were anesthetized and perfused with heparinized

saline through the abdominal aorta; the kidneys were
removed and fixed in 10% formalin for 24 h. The kidneys
were processed for paraffin embedding, and 5-µm sections
were prepared. The sections were stained with hematox-
ylin and eosin (H&E) (Sigma), and images were captured
using a CKX41 light microscope (Olympus, Tokyo, Japan).
The extent of kidney injury was scored using the
Jablonkski grading scale as previously described11.

TUNEL assay
Terminal deoxynucleotidyl transferase dUTP nick-end

labeling (TUNEL) analysis was performed to measure
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Fig. 1 (See legend on next page.)
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the degree of apoptosis by using an in situ cell death
detection kit (Roche Molecular Biochemicals, Mannheim,
Germany) according to the manufacturer’s protocol.
Images were captured using a CKX41 light microscope
(Olympus) and quantified by using ImageJ (National
Institutes of Health, Bethesda, MD, USA, http://imageJ.
nih.gov/ij). The number of TUNEL-positive (apoptotic)
cells were counted from THREE images of ×200 micro-
scopic fields per kidney section from each group.

Immunohistochemistry
Sections were blocked with 10% normal horse serum

and incubated with primary antibodies (anti-Ly-6B.2
from Bio-Rad and anti-HMGB1 from Abcam) overnight
at 4 °C. The sections were washed and incubated with
biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA, USA) for 1 h at room temperature.
The sections were washed again and incubated in
an avidin–biotin–peroxidase complex solution (ABC
solution; Vector Laboratories) and then developed using a
3,3ʹ-diaminobenzidine peroxidase substrate kit (Vector
Laboratories). The sections were counterstained with
hematoxylin solution, and images were captured using a
CKX41 light microscope (Olympus) and quantified by
using ImageJ (NIH). The number of neutrophils was
counted from three images of ×200 microscopic fields per
kidney section from each group.

Immunofluorescence staining
Sections were blocked with 2.5% normal horse serum

and incubated with primary antibodies (anti-α7nAChR
and anti-AQP1 from Santa Cruz Biotechnology;
anti-calbindin from Abcam) overnight at 4 °C. After
washing, the sections were incubated with Alexa
Fluor488-conjugated and/or Alexa Fluor594-conjugated
secondary antibodies (Vector Laboratories). Fluorescence
was visualized using a Fluoview 1000 (IX-81) confocal
microscope (Olympus), and the images were quantified by
using ImageJ (NIH).

Western blot analysis
Kidney tissues or HK-2 cells were homogenized in

ice-cold radioimmunoprecipitation assay buffer with
protease inhibitors (Thermo Fisher Scientific), sonicated,

and incubated for 20min on ice. After centrifugation, the
supernatants were transferred to clean tubes, and the
protein concentrations were determined using a Bio-Rad
protein assay kit (Bio-Rad, Hercules, CA, USA). Nuclear
and cytoplasmic protein fractions were isolated using an
NE-PER Nuclear and Cytoplasmic Extraction Reagent kit
(Thermo Fisher Scientific) according to the manu-
facturer’s instructions. The protein samples were sepa-
rated and transferred onto polyvinylidene fluoride
membranes; the membranes were then incubated with
primary antibodies against p-PKC (pan, αβII), p-Akt, Akt,
caspase-3, and HO-1 (Cell Signaling Technology,
Danvers, MA, USA); PKC, α7nAChR, and poly (ADP-
ribose) polymerase 1 (PARP-1) (Santa Cruz Biotechnol-
ogy); and p84 and HMGB1 (Abcam). Next, the mem-
branes were incubated with horseradish peroxidase-
conjugated secondary antibodies (Bio-Rad) and finally
with ECL substrates (Bio-Rad). The ChemiDoc XRS+
System (Bio-Rad) was used to analyze the protein band
densities.

Reverse transcription and quantitative PCR
Total RNA was extracted using Trizol (Thermo Fisher

Scientific) and converted into cDNA with the RevertAid
Reverse Transcription System (Thermo Fisher Scientific)
according to the manufacturer’s protocol. Quantitative
PCR was performed on a CFX Connect Real-Time PCR
System using iQ SYBR Green Supermix (Bio-Rad).
Relative mRNA levels were normalized to that of
glyceraldehyde 3-phosphate dehydrogenase. The primers
used were as follows (mouse, m; human, h): α7nAChR(m)
5′-CATACCCAGATGTCACCTACAC-3′ (forward);
α7nAChR(m) 5′-GCAGCAAGACCAGCAAAG-3′
(reverse); HO-1(m) 5′-CTCCCTGTGTTTCCTTTCTCT
C-3′ (forward); HO-1(m) 5′-GCTGCTGGTTT-
CAAAGTTCAG-3′ (reverse); interleukin-6 (IL-6)(m)
5′-CCAATTCATCTTGAAATCAC-3′ (forward); IL-6(m)
5′-GGAATGTCCACAAACTGATA-3′ (reverse); macro-
phage inflammatory protein-2 (MIP-2)(m) 5′-AGAG
GGTGA-GTTGGGAACTA-3′ (forward); MIP-2(m) 5′-
GCCATCCGACTGCATCTATT-3′ (reverse); TNFα(m)
5′-CATATACCTGGGAGGAGTCT-3′ (forward); TNFα
(m) 5′-GAGCAATGA CTCCAAAGTAG-3′ (reverse);
α7nAChR(h) 5′-GACGCCACATTCCACACTAA-3′

(see figure on previous page)
Fig. 1 α7nAChR activation attenuates renal injury after ischemia–reperfusion (IR). Blood samples and kidney tissues from sham mice, IR mice,
and IR mice pretreated with DMBX or DMBX+MLA were collected at 24 h after reperfusion. a Plasma levels of the renal injury marker creatinine were
measured. b Kidney tissues were processed for histologic staining with hematoxylin and eosin, and representative images are shown. Arrows indicate
damaged tubules. The extent of kidney injury was scored using the Jablonkski grading scale as described. c Renal tubular cell death was analyzed by
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL), and the number of apoptotic cells per ×200 field image was counted. d
Protein expression levels of uncleaved and cleaved caspase-3 were determined by western blot in kidney lysates, and the quantitative analysis is
shown. The data are presented as the mean ± SEM. *P < 0.05 vs. Sham, #P < 0.05 vs. Veh+ IR, and $P < 0.05 vs. DMBX+ IR. Scale bar, 100 μm
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Fig. 2 α7nAChR activation attenuates renal inflammation and HMGB1 release after IR. Kidney tissues from sham mice, IR mice, and IR mice
pretreated with DMBX or DMBX+MLA were collected at 4 h for mRNA extraction or 24 h for immunostaining and western blot analyses after
reperfusion. a Neutrophil infiltration was assessed by polymorphonuclear leukocyte (anti-Ly-6B.2) staining, and the number of stained neutrophils per
×200 field image was counted. Arrows indicate Ly-6B.2-positive cells. b Relative mRNA expression levels of macrophage inflammatory protein-2 (MIP-
2), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) were determined by real-time PCR analysis. c Localization of the HMGB1 protein in renal
tubular cells was analyzed by immunohistochemical staining. Higher magnification images of the proximal tubular cells are shown to indicate the
predominantly nuclear HMGB1 expression in sham and DMBX+ IR mice and the increased cytosolic HMGB1 expression in Veh+ IR and MLA+DMBX
+ IR mice. d Nuclear and cytosolic fractionation of kidney lysates was performed to determine the nuclear-to-cytosolic translocation of the HMGB1
protein. The expression levels of HMGB1, the nuclear marker p84, and the cytosolic marker α-tubulin were determined in each fraction; the quantitative
analysis is shown. The data are presented as the mean ± SEM. *P < 0.05 vs. Sham, #P < 0.05 vs. Veh+ IR, and $P < 0.05 vs. DMBX+ IR. Scale bar, 100 μm
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(forward); α7nAChR(h) 5′-AAGGGAAACCAGCG-TA
CATC-3′ (reverse); HO-1(h) 5′-TCAGGCAGAGGG
TGATAGAA-3′ (forward); HO-1(h) 5′-GCTCCTGC-A
ACTCCTCAAA-3′ (reverse); MIP-2(h) 5′-GCATCGCCC
ATGGTTA-AGA-3′ (forward); MIP-2(h) 5′-TCAGGAA
CAGCCACCAATAAG-3′ (reverse); IL-6(h) 5′-CCAGG
AGAAG-ATTCCAAAGATGTA-3′ (forward); IL-6(h) 5′-
CGTCGAGGATGTACC-GAATTT-3′ (reverse); IL-10(h)
5′-TTTCCCTGACCTCCCTCTAA-3′ (forward); IL-10(h)
5′-CGAGACACTGG-AAGGTGAATTA-3′ (reverse);
MCP-1(h) 5′-GGCTGAGACTAACCC-AGAAAC-3′
(forward); MCP-1(h) 5′-GAATGAAGGTGGCTGCTAT
GA-3′ (reverse); TNFα(h) 5′-TGCTGCAGGACTTGAG
AAGA-3′ (forward); and TNFα(h) 5′-GGCTACATGG-G
AACAGCCTA-3′ (reverse).

Statistical analysis
Statistical differences among the groups were deter-

mined with one-way analysis of variance, followed by
Bonferroni post hoc analysis. The values are expressed as
the mean ± SEM. P values <0.05 were considered statis-
tically significant.

Results
α7nAChR activation decreases renal injury and tubular cell
death in IR mice
To determine the effect of α7nAChR activation on renal

IR injury, mice were treated with an α7nAChR agonist,
DMBX-A, before IR injury. We examined renal dysfunc-
tion by measuring plasma creatinine (Cr) levels (Fig. 1a).

Mice subjected to IR injury (IR mice) had significantly
increased Cr levels, which were inhibited by DMBX-A
pretreatment; this effect was blocked by co-treatment
with MLA, an α7nAChR antagonist. In addition to mea-
suring Cr levels, we examined renal histological changes
by H&E staining (Fig. 1b). IR mice showed significant
tubular necrosis and proteinaceous casts with increased
congestion. Consistent with the Cr levels, DMBX-A
treatment reduced renal necrosis and tubular injury, and
these effects were blocked by co-treatment with MLA.
To determine the effect of α7nAChR activation on IR-

induced tubular cell death, we performed TUNEL assays
(Fig. 1c). Compared to sham mice, IR mice showed a
dramatic increase in TUNEL-positive cells. DMBX-A
decreased this IR-induced cell death, and this effect was
blocked by MLA. We examined the kidney levels of
cleaved caspase-3 (Fig. 1d) and found that the increase in
IR mice was attenuated by DMBX-A; this effect was
blocked by MLA. Taken together, the plasma Cr levels,
histological staining for tubule damage, TUNEL staining,
and renal apoptotic protein levels all indicated that
α7nAChR activation reduced tubular damage and pre-
served tissue integrity after IR; thus, α7nAChR activation
may protect the kidneys from functional failure after IR.

α7nAChR activation attenuates renal inflammation and
HMGB1 release in IR mice
To determine the effect of α7nAChR activation on

inflammation, we first examined neutrophil infiltration 24
h after IR (Fig. 2a). DMBX-A reduced neutrophil

Fig. 2 Continued.
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infiltration, and this effect was blocked by co-treatment
with MLA. We then analyzed the renal expression levels
of TNF-α, MIP-2, and IL-6 mRNA 4 h after IR (Fig. 2b).
Consistent with the polymorphonuclear leukocyte stain-
ing results, IR mice exhibited increases in TNF-α, MIP-2,
and IL-6 mRNA levels. These levels decreased with
DMBX-A treatment, and this effect was blocked by MLA.
To determine the effect of α7nAChR activation on

IR-induced HMGB1 release, we examined HMGB1
expression by immunohistochemical staining (Fig. 2c).
HMGB1 was predominantly located in the nucleus in

sham-operated mice; however, nuclear HMGB1 was
dramatically reduced, and cytoplasmic HMGB1 was
increased in IR mice. These effects were attenuated by
DMBX-A, and the effects of DMBX-A were blocked by
MLA. In addition, we isolated nuclear and cytosolic pro-
teins to determine the nuclear-to-cytoplasmic transloca-
tion of the HMGB1 protein by western blotting (Fig. 2d).
Cytoplasmic HMGB1 levels were increased by IR and
attenuated by DMBX-A treatment; the effects of DMBX-
A were blocked by MLA. These results indicate that
α7nAChR activation reduced IR-induced

Fig. 3 α7nAChR activation increases the renal expression levels of HO-1, p-Akt, and p-PKC in IR mice. Kidney tissues from sham mice, IR mice,
and IR mice pretreated with DMBX or DMBX+MLA were collected at 4 h after reperfusion for mRNA extraction and western blot analysis. a Relative
HO-1 mRNA expression levels were determined by real-time PCR analysis. b The protein expression levels of HO-1, p-Akt, Akt, p-PKC, and PKC in
kidney lysates are shown, and the quantitative analysis is included. The data are presented as the mean ± SEM. *P < 0.05 vs. Sham, #P < 0.05 vs. Veh+
IR, and $P < 0.05 vs. DMBX+ IR
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proinflammatory responses and the release of nuclear
HMGB1 protein, a critical mediator of inflammation.

α7nAChR activation increases HO-1, p-Akt, and p-PKC
expression levels in IR mice
We investigated whether α7nAChR activation increases

HO-1 expression levels, which involves PKC and PI3K/
Akt signaling. The renal expression of HO-1 mRNA was
increased 4 h after IR and was further enhanced by
DMBX-A; the DMBX-A effect was blocked by MLA
(Fig. 3a). We then analyzed the renal protein levels of HO-

1, p-Akt, and p-PKC (pan) 4 h after IR, as well as the
effects of DMBX-A and MLA treatment (Fig. 3b). Com-
pared to sham mice, IR mice had a significant increase in
HO-1 levels after DMBX-A treatment, and this effect was
blocked by MLA. Similarly, p-Akt and p-PKC levels were
increased by DMBX-A treatment in IR mice, and these
effects were blocked by MLA.

Fig. 4 Proximal specific expression of α7nAChR in sham and IR mice. Kidney tissues from sham and IR mice were collected at 4 and 24 h after
reperfusion. a, b Representative images of immunofluorescence staining for α7nAChR, the proximal tubular marker AQP1, and the distal tubular
marker calbindin are shown, and the fluorescence intensity of α7nAChR was quantified. IgG control images are shown for the kidney sections from
sham, IR 4 h, and IR 24 h mice. c Relative α7nAChR mRNA expression levels were determined by real-time PCR analysis. The data are presented as the
mean ± SEM. *P < 0.05 vs. Sham. Scale bar, 100 μm
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α7nAChR activation increases HO-1 expression and
decreases inflammatory cytokine expression in proximal
tubular cells
To examine the cellular localization of α7nAChR, kid-

ney sections were stained with an α7nAChR antibody
along with an antibody against AQP1, a proximal tubule
marker, or an antibody against calbindin, a distal tubule
marker. In sham and IR mice, α7nAChR was expressed in
proximal tubular cells, but not in distal tubular cells
(Fig. 4a). α7nAChR protein expression levels were not
significantly different in sham and IR mice at 4 or 24 h
after reperfusion as shown by α7nAChR immuno-
fluorescence staining (Fig. 4b). However, we found a
2-fold increase in renal α7nAChR mRNA levels in IR mice
compared to sham mice at 24 h after reperfusion (Fig. 4c).
The upregulation of α7nAChR mRNA may be protective,
but the exact mechanism has not been determined.
To study the molecular mechanism of α7nAChR acti-

vation in proximal tubular cells, HK-2 cells were used.
First, we determined the concentrations of DMBX-A and
MLA with minimal toxicity by MTT assay (Fig. 5a). MLA
and DMBX-A showed no cellular toxicity at concentra-
tions up to 25 μM; however, DMBX-A caused a significant
decrease in cell viability at 50 μM. Thus, we treated cells
with MLA and DMBX-A at 25 μM in subsequent
experiments. To determine the effect of α7nAChR acti-
vation on HO-1 expression in HK-2 cells, we treated the
cells with DMBX-A (25 μM) for various times (1–24 h) or
with various concentrations of DMBX-A (1–25 μM) for
24 h (Fig. 5b, c). The results showed that DMBX-A sig-
nificantly increased HO-1 expression in a time-dependent
and dose-dependent manner and that MLA co-treatment
attenuated the DMBX-A-mediated induction of HO-1
(Fig. 5d).
To determine the effect of α7nAChR activation on

inflammatory cytokine expression in TNF-α-stimulated
cells, cells were pretreated with DMBX-A (1, 10, or 25
μM). The renal mRNA expression levels of proin-
flammatory cytokines (IL-6, MCP-1, and MIP-2) and an
anti-inflammatory cytokine (IL-10) were analyzed
(Fig. 5e). The results showed that DMBX-A treatment
reduced IL-6, MCP-1, and MIP-2 levels and increased IL-
10 levels in a dose-dependent manner. These data suggest
that α7nAChR activation increases anti-inflammatory
HO-1 expression and attenuates proinflammatory
responses in TNF-α-stimulated proximal tubular cells.
In addition, we performed experiments to determine the

effect of α7nAChR activation in hypoxic HK-2 cells
(Supplementary Fig. 1). The TNF-α mRNA levels were
increased in hypoxic cells compared to those in normoxic
cells. DMBX-A pretreatment reduced hypoxia-induced
TNF-α expression. The HO-1 mRNA levels were
increased in hypoxic cells compared to those in normoxic
cells; DMBX-A pretreatment further increased these

levels. However, α7nAChR mRNA levels were not
different among all groups. These data indicate that
α7nAChR activation protects proximal tubular cells from
hypoxic and/or TNF-α-stimulated stress through indu-
cing HO-1 expression and limiting the inflammatory
response.

α7nAChR activation increases HO-1 expression through
PKC activation and PI3K/Akt signaling in proximal tubular
cells
To determine whether the HO-1 expression induced by

α7nAChR activation is mediated by PI3K/Akt and PKC
signaling, we utilized chemical inhibitors of PI3K/Akt and
PKC and siRNA targeting PKC (siPKCα). We found that
the levels of p-Akt and p-PKC (pan or αβII) increased at
5–10min of DMBX-A treatment, decreased gradually,
and finally reached the level of untreated cells after 60 min
of DMBX-A treatment (Fig. 6a). When the cells were
treated with the PI3K/Akt inhibitor LY294002 and wort-
mannin before DMBX-A treatment, DMBX-A-induced
HO-1 upregulation was suppressed significantly (Fig. 6b).
In addition, a pan-PKC inhibitor, Gö6983, significantly
attenuated the DMBX-A-induced HO-1 upregulation
(Fig. 6c). These results indicate that HO-1 upregulation
induced by α7nAChR activation is mediated directly by
PI3K/Akt and PKC signaling in proximal tubular cells.
To determine which PKC isoforms regulate HO-1, we

transfected cells with siPKCα or siRNA targeting PKCβI
(siPKCβI) and analyzed the HO-1 levels. Transfection
with siPKCα led to a significant reduction in HO-1 levels;
however, transfection with siPKCβI showed no change.
These results suggest that DMBX-A-induced HO-1
expression was mediated by PKCα but not PKCβI
(Fig. 6d) and that PKCα plays a prominent role in
α7nAChR-mediated HO-1 induction.
To determine whether the PI3K/Akt and PKC pathway

regulate each other’s activity, the PI3K/Akt inhibitors
LY294002 and wortmannin were used for pretreatment,
and siPKC (α or βI) was transfected before DMBX-A
treatment; then, p-PKC (pan or αβII) and p-Akt levels
were analyzed (Fig. 6e, f). Interestingly, the PI3K/Akt
inhibitors decreased the levels of p-PKC as well as p-Akt;
however, siPKC decreased the levels of only p-PKC, but
not p-Akt. These data suggest that α7nAChR activation
increased PI3K/Akt activity upstream and that PKC sig-
naling is downstream.

α7nAChR activation decreases TNF-α-stimulated HMGB1
release through inducing HO-1 in proximal tubular cells
Cytokines, such as TNF-α and IL-6, play a major role in

renal dysfunction in IR injury12.Therefore, HK-2 cells
were treated with TNF-α (20 ng/ml) to stimulate an
IR-induced proximal tubular cellular response. To deter-
mine the effect of α7nAChR activation on HMGB1 release
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Fig. 5 α7nAChR activation increases HO-1 expression and decreases inflammatory cytokine levels in HK-2 human proximal tubule
epithelial cells. a Cellular toxicity of MLA and DMBX-A; cells were treated with MLA or DMBX-A at concentrations of 0, 1, 5, 10, 25, or 50 μM for 24 h, and cell
viability was determined by MTT assay. *P< 0.05 vs. untreated cells. b, c Cells were treated with DMBX-A (25 μM) for various times (1–24 h) or treated with
DMBX-A (1, 10, or 25 μM) for 24 h. Then, the protein expression levels of HO-1 and α7nAChR were analyzed by western blot, and the quantification is shown. d
Cells were pretreated with MLA (25 μM) and DMBX-A (1, 10, or 25 μM) for 24 h. Then, HO-1 protein expression levels were analyzed by western blot. *P< 0.05
vs. untreated cells, #P< 0.05 vs. DMBX-A-treated cells. e Cells were pretreated with DMBX-A (1, 10, or 25 μM) for 1 h and stimulated with TNF-α (10 ng/ml) for 2
h. Then, the relative mRNA expression levels of the proinflammatory cytokines IL-6, monocyte chemoattractant protein-1 (MCP-1), and MIP-2 and the anti-
inflammatory cytokine interleukin-10 (IL-10) were determined by real-time PCR analysis. *P< 0.05 vs. untreated control cells, #P< 0.05 vs. TNF-α-stimulated cells
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in TNF-α-stimulated cells, cells were pretreated with
DMBX-A and MLA, and HMGB1 release into the med-
ium was analyzed. The results showed that DMBX-A
significantly decreased HMGB1 release in TNF-α-
stimulated cells, and this effect was blocked by MLA
(Fig. 7a, b). We then investigated whether the α7nAChR-
mediated reduction in HMGB1 release was blocked by
HO-1 silencing. We first confirmed a significant decrease
in HO-1 levels after transfection with siRNA targeting
HO-1 (siHO-1) (Fig. 7c). The DMBX-A-induced reduc-
tion in HMGB1 release was blocked by siHO-1, but not by
scrambled siRNA (Fig. 7d). These data suggest that HO-1
expression is critical for the α7nAChR-mediated reduc-
tion in HMGB1 release in TNF-α-stimulated renal prox-
imal tubular cells.

α7nAChR activation decreases the TNF-α-stimulated
activation of caspase-3 and PARP-1 through PI3K/Akt
signaling in proximal tubular cells
To determine the effect of α7nAChR activation on

apoptosis in TNF-α-stimulated cells, we pretreated cells
with DMBX-A and assessed caspase-3 and PARP-1 acti-
vation by western blotting. Apoptotic cell death was
induced by treatment with TNF-α (10 ng/ml) and cyclo-
heximide (CHX, 5 μM) for 2, 4, 6, or 8 h (Fig. 8a).
Caspase-3 and PARP-1 cleavage occurred at 4 h and was
dramatically increased at 8 h; the levels of cleavage were

reduced by DMBX-A treatment. To determine whether
the reduction in apoptosis by α7nAChR activation was
mediated by PI3K/Akt signaling, we treated cells with
LY294002 and wortmannin before DMBX-A treatment
and analyzed the levels of cleaved caspase-3 and PARP-1
in cells stimulated with TNF-α and CHX for 8 h (Fig. 8b).
LY294002 and wortmannin blocked the DMBX-A-
mediated reduction in caspase-3 and PARP-1 cleavage.
These findings suggest that α7nAChR activation attenu-
ates apoptotic cell death through PI3K/Akt signaling in
TNF-α-stimulated proximal tubular cells.

Discussion
In this study, we demonstrated for the first time that

proximal tubular α7nAChR activation protected against
ischemic acute kidney injury by attenuating renal
inflammation and tubular cell death through PI3K/Akt
and PKC signaling-mediated HO-1 induction. IR mice
pretreated with DMBX-A exhibited significant decreases
in pCr levels, tubular cell death, and proinflammatory
cytokine levels and experienced HO-1 induction. Fur-
thermore, we revealed that α7nAChR activation induced
HO-1 through PI3K/Akt and PKC signaling in HK-2 cells.
HO-1 upregulation inhibited HMGB1 release and pro-
vided protection against the inflammatory response and
tubular cell death induced by IR injury. Importantly, the
current study supports the idea that α7nAChR activation

Fig. 5 Continued.
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Fig. 6 α7nAChR activation increases HO-1 expression through the PKC and PI3K/Akt signaling pathway in HK-2 cells. a Cells were treated
with DMBX-A (25 μM) and collected at various times (5, 10, 30, 60, 120, and 480min) to prepare cell lysates. Then, the protein expression levels of p-
Akt, Akt, p-PKC (pan, αβII), and PKC were determined by western blot, and the quantitative analysis is shown. b, c Cells were pretreated for 1 h with
LY294002 (25 μM), wortmannin (100 nM), or Gö6983 (1, 5, or 10 μM) and then treated with DMBX-A (25 μM) for 24 h; next, HO-1 protein expression
levels were analyzed. d Cells were transfected with scrambled siRNA or siRNA specific for PKCα or PKCβII for 24 h and then treated with DMBX-A for
24 h; next, HO-1 protein expression levels were analyzed. e Cells were pretreated with LY294002 (25 μM) or wortmannin (100 nM) for 1 h and then
treated with DMBX-A (25 μM) for 5 min; next, the protein expression levels of p-PKC, p-Akt, and Akt were analyzed. f Cells were transfected with
siPKCα, siPKCβII, or scrambled siRNA and then treated with DMBX-A (25 μM) for 5 min; next, the protein expression levels of p-PKC, p-Akt, and Akt
were analyzed. The data are presented as the mean ± SEM. *P < 0.05 vs. untreated cells, #P < 0.05 vs. DMBX-A-treated or DMBX-A and siRNA-treated
cells
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Fig. 6 Continued.
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in proximal tubular cells is critical for renal protection
from IR injury.
Renal tubular epithelial cell injury is a key feature of the

initial phase of renal IR, and vascular injury and inflam-
mation contribute to tissue injury and the decline in renal
function in the extension phase. The subsequent recovery
phase is marked by a return to normal renal structure and
function3. In particular, the proximal tubule contains
highly metabolically active nephron segments due to the
enormous level of ATP produced by mitochondrial oxi-
dative respiration to support the massive level of active
transport. Thus, proximal tubular cells are sensitive to
oxidative stress and are severely damaged during various
toxin-induced nephropathies13. Proximal tubular cells
activate the initial inflammatory signaling by producing
cytokines (e.g., IL-18 and IL-16) and an autocrine or
paracrine loop of HMGB1 release14, 15.

The inflammatory response is an essential body defense
mechanism against various external stimuli or cellular
stress; however, excessive or inappropriate inflammation
results in adverse effects and is often associated with
arthritis, ischemia, or metabolic disease. The α7nAChR
cholinergic anti-inflammatory pathway is critical for
attenuating excessive inflammatory responses through
vagus nerve stimulation (VNS). Activation of the afferent
vagus nerve terminals transmits action potentials to the
efferent vagus nerve fibers and eventually leads to mac-
rophage α7nAChR activation by acetylcholine and the
suppression of proinflammatory cytokine production16.
The protective effects of α7nAChR activation have been
reported in various animal models, and nicotinic
α7nAChR agonists have been suggested to pharmacolo-
gically target inflammatory diseases17. Nicotinic
α7nAChR activation was shown to attenuate septic renal

Fig. 7 α7nAChR activation decreases TNF-α-stimulated HMGB1 release through HO-1 upregulation in HK-2 cells. a, b Cells were pretreated
with DMBX-A (1, 10, or 25 μM) or co-treated with MLA (25 μM) for 1 h and stimulated with TNF-α (20 ng/ml) for 24 h. The medium was collected for
western blotting with an HMGB1 antibody or Ponceau S staining. The relative protein expression levels of secreted HMGB1 were determined by using
the total protein levels stained with Ponceau S and quantification. c Cells were transfected with scrambled siRNA or siHO-1 for 24 h and then treated
with DMBX for 24 h; next, the knockdown efficiency of HO-1 was analyzed according to the protein levels. d Cells were transfected with scrambled
siRNA or siHO-1 for 24 h, treated with DMBX-A for 1 h, and then stimulated with TNF-α (20 ng/ml) for 24 h. The medium was collected for western
blotting with an HMGB1 antibody or Ponceau S staining, and the relative expression levels of secreted HMGB1 were analyzed by western blot and
quantified. The data are presented as the mean ± SEM. *P < 0.05 vs. untreated cells, #P < 0.05 vs. TNF-α or DMBX-A-treated and siRNA-treated cells
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Fig. 8 α7nAChR activation decreases the TNF-α-stimulated expression of cleaved caspase-3 and cleaved PARP-1 through the PI3K/Akt
signaling pathway. a Cells were pretreated with DMBX-A (25 μM) for 1 h, and then apoptotic cell death was induced by TNFα (10 ng/ml) and
cycloheximide (CHX, 5 μM) for 2, 4, 6, or 8 h. Caspase-3 and PARP-1 cleavage was analyzed by western blotting and quantified. b Cells were
pretreated for 1 h with LY294002 (25 μM) or wortmannin (100 nM) before DMBX-A (25 μM) treatment; after 1 h, apoptotic cell death was induced by
treatment with TNF-α and CHX for 8 h. Then, caspase-3 and PARP-1 cleavage was analyzed by western blotting and quantified. The data are
presented as the mean ± SEM. *P < 0.05 vs. untreated cells, #P < 0.05 vs. TNF-α+ CHX-treated cells
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inflammation in mice by suppressing NF-κB activation
and proteasome activity18. Nicotine improved the survival
rate of septic animals by attenuating the inflammatory
response in macrophages19. Nicotine also attenuated renal
dysfunction (e.g., reduced serum Cr levels) and tubular
damage and downregulated inflammatory mediators (e.g.,
serum HMGB1 and TNF-α) in renal IR injury9. A recent
study showed that VNS was not protective against renal
IR after splenectomy, but the adoptive transfer of VNS-
conditioned splenocytes conferred protection in recipient
IR mice20. Most studies have reported that α7nAChR in
macrophages mediates nicotinic cholinergic activation
during systemic inflammation and associated organ dys-
function. Here, for the first time, we showed a protective
effect of proximal tubular α7nAChR activation in renal IR
injury and revealed downstream HO-1 induction. The
nervous and immune systems interact and activate
α7nAChR in splenic macrophages, and our findings fur-
ther suggest that proximal tubular α7nAChR activation at
the injured sites during renal IR plays a critical role in
renal protection.
HO-1 catalyzes the degradation of heme to biliverdin,

carbon monoxide, and free iron and is upregulated under
oxidative stress21. HO-1 induction is cytoprotective
against apoptotic cell death through its anti-inflammatory
properties, particularly in myeloid cells and endothelial
cells22. Myeloid-cell-specific HO-1 knockout mice
exhibited a defect in interferon-β production during the
innate immune responses in experimentally induced
infections23. Endothelial protection by HO-1 was shown
to be mediated by downregulating the TNF-α-mediated
expression of adhesion molecules24. In addition, HO-1-
deficient mice showed a significant increase in circulating
HMGB1 levels in an animal model of lipopolysaccharide
(LPS)-induced sepsis25. HMGB1 is a chromatin-binding
protein and a necessary and sufficient late mediator of
severe inflammation; the inhibition of HMGB1 release is a
known therapeutic target in sepsis and lethal systemic
inflammation26, 27. α7nAChR agonists reduced HMGB1
production and rescued septic lethality28. Here, we pro-
posed that the proximal tubular-specific induction of HO-
1 by α7nAChR activation is critical for protecting against
IR-induced renal inflammation by reducing HMGB1
release.
A previous study showed that the intravenous injection

of macrophages expressing HO-1 into renal IR mice
improved renal function (as demonstrated by a reduction
in serum Cr levels) and reduced microvascular platelet
deposition; however, no effects on acute tubular cell death
or serum cytokine levels were seen compared to control
mice29. This indicates that macrophage-derived HO-1
induction preserves renal function but is not sufficient to
attenuate IR-induced systemic inflammation or tubular

damage. We propose in this study that the proximal
tubular induction of HO-1 by α7nAChR activation is
critical for protecting against renal inflammation and
tubular cellular damage.
The mechanisms by which α7nAChR activation reg-

ulates inflammation and cellular damage are under
intensive investigation, and potential molecular mechan-
isms have been proposed30. Nicotine administration in
animal models of sepsis reduced HMGB1 levels and
improved survival by inhibiting NF-κB activation;8 nico-
tine also suppressed NF-κB transcriptional activity in
LPS-stimulated human peripheral monocytes31. Nicotinic
stimulation of α7nAChR attenuated macrophage activa-
tion via the tyrosine kinase Janus kinase 1 (JAK2)-induced
signal transducer and activator of transcription 3 signaling
pathway32. In neuronal cells, α7nAChR activation induces
JAK2-mediated signaling and protects neuronal loss from
β-amyloid-induced cytotoxicity33, 34. Recently, the nico-
tinic stimulation of α7nAChR in macrophages improved
the survival of septic mice through HO-1 induction19. In
LPS-activated macrophages, α7nAChR mediated the
induction of HO-1 via protein kinase A activation and
stimulated PI3K and p38 MAPK activity; the resultant
nuclear factor (erythroid-derived 2)-like 2 translocation
activated HO-1 expression35, 36. Our study showed that
α7nAChR mediated HO-1 induction through PI3K/Akt
and PKC signaling in renal proximal tubular cells and that
the PI3K/Akt activity was upstream of the PKC activity.
However, it is not known which signaling mediators of
α7nAChR (e.g., cAMP or Ca2+) activate PI3K/Akt sig-
naling in renal IR. Additionally, the downstream PKC
molecules that activate HO-1 transcription remain to be
identified.
In this study, we showed that proximal tubular

α7nAChR activation protected the kidney from IR-
induced inflammation and tubular cell death via the
HO-1-mediated inhibition of HMGB1 release. In parti-
cular, we described a molecular mechanism whereby
PI3K/Akt and PKC signaling are involved in α7nAChR-
mediated HO-1 induction. We propose that the proximal
tubular activation of α7nAChR and its regulatory
mechanism would be a promising therapeutic target for
treating ischemic acute kidney injury.
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