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Abstract

Aims: Perioperative acute kidney injury (AKI) resulting from renal ischemia reperfusion (IR) is not conducive
to the postoperative surgical recovery. Our previous study demonstrated that reactive oxygen species (ROS)
transmitted by gap junction (GJ) composed of connexin32 (Cx32) contributed to AKI. However, the precise
underlying pathophysiologic mechanisms were largely unknown. This study focuses on the underlying
mechanisms related to ROS transmitted by Cx32 responsible for AKI aggravation.
Results: In a set of in vivo studies, renal IR was found to cause severe impairment in renal tissues with massive
ROS generation, which occurred contemporaneously with activation of NF-jB/p53/p53 upregulated modulator
of apoptosis (PUMA)-mediated mitochondrial apoptosis pathways. Cx32 deficiency alleviated renal IR-induced
AKI, and simultaneously attenuated ROS generation and distribution in renal tissues, which further inhibited
NF-jB/p53/PUMA-mediated mitochondrial apoptotic pathways. Correspondingly, in a set of in vitro studies,
hypoxia reoxygenation (HR)-induced cellular injury, and cell apoptosis in both human kidney tubular epithelial
cells (HK-2s) and rat kidney tubular epithelial cells (NRK52Es) were significantly attenuated by Cx32 inhib-
itors or Cx32 gene knockdown. More importantly, Cx32 inhibition not only decreased ROS generation and
distribution in human or rat kidney tubular epithelial cells but also inhibited its downstream NF-jB/p53/PUMA-
mediated mitochondrial apoptotic pathway activation.
Innovation and Conclusion: This is the first identification of the underlying mechanisms of IR-induced renal
injury integrally which demonstrates the critical role played by Cx32 in IR-induced AKI. Moreover, GJ
composed of Cx32 manipulates ROS generation and distribution between neighboring cells, and alters acti-
vation of NF-jB/p53/PUMA-mediated mitochondrial apoptotic pathways. Both inhibiting Cx32 function and
scavenging ROS effectively reduce mitochondrial apoptosis and subsequently attenuate AKI, providing ef-
fective strategies for kidney protection. Antioxid. Redox Signal. 30, 1521–1538.
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Introduction

Acute kidney injury (AKI) commonly occurs in dif-
ferent kinds of renal surgeries (3, 5, 51), which not only

prolongs the length of hospital stay but also severely affects

patient survival (27, 29). Reasons for this complication are
complex and involve several factors, among which renal
hypoperfusion caused by hypotension is considered to be one
of the most important independent risk factors (8, 12, 32).
Even with major advances in medical care and basic research
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during the past decades, clinical outcomes of ischemia re-
perfusion (IR)-induced AKI not only continue to remain poor
but also the mechanisms contributing to this complication are
still unclear (32, 37). Therefore, there is urgent need to ex-
plore the specific mechanisms of AKI and develop effective
strategies for renal protection.

Our group first reported that connexin32 (Cx32) might be
an important cause of AKI, which could be attenuated by
Cx32 inhibition but exacerbated by Cx32 enhancement (22).
However, underlying mechanisms were not extensively ex-
plored. Thus, this study mainly focuses on the underlying
reasons for AKI aggravation caused by Cx32. Connexin is a
large family of transmembrane proteins contained in nearly
all human organs and tissues.

Until now, about 21 isoforms have been purified and sepa-
rated. Six connexins compose a hemichannel, two of which are
found in neighboring cells docked together forming an integral
intercellular channel, called gap junction (GJ), which regulates
the direct cell-to-cell signaling transfer of several metabolites
such as calcium, trisphosphate, reactive oxygen species (ROS),
cyclic adenosine monophosphate, cyclic guanosine mono-
phosphate, and glutathione (15, 35, 54). This type of signaling
transfer has stimulated the attention of many researchers, be-
cause it is not only essential for many physiological events but
also related to the development of various diseases.

ROS is but one of the few signals that can be transmitted
through GJ, especially because of its Cx32 content, which
regulates ROS generation and distribution in kidneys (22).
This view has been verified by our previous studies that
showed that posthypoxic ROS production could not only be
reduced by propofol, whose protective effects were re-

inforced by Cx32 inhibition, but also strengthened by Cx32
enhancement (22). However, the mechanism regulating ROS
production by Cx32 in kidneys after IR and its importance in
causing AKI remain unclear.

ROS is the product of oxygen reduction in the process of
aerobic respiration, which is consistently involved in physio-
logically mediated cell signal transduction and host defense
processes. However, excessive ROS generation will cause ox-
idative stress, redox signaling pathway disruption, and even cell
apoptosis (36, 40, 48). We have observed that ROS mediates
apoptosis via a mitochondria-associated mechanism in renal
proximal tubule cells (17, 19, 45). Others have reported that
ROS-dependent NF-jB and p53 unregulated modulator of
apoptosis (PUMA) pathway activation participates in cell ap-
optosis (9, 28). Based on these findings, we postulate that GJ
composed of Cx32 regulates ROS generation and distribution
between renal cells, which then activates NF-jB/p53/PUMA-
mediated mitochondrial apoptotic pathways, resulting in renal
cell damage, contributing to IR-induced AKI aggravation.

This study not only further elucidates the role of Cx32 in IR-
induced AKI but also explores its possible pathogenetic mech-
anism, thus providing a new mechanistic insight which could
provide a basis for developing effective therapies to combat IR-
induced AKI. We believe that this new finding could not only
provide beneficial preventive measures for renal surgeries with
IR injury but also beneficial for operations of other organ injury
resulting from renal hypoperfusion caused by hypotension,
such as liver transplantation, liver resection, cardiac surgeries,
or operations requiring disruption of inferior vena caval patency.

Results

The changes of IR-induced renal injury and cell
apoptosis were consistent with Cx32 expression
alternation

Mice with similar weight (Supplementary Table S1) that
underwent renal IR all survived at designated reperfusion time
in our study and exhibited significant renal pathological
damage as reperfusion time was extended, which reached peak
activity at 24 h after reperfusion. Tubular necrosis, cell swelling
and cytoplasm rarefaction, and inflammatory cells were ob-
served at this critical time point, following which it recovered at
48 h after reperfusion (Fig. 1A, B). Changes of blood urea ni-
trogen (BUN) and creatinine (Cr) mirrored the patterns of
pathological injury of kidney, reaching peak values at 24 h after
reperfusion and recovering at 48 h (Fig. 1C, D).

FIG. 1. Increased renal damage and apoptosis were accompanied by enhanced renal expression of Cx32 protein in
renal-IR-induced AKI. Male C57BL/6 mice that underwent renal IR were sacrificed at the time point of 6, 12, 24, and 48 h
after reperfusion. Renal necrosis, renal tubular epithelial cells apoptosis, and Cx32 expression alternation were detected with
different methods in kidneys. (A) Renal damage of mice at different reperfusion time points after renal IR (H&E; scale
bar 50 lm). Blue arrow: tubular necrosis; red arrow: inflammatory cells; black arrow: cell swelling and cytoplasm rarefaction.
(B–D) Kidney histopathology evaluation scores, levels of Cr and BUN at different reperfusion time points after renal IR. (E)
Renal tubular epithelial cells apoptosis at different reperfusion time points after renal IR with TUNEL staining (scale bar
50 lm). (F) Renal Cx32 mRNA of mice at different reperfusion time points after renal IR with quantitative real-time
polymerase chain reaction. (G, H) Renal Cx32 expression of mice at different reperfusion time points after renal IR with two
different methods: Western blot analysis and IHC staining (scale bar 50 lm). Data are presented as mean – SE (n = 8). *p < 0.05
versus sham group; #p < 0.05 versus 24 h after reperfusion group (F, G). AKI, acute kidney injury; BUN, blood urea nitrogen;
Cr, creatinine; Cx32, connexin32; H&E, hematoxylin–eosin staining; IHC, immunohistochemistry; IR, ischemia reperfusion;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling. Color images are available online.

‰

Innovation

This study shows that renal ischemia reperfusion (IR)
results in a great deal of reactive oxygen species (ROS)
production and NF-jB/p53/PUMA-mediated mitochon-
drial apoptosis, which could be regulated by connexin32
(Cx32) function. More importantly, Cx32 function inhi-
bition or gene deletion alleviates renal IR-induced dam-
ages effectively through regulating the content of ROS and
its downstream NF-jB/p53/PUMA-mediated mitochon-
drial apoptosis. This is the first description of a possible
mechanism of Cx32-mediated renal IR injury that may be
helpful in the development of novel therapeutic interven-
tions aimed at minimizing renal IR-induced kidney injury.
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These results suggested that renal injury induced by IR is a
dynamic process. In addition, we observed that renal tissue
apoptosis increased significantly when exposed to IR com-
pared with sham group, and the number of apoptotic cells was
the highest at 24 h after reperfusion (Fig. 1E), consistent with
IR-induced renal injury, which prompted us to consider that
apoptosis might be an important cause of IR-induced renal
injury.

Twenty-one kinds of connexin (Cx) have been found in
mammals, and at least 10 of them clearly expressed in renal
tissues (1), among which the CX32 mRNA showed the
greatest upregulation after IR (Supplementary Fig. S1).

As reported in our previous studies (22, 23), as Cx32
alternation-mediated liver transplantation-induced AKI was
considered to be a new and vital therapeutic target for AKI, we
used three different methods: polymerase chain reaction (PCR),

FIG. 2. Cx32 deficiency protects against IR-induced AKI and renal tubular epithelial cells apoptosis. Cx32-/- and Cx32+/+

C57BL/6 mice underwent renal IR were sacrificed at the time point of 24 h after reperfusion. (A) ‘‘Scrape-and-load’’ assay was
used to valuate functional GJ in kidney tissue. Function of GJ is demonstrated by the spread of GJ-permeable Lucifer yellow
(white arrow), and in contrast Rhodamine is impermeable (red arrow). (B) Renal damage of Cx32-/- and Cx32+/+ C57BL/6 mice
after renal IR exposure (H&E; scale bar 50 lm). Blue arrow: tubular necrosis; red arrow: inflammatory cells; black arrow: cell
swelling and cytoplasm rarefaction. (C) Ultrastructural mitochondrial injury of Cx32-/- and Cx32+/+ C57BL/6 mice after renal IR
exposure (TEM; scale bar 10 lm). Red arrow: cell nuclear condensation. (D) Kidney histopathology evaluation scores, levels of
Cr and BUN of Cx32-/- and Cx32+/+ C57BL/6 mice 24 h after renal IR. (E) Renal tubular epithelial cells apoptosis of Cx32-/- and
Cx32+/+ C57BL/6 mice 24 h after renal IR with TUNEL staining (scale bar 50lm). Data are presented as mean – SE (n = 8).
*p < 0.05 versus Cx32+/+ sham group; #p < 0.05 versus Cx32+/+ IR group in (C). Cx32-/- mice, Cx32-gene knockdown mice;
Cx32+/+ mice, wild-type mice; GJ, gap junction; TEM, transmission electron microscopy. Color images are available online.
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Western blotting, and immunohistochemistry, to determine
Cx32 expression alternation. Results showed that both Cx32
mRNA and protein expression of renal tissues increased con-
sistently at 12 or 24 h when subjected to IR. After that, these
parameters gradually declined to base levels. The changes of
renal Cx32 were also consistent with the patterns of patho-
logical injury and apoptosis of kidney tissues (Fig. 1F–H).

Cx32 deficiency protects against IR-induced renal
injury and cell apoptosis

To explore the role of Cx32 in IR-induced renal injury, Cx32
gene-deleted (Cx32-gene knockdown, Cx32-/-) and kidney-

specific Cx32 overexpression (Cx32-rAAV) were measured in
C57BL/6 male mice (n = 8 per group) to construct a model of
renal IR. A ‘‘Scrape-and-load’’ in vivo assay was employed to
detect functional changes of GJ composed of Cx32, and results
indicated that dye spread was decreased significantly on kidney
slices obtained from Cx32-/- mice (Fig. 2A).

More importantly, renal pathological damage, mitochon-
drial injury, Cr, BUN changes, and even the number of ap-
optotic cells following the treatment of renal IR were all
decreased much more significantly than those from Cx32+/+

(wild-type) mice (Fig. 2B–D). Results of Cx32-rAAV mice
are shown in Supplementary Figure S2A–D. Cx32-rAAV
significantly elevated Cx32 expression in mice kidney

FIG. 3. Cx32 regulated the generation and distribution of ROS, which mediated IR-induced AKI. Cx32-/- and Cx32+/+

C57BL/6 mice that underwent renal IR were sacrificed at the time point of 24 h after reperfusion. (A, B) Cx32 gene deletion
resulted in significant decrease of renal IR-induced intercellular ROS production (ROS stained in red with DHE; cell nuclei
stained in blue with DAPI). Values expressed as mean – SE (n = 8). *p < 0.05 compared with Cx32+/+ Sham group; #p < 0.05
versus Cx32+/+ IR group. When mice were pretreated with DPI (inhibitor of NADPH oxidase, 100 mg/kg) or NAC (a ROS
scavenger, 200 mg/kg) for 1 h before renal IR: (C, D) ROS production of renal tissues was decreased obviously (ROS stained
in red with DHE; cell nuclei stained in blue with DAPI), (E) Kidney histopathology damage and renal tubular epithelial cells
apoptosis were reduced obviously (H&E and TUNEL; scale bar 50 lm). (F–G) levels of Cr and BUN were all attenuated. Data
are presented as mean – SE (n = 8). *p < 0.05 compared with Sham group; #p < 0.05 versus IR group. DAPI, 6-diamino-2-
phenylindole; DHE, dihydroethidium, DPI, diphenyleneiodonium chloride; NAC, N-acetyl cysteine; ROS, reactive oxygen
species. Color images are available online.
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tubules which suggested that Cx32 plays an important role in
IR-induced renal injury, while its deficiency could protect
against kidney damage and cells apoptosis.

Cx32 regulated the generation and distribution of ROS,
which mediated IR-induced renal injury

Figures 1 and 2 demonstrated that Cx32 inhibition protected
against IR-induced renal injury. However, the underlying
mechanisms were still unknown. As ROS is just one of the few
signals that can be transmitted through the channels of GJ, we
measured changes of ROS generation and distribution when
Cx32+/+, Cx32-/-, or Cx32-rAAV mice underwent IR injury.
Results showed that although IR exposure resulted in an in-
crease of ROS generation and distribution in kidney tissues,
Cx32 deficiency attenuated and Cx32 overexpression enhanced
these effects (Fig. 3A, B and Supplementary S3A). In addition,

no significant changes in the expression of Cx32 and ROS were
observed in other organs such as hearts and livers after renal
IR, neither systemic knockdown nor kidney-specific over-
expression of Cx32 altered ROS generation in hearts and livers
after renal IR (Supplementary Fig. S3B).

These results suggested that the valid transfer path of ROS
was suppressed with Cx32 deficiency and strengthened by
Cx32 overexpression in kidneys after renal IR, which resulted
in the reduction or induction of ROS generation and distribu-
tion, respectively. Next, we further investigated the effects of
ROS on IR-induced renal injury with the use of two inhibitors
(diphenyleneiodonium chloride [DPI], an inhibitor of NADPH
oxidase; N-acetyl cysteine [NAC], a kind of ROS scavenger) to
reduce the level of ROS in renal tissues. Results showed that
both DPI and NAC not only effectively attenuated the increase
of ROS resulted from IR injuries (Fig. 3C, D) but also con-
comitantly decreased IR-induced renal injury and apoptosis,

FIG. 4. Cx32 deficiency inhibited
the activation of NF-jB/p53/PUMA-
mediated mitochondrial apoptotic
signaling pathways and mitochon-
drial injury after renal IR. (A) Dy-
namic changes of expression of
mitochondrial-apoptosis-related protein
by Western blot analysis at the time
point of 6, 12, 24, and 48 h after re-
perfusion, including p-p65, p53, PUMA,
cytochrome-C, Apaf-1, caspase-3 ex-
pression. (B–C) Cx32 gene deficiency
attenuated the activation of NF-jB/p53/
PUMA-mediated mitochondrial apo-
ptotic signaling pathways at 24 h after
reperfusion, manifested as the decrease
of p-p65, p53, PUMA, cytochrome-C,
Apaf-1, caspase-3 expression. [(B),
Western blot analysis; (C), IF staining,
target protein stained in green and cell
nuclei stained in blue with DAPI, scale
bar 50 lm; TEM images, scale bar
10 lm. Red arrow: mitochondrial edema
and loss of inner membrane cristae].
Apaf-1, apoptotic protease activating
factor-1; cyto-C, cytochrome C; IF,
immunofluorescence; p-p65, phosphor-
ylated p65 nuclear factor-jB; PUMA,
p53 upregulated modulator of apoptosis.
Color images are available online.
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and were manifested as an improvement of the pathological
injury, Cr, BUN, and the number of apoptotic cells (Fig. 3E–G).

Cx32 deficiency inhibited the activation of ROS-
dependent NF-kB/p53/PUMA-mediated mitochondrial
apoptotic signaling pathways and mitochondrial injury

It has been reported that ROS-mediated mitochondrial
apoptosis might contribute to hydrogen peroxide (H2O2)-
induced renal proximal tubule cellular damage (49, 53), and
others have shown that ROS-dependent NF-jB and p53/
PUMA activation pathways participated in cell apoptosis (7,
28). Although these conclusions are consistent with our find-
ings that Cx32 regulate ROS generation and distribution in

renal tissues (Fig. 3), we have reason to suggest that Cx32
could also manipulate the activation of NF-jB/p53/PUMA-
mediated mitochondrial apoptotic signaling pathways through
regulating ROS generation and distribution in kidneys.

Thus, Figure 4A illustrates our findings that as reperfusion
time is extended, phosphorylated p65 nuclear factor-jB
(p-p65), p53, PUMA, and mitochondrial apoptosis (mani-
fested as cytochrome C, apoptotic protease activating factor-
1 [Apaf-1], and caspase-3) were all gradually increased,
and peaked at 12 or 24 h, coincident with the changes of
IR-induced renal pathological damage and apoptosis (Fig. 1).

More importantly, when Cx32-/- mice underwent IR
injury, Cx32 deficiency attenuated the IR-induced activation
of NF-jB/p53/PUMA-mediated mitochondrial apoptotic

FIG. 5. Cx32 inhibition attenuated H24R4-induced cell injuries and apoptosis of HK-2 cells. Before H24R4 exposure,
different methods were used to inhibit GJ function composed of Cx32 in HK-2 cells, including 2APB (gap junction inhibitor,
25 lM, 1 h pretreatment), Gap27 (Cx32 peptide, 100lM, 24 h pretreatment) and specific Cx32-siRNA, to observe effects of
Cx32 GJ function on HK-2 cells damage and apoptosis. (A) ‘‘Parachute’’ dye-coupling assay was used to determine effects of
2-APB, Gap27, and Cx32-siRNA on decreasing GJ function (scale bar 50 lm). Function of GJ is demonstrated by the spread of
GJ-permeable calcein-AM (white arrow), and in contrast CM-Dil is impermeable (red arrow). (B, C) Effects of 2APB, Gap27,
and Cx32-siRNA on HK-2 cell growth and relative LDH release. (D, E) HK-2 cell apoptotic rates were detected by flow
cytometry and Hoechst 33258 staining, as described in the Methods and Materials section. The white arrow (E) pointing the
apoptotic nuclei. Data are presented as mean – SE (n = 4). *p < 0.05 compared with control group; #p < 0.05 versus H24R4
group. $p < 0.05 compared with Cx32-NC+H24R4 group in (B–D). 2-APB, 2-aminoethoxydiphenyl borate; H24R4, hypoxia
for 24 h and reoxygenation for 4 h; HK-2, human kidney tubular epithelial cell; LDH, lactate dehydrogenase. Color images are
available online.

Cx32 MEDIATES IR-INDUCED APOPTOSIS IN AKI 1527



signaling pathways, manifested as the decrease of p-p65, p53,
PUMA, cytochrome C, Apaf-1, and caspase-3 expression at
24 h after reperfusion with two different assays: Western
blotting and immunofluorescence (Fig. 4B, C) and mito-
chondrial injury, manifested as normal mitochondrial shape
and structure, and increase of Tfam, mitochondrial nucleoid
factor 1 (MNF1) and Dynamin-related protein 1 (DRP1)
expression (Fig. 4C and Supplementary Fig. S4). Therefore,
we conclude that Cx32 affected IR-induced renal injury

through regulating ROS-dependent NF-jB/p53/PUMA-
mediated mitochondrial apoptotic signaling pathways.

Cx32 inhibition attenuated H24R4-induced injuries and
apoptosis of renal proximal tubular epithelial cells

A separate set of investigations were dedicated to the
construction of cell hypoxia for 24 h and reoxygenation for
4 h (H24R4) models with human kidney tubular epithelial

FIG. 6. Cx32 inhibition
decreased H24R4-induced
ROS generation and dis-
tribution, and attenuated
the activation of NF-jB/
p53/PUMA-mediated mito-
chondrial apoptosis in HK-2
cells. Before H24R4 expo-
sure, different methods were
used to inhibit GJ function
composed of Cx32 in HK-2
cells, including 2APB (gap
junction inhibitor, 25lM, 1 h
pretreatment), Gap27 (Cx32
peptide, 100lM, 24 h pre-
treatment), and specific
Cx32-siRNA, to observe ef-
fects of Cx32 GJ function
on HK-2 cellular ROS pro-
duction, and expression al-
ternation of mitochondrial
apoptosis-related proteins.
(A–C) Effects of 2APB,
Gap27, and Cx32-siRNA on
HK-2 cellular ROS produc-
tion, detected with DHE
staining (A, B, stained in red,
scale bar 50 lm) and DCFH-
DA staining (C). (D–G) Ef-
fects of Cx32-siRNA on ex-
pression of Cx32, p-p65, and
p53 in HK-2 cells with
Western blot. (H) Effects of
Cx32-siRNA on expression
of PUMA and caspase-3 with
IF staining (PUMA, stained
in green; caspase-3, stained
in red; cell nuclei, stained in
blue with DAPI, scale bar
50 lm). Data are presented as
mean – SE (n = 4). *p < 0.05
compared with control group;
#p < 0.05 versus H24R4 group.
$p < 0.05 compared with Cx32-
NC+H24R4 group. DCFH-DA,
6-carboxy-2‘-7‘-dichlorodi-
hydrofluorescein diacetate.
Color images are available
online.
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cells (HK-2s) or rat kidney tubular epithelial cells
(NRK52Es). First, to ensure the role of GJ in renal proximal
tubular epithelial cells subjected to hypoxia reoxygenation
(HR) in vitro, we have seeded the HK-2 cells at low density
or high density to observe the effects of GJ on HR-induced
ROS and mitochondrial apoptosis pathway changes, and we
found that HR-induced ROS accumulation and mitochon-
drial apoptosis were density dependent, and low density of
cells suffered less mitochondrial injury after HR (Supple-
mentary Fig. S5A–G), indicating that GJ may play a critical
role in ROS spread in injured renal proximal tubular epi-
thelial cells in vitro.

Next, to confirm our findings that Cx32 deficiency could
attenuate IR-induced renal damage and further delineate the
possible mechanism for ROS-dependent NF-jB/p53/PUMA-
mediated mitochondrial apoptosis, three methods with differ-
ent mechanisms were utilized: 2-aminoethoxydiphenyl borate

(2APB, a chemical inhibitor), Gap27 (a mimetic peptide), and
Cx32-siRNA (target and knockdown Cx32 expression spe-
cifically) were used to inhibit GJ composed of Cx32.

Data showed that all the reagents for research had no
significant influence on cell survival vitality (Supplementary
Fig. S6A–D). A parachute assay showed that all of these
methods could decrease the function of Cx32 GJ effectively
(Fig. 5A and Supplementary Fig. S6E), and H24R4-induced
cell damage (cell survival and lactate dehydrogenase [LDH]
release) could be attenuated when HK-2 and NRK52E cells
were pretreated with 2APB, Gap27, or Cx32-siRNA, mani-
fested as the rate of cell survival increase and LDH release
decrease (Fig. 5B, C and Supplementary Fig. S6F, G).

At the same time, flow cytometry and Hoechst 33258
staining were performed to investigate the effect of Cx32 on
H24R4-induced cells apoptosis. Compared with the control
group, apoptotic rates of both cells were almost increased

FIG. 7. Inhibitors of ROS, DPI, and NAC attenuated the activation of NF-jB/p53/PUMA-mediated mitochondrial
apoptosis effectively, but had no influence on the expression of Cx32. Before H24R4 exposure, DPI (an inhibitor of NADPH
oxidase, 1 lM, 1 h pretreatment) and NAC (a ROS scavenger, 10 mM, 1 h pretreatment) were used to alter ROS generation and
distribution, to observe effects of ROS on HK-2 cells damage and apoptosis, and even on expression alternation of mitochondrial
apoptosis-related proteins. (A–C) Effects of DPI and NAC on HK-2 cellular ROS production after H24R4 exposure, detected
with DHE staining (A, B, stained in red, scale bar 50 lm) and DCFH-DA staining (C). (D, E) Effects of DPI and NAC on HK-2
cell growth and relative LDH release after H24R4 exposure. (F, G) Effects of DPI and NAC on H24R4-induced HK-2 cell
apoptosis, detected with Hoechst 33258 staining (F, white arrow: apoptotic nuclei, scale bar 50 lm) and flow cytometry (G). (H)
DPI and NAC application attenuated expression of p-p65, p53, PUMA, cytochrome-C, Apaf-1, and caspase-3 after H24R4
exposure, but had no significant influence on Cx32 expression. Western blotting analysis was conducted. Data are presented as
mean – SE (n = 4). *p < 0.05 compared with control group; #p < 0.05 versus H24R4 group. NAC, N-acetyl cysteine. Color images
are available online.
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four times when exposed to H24R4 injury. However, this
increase was depressed when Cx32 function was inhibited
with 2APB, Gap27, or Cx32-siRNA. Studies in vitro dem-
onstrated that Cx32 inhibition attenuated H24R4-induced
injuries and apoptosis of renal proximal tubular epithelial
cells (Fig. 5D, E and Supplementary Fig. S6H, I).

Cx32 inhibition decreased H24R4-induced ROS
generation and distribution, and attenuated the
activation of NF-kB/p53/PUMA-mediated apoptosis
and mitochondrial injury

We demonstrated that Cx32 deficiency inhibited the acti-
vation of ROS-dependent NF-jB/p53/PUMA-mediated mi-
tochondrial apoptosis in vitro (Fig. 3). Similarly, when
function of Cx32 was inhibited with 2APB and Gap27, or
knocked down by siRNA in vitro, H24R4-induced generation
and distribution of ROS were both depressed significantly
(Fig. 6A–C and Supplementary Fig. S7A–C). Meanwhile,
H24R4-induced accumulation of mitochondrial ROS and
reduction of mitochondrial membrane potential (MMP) were
reversed significantly after Cx32 inhibition and deletion
(Supplementary Fig. S7D–F).

Even more significant, Cx32 deficiency attenuated the
H24R4-induced activation of NF-jB/p53/PUMA-mediated
mitochondrial apoptosis, manifested as a decrease of p-p65,
p53, PUMA, and caspase-3 expression with two different as-
says: Western blotting and immunofluorescence (Fig. 6D–H).

Inhibitors of ROS, DPI, and NAC attenuated the
activation of NF-kB/p53/PUMA-mediated
mitochondrial apoptosis effectively, but had no
influence on the expression of Cx32

We have concluded that Cx32 could manipulate the acti-
vation of NF-jB/p53/PUMA-mediated mitochondrial apo-
ptotic signaling pathways through regulating ROS generation
and distribution in vitvo. To further extend and confirm these
results, inhibitors of ROS, DPI, and NAC were used to re-
duce ROS generation and distribution on HK-2 and NRK52E
cells. As ROS generation and distribution by H24R4 was de-
pressed effectively (Fig. 7A–C and Supplementary Fig. S8A),
H24R4-induced cell damage was reduced concomitantly as
demonstrated by an increase of the cell survival rate and the
decrease of LDH release (Figs. 7D, E and 8B–D).

In addition, pretreatment with DPI and NAC could alle-
viate H24R4-induced activation of NF-jB/p53/PUMA apo-
ptotic signaling pathways (Fig. 7F–H). In contrast, we
noticed that NAC and DPI had no effects on the expression of
Cx32 (Fig. 7H), which suggested that both ROS and ROS-
dependent NF-jB/p53/PUMA pathways are downstream of
Cx32. The results shown in Figures 5–7 confirmed that Cx32
affected H24R4-induced HK-2 damage through regulating
ROS-dependent NF-jB/p53/PUMA-mediated mitochondrial
apoptotic signaling pathways.

Inhibition of NF-kB or p53 could depress H24R4-
induced kidney tubular epithelial cell damage, but had
no influence on the expression of Cx32

We have demonstrated that alternation of Cx32 could
regulate the generation and distribution of ROS, which acti-
vated the NF-jB/p53/PUMA-mediated mitochondrial apo-

ptotic signaling pathway. SN50 (a selective NF-jB nuclear
translocation inhibitor) and pifithrin-a (PFT-a) (a selective
inhibitor of p53), having no influence on cell survival
(Fig. S6A–D), were used to inhibit the function of NF-jB or
p53, respectively, to explore whether both of the inhibitors
could significantly reduce H24R4-induced HK-2 damage and
the number of apoptotic cells. Results indicated that both
SN50 and PFT-a application could protect against H24R4-
induced HK-2 or NRK52E cells damage, and decrease the
number of apoptotic cells (Figs. 8A–F and Supplementary
Fig. S9A–C).

We next explored the relationship between NF-jB and
p53. Interestingly, SN50 (a NF-jB nuclear translocation in-
hibitor) application reduced H24R4-induced p-p65, p53,
PUMA, and mitochondrial apoptosis (manifested as cyto-
chrome C, Apaf-1, and caspase-3), but had no influence on
the expression of Cx32; in contrast, PFT-a (a selective in-
hibitor of p53) application could also reduce H24R4-induced
p53, PUMA, and mitochondrial apoptosis (manifested as
cytochrome C, Apaf-1, and caspase-3), but had no influence
on the expression of Cx32 and p-p65 (Fig. 8G–I and Sup-
plementary Fig. S9D).

These results suggest that p53 was downstream of NF-jB.
Therefore, it was validated in our research hypothesis that GJ
composed of Cx32 is a key point in H24R4-induced kidney
tubular epithelial cell damage, which manipulates ROS
generation, and its downstream NF-jB/p53/PUMA-mediated
mitochondrial apoptosis pathway.

Discussion

Although there are many studies directed at IR-induced
AKI, the underlying mechanism of injury has not been fully
understood so far (10).

In this investigation, we established in vivo murine renal
IR models and HR models of HK-2 or NRK52E cells in vitro.
Our results show that mice that underwent renal IR exhibited
significant renal pathological damage as reperfusion time
extended, which was consistent with the alternation of Cx32
expression. Cx32 deficiency could protect against IR-induced
renal damage. More importantly, we found that IR-induced
renal cell apoptosis mediated by Cx32 might be an important
cause of renal injury, which could be relative with Cx32
manipulating ROS or its downstream NF-jB/p53/PUMA-
mediated mitochondrial apoptosis pathway. Whether the in-
hibition of Cx32, ROS generation and distribution, or its
downstream NF-jB/p53/PUMA-mediated mitochondrial
apoptotic signaling pathway could improve IR-induced renal
injury effectively needs further exploration.

Multifactorial pathogenetic factors were known to be
involved in AKI (4, 8, 10, 17). In our previous study, we
demonstrated that Cx32 inhibition attenuated liver
transplantation-induced AKI; however, its underlying mecha-
nism had not been explored very well (22). Thus, in this in-
vestigation, we further confirmed function of Cx32 on IR-
induced AKI with Cx32-/- mice specifically, and explored in
depth the possible mechanism.

Although it had been reported that 2APB could decrease
function of Cx32 in vivo and in vitro dose dependently (30), it
might have other nonspecific effects such as inhibiting re-
ceptors of IP3 and decreasing release of Ca2+ at high doses
(25). Thus, in this study, our incorporation of the Cx32-/- and
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Cx32-rAAV mice, and use of Cx32 mimetic peptide and
siRNA specifically to knock down or enhance Cx32 expres-
sion in vitro confirmed the role of Cx32 in mediating post-
hypoxic cellular injury, which further confirmed our earlier
observations (22).

From another aspect, we clarified that Cx32 manipulating
ROS or its downstream NF-jB/p53/PUMA-mediated mito-
chondrial apoptosis pathway played a vital role in IR-induced
renal damage for the first time. This new finding may not only
be beneficial for renal surgeries with IR injury but could also

have potential application for operations of other organs re-
sulting in renal hypoperfusion caused by hypotension, such
as liver transplantation, liver resection, cardiac surgeries, or
operations requiring clipping of inferior vena cava. The
elucidation of these mechanisms could provide new renal
protection strategies.

As reported, GJ mediated the direct cell-to-cell transfer of
electrical charge or small molecules, which contributed to
cell growth, differentiation, normal physiology, and response
to trauma in different kinds of organs. Molecular signaling

FIG. 8. Inhibition of NF-jB or p53 could depress H24R4-induced kidney tubular epithelial cell damage, but had no
influence on the expression of Cx32. HK-2 cells were incubated with SN50 (a selective inhibitor of NF-jB, 20 lM) for
24 h or PFT-a (a selective inhibitor of p53, 10 lM) for 48 h before subjected to H24R4 treatment. (A–C) Effects of SN50 on
HK-2 cell growth, LDH release, and apoptotic rate. (D–F) Effects of PFT-a on HK-2 cell growth, relative LDH release, and
apoptotic rate. (G, H) Expression of Cx32, p-p65 and p53 and mitochondrial apoptosis-related protein, including PUMA,
cytochrome-C, Apaf-1, and caspase-3, was detected by Western blot after H24R4 in HK-2 cells. (I) Expression of p-p65 and
p53 was costained using IF (p-p65 was stained in green and p53 was stained in red, scale bar 50 lm). Data are presented as
mean – SE (n = 4). *p < 0.05 compared with control group; #p < 0.05 versus H24R4 group. PFT-a, pifithrin-a. Color images
are available online.
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pathways that enhance cytotoxicity or apoptosis were called
‘‘death signals’’ (15, 18). Udawatte et al. (42) have revealed
that apoptosis could spread from injured cells to other healthy
neighboring cells, and the ‘‘bystander effect’’ was signifi-
cantly reduced by blockage of Cx32 GJ. Even so, the actual
events which translocate through GJs as ‘‘death signals’’ to
induce apoptosis have not been established (18).

According to the characteristics of GJ, ROS is just one of
the few signals that can be transmitted through the channels
of GJ. Although the content of ROS (including oxygen rad-
icals and nonradical compounds) in cells is very low, it still
plays an important role in regulating physiologic tubular
functions and renal microcirculation. Therefore, it is rea-
sonable to conclude that increased ROS production and its
distribution changes induced by IR in vivo or HR in vitro
could lead to a series of severe damage effects, such as lipid
peroxidation, structural integrity destruction, energy pro-
duction disruption, and even high sensitivity of renal tubule
to HR damage. Oxygen radicals or nonradical compounds
could easily pass through GJ, for their molecular mass were
much less than the upper limit of GJ permeable, which sug-
gests that either or both oxygen radicals or nonradical com-
pounds could provide ‘‘death signals’’ (11, 33).

In this investigation, it was clarified that ROS was accu-
mulated in kidney cells after IR, and inhibition of GJ com-
posed of Cx32 resulted in the alleviation of ROS generation
or distribution, and further attenuated IR-induced AKI, which
was consistent with reports that presence of Cx32 GJ in-
creased the PDT phototoxicity in transfected HeLa cells and
in the xenograft tumors through regulating ROS accumula-
tion (13), and inhibition of ROS mediated by Cx32 could
attenuate liver transplantation-induced renal damage (22).

Our investigation also demonstrated that DPI (inhibitor of
NADPH oxidase) and NAC (a ROS scavenger) application
alleviated IR-induced AKI and cell apoptosis through in-
hibiting NF-jB/p53/PUMA-mediated mitochondrial apo-
ptosis pathway, but had no effects on the expression of Cx32,
which indicated that ROS-dependent NF-jB/p53/PUMA
pathway is downstream of Cx32.

As far as we know, NF-jB has always been considered to
be an important transcription factor involved in the process of
inflammation and apoptosis (24), which is normally seques-
tered in an inactive form in the cytoplasm bound to IjB
proteins. Multiple stimuli can activate NF-jB signaling by
degradation of IjB and release of the NF-jB p65–p50 dimer,
which translocates to the nucleus and regulates transcriptional
activation of the target genes (46). Some reports have dem-
onstrated that NF-jB signaling pathway activation contributed
to ROS-induced cell apoptosis. This phenomenon had been
observed in different cells, such as human colorectal cancer
cells (16), renal carcinoma cells (47), and ultraviolet B (UVB)-
induced human keratinocyte cell injury (21).

Shimizu et al. reported that ROS increased NF-jB tran-
scriptional activity and upregulated indoxyl sulfate-induced
angiotensinogen expression in proximal tubular cells through
promoting the phosphorylation of NF-jB p65, and NAC or
DPI could suppress this effect (39). The present study also
showed that DPI (inhibitor of NADPH oxidase) and NAC (a
ROS scavenger) application effectively decreased NF-jB
nuclear translocation induced by renal IR in vivo or H24R4
in vitro, and alleviated cell apoptosis and kidney injury.
Based on these findings, we speculate that in renal tissues

exposed to IR, ROS transferred through Cx32 GJ to activate
the phosphorylation of NF-jB p65, and led to proximal
tubular cells apoptosis and injury. Thus, we conclude that no
matter inhibition of Cx32 GJ, ROS, or NF-jB signal path-
way with different methods all could alleviate IR-induced
renal damage.

Like NF-jB (p65), p53 is another important factor for cell
apoptosis. Upregulation of p53 can induce renal cell apo-
ptosis by stimulating the expression of PUMA, and p53/
PUMA-induced mitochondrial apoptotic signaling pathway
is always considered to be a key participant in the process of
apoptosis after exposure to renal IR: apoptosis could be as-
suaged by PUMA inhibition, but exacerbated by PUMA
enhancement (31, 50). Our study indicated that ROS-
dependent NF-jB and p53/PUMA pathways activation par-
ticipated in renal cells apoptosis induced by IR in vivo or
H24R4 in vitro; however, the interaction between NF-jB and
p53 varied significantly in different tissues and models.

It was reported that p53/PUMA-induced apoptosis was
dependent on NF-jB activation in reovirus oncolysis of
breast cancer (41) and high glucose-induced nascent nephron
apoptosis (7). In contrast, others reported that in colon cancer
cells, PUMA-induced apoptosis was motivated by p65 irre-
spective of p53 status (52), which was consistent with the
earlier report that PUMA was directly activated by NF-jB in
TNF-a-induced apoptosis (44).

Our study demonstrated that selective inhibition of NF-jB
with SN50 reduced p65, p53, PUMA expression, and mito-
chondrial apoptosis induced by H24R4 (Fig. 8); and selective
inhibition of p53 with PFT-a also reduced p53, PUMA ex-
pression, and mitochondrial apoptosis, but importantly had
no influence on the expression and nuclear translocation of
p65, indicating that p65 might regulate the activation of p53
and its downstream targets that PUMA-mediated mitochon-
drial apoptosis.

This study has some limitations which need to be consid-
ered: First, coincident with earlier reports, we found that
there is no obvious expression of Cx32 in the glomerulus
area, so we only focused on the renal tubular changes.
However, it has been reported that renal IR might cause both
the tubular and glomerular injuries (2, 38), hence further
studies are now required to confirm our results, and the effect
of Cx32 on the glomerular changes should be explored in the
near future.

Second, the role of Cx32 varies in different tissues and
different experimental models, here we only focus on the
kidney tissue after renal IR; hence, a further study is needed
to determine the potential role of Cx32 in other organs after
IR in the future. Third, the role of Cx32 in mitochondrial
apoptotic signaling pathway was clarified in this study;
however, further study is needed to determine the role of
Cx32 in other apoptotic pathways, including extrinsic and
endoplasmic reticulum stress pathways.

In conclusion, we have conducted a series of in vitro and
in vivo studies, and demonstrated that Cx32 plays a critical role
in IR-induced AKI. GJ composed of Cx32 manipulated ROS
generation and distribution between the neighboring cells,
which altered activation of NF-jB/p53/PUMA-mediated mi-
tochondrial apoptotic signaling pathways (Fig. 9). Cx32
function depression, ROS alleviation, or its downstream NF-
jB/p53/PUMA-mediated mitochondrial apoptotic signaling
pathways inhibition all could attenuate IR-induced AKI.
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This is the first description of the possible mechanism of
Cx32 on renal IR-induced damage, which could provide
multiple potential therapeutic targets for kidney protection,
not only beneficial for renal surgeries with IR injury but also
beneficial for operations of other organs resulting in renal
hypoperfusion caused by hypotension, such as liver trans-
plantation, liver resection, cardiac surgeries, or operations
requiring clipping of inferior vena cava.

Materials and Methods

Materials

2APB, NAC, DPI, and dihydroethidium (DHE) were pur-
chased from Sigma-Aldrich. Trizol reagent was purchased
from Invitrogen. The ReverTra Ace quantitative real-time
polymerase chain reaction (qPCR) RT Master Mix and
SYBR� Green Realtime PCR Master Mix were purchased
from TOYOBO. The Situ Cell Death Detection kit and the
LDH assay kit were provided by Roche. The ROS assay kit and
the JC-1 assay kit were purchased from Beyotime (Nanjin,
China). MitoSOX Red Mitochondrial Superoxide Indicator
was purchased from Yeasen (Shanghai, China). Fetal bovine
serum (FBS) was purchased from Gibco.

Cx32 peptide 32Gap27 (SRPTEKTVFT) was purchased
from GenScript. PFT-a was purchased from Selleck. SN50
was purchased from Alexis. Cx32-siRNA were commercially
obtained from Biomics. The Lipofectamine� 3000 transfec-
tion reagent was purchased from Life technology. CCK-8 as-
say kit and Annexin V-FITC tip were purchased from
KeyGEN Biotech. Recombinant adeno-associated virus
(rAAV) vectors were offered by Genechem (Shanghai, China).

Animals and treatment

Experimental protocols and design were approved by the
Institutional Animal Care and Use Committee at The Third
Affiliated Hospital of Sun Yat-Sen University (Guangzhou,
Guangdong province, China). Animal care was conducted in
accordance with the Guidelines of Sun Yat-sen University for
Animal Experimentation. Eight- to 10-week-old C57BL/6 male
mice (20–25 g) were used for our experiments. The mice were
maintained in microisolator cages under standard conditions
(room temperature at 25–27�C with 12-h light/dark cycle), and
allowed free access to specific pathogen-free laboratory food
and distilled water.

Cx32+/- mice (European Mouse Mutant Archive,
ID:00243, Italy) in the C57BL/6 background were used to
generate Cx32+/+ and Cx32-/- littermates. As previously
described, genotyping was performed by PCR using genomic
DNA extracted from tail snip (27). The kidney-specific Cx32
overexpression mice were constructed by tail vein injection
of rAAV vectors containing the genes for Cx32 according to
an earlier report (34).

The mice were randomly assigned to five groups (n = 8 per
group) in the initial intervention model establishment study,
which included sham-operated, reperfusion 6-, 12-, 24-, and
48-h groups. Subsequent in vivo studies were performed us-
ing the 24-h reperfusion renal IR model. The Cx32+/+,
Cx32-/-, and Cx32-rAAV mice were then randomly assigned
to six groups (n = 8 per group) to explore the role of GJ
function in renal IR injury, including Cx32+/+ sham, Cx32+/+

IR, Cx32-/- sham, Cx32-/- IR, Cx32-rAAV sham, and Cx32-
rAAV IR groups. Before operation, mice were treated in-
traperitoneally with DPI at doses 100 mg/kg for 1 h or with
NAC at doses 200 mg/kg for 1 h before renal IR.

FIG. 9. Crosstalk between Connexin 32
and mitochondrial apoptotic signaling
pathway in renal IR-induced AKI. In renal
IR-induced AKI, Cx32 gap junction partic-
ipated in cellular and renal damage by de-
livering ROS and activating NF-jB/p53/
PUMA-mediated mitochondrial apoptotic
signaling pathway. In the absence of Cx32,
ROS production and accumulation are alle-
viated, which ameliorate p65 phosphoryla-
tion and p53/PUMA-induced cellular
apoptosis and renal damage. Note: �Step 1:
renal IR causes the generation of ROS.
`Step 2: ROS is transmitted through GJ
composed of Cx32. ´Step 3: ROS activates
the NF-jB and causes p65 nuclear translo-
cation. ˆStep 4: p65 regulates the activation
of p53 and its downstream targets, including
PUMA. ˜Step 5: activation of p53/PUMA
induces mitochondrial apoptotic signaling
pathway. ¯Step 6: mitochondrial apoptosis
occurs and gives rise to more ROS. ˘Step 7:
ROS is transmitted through GJ composed of
Cx32 to another neighboring cell. Color
images are available online.
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Tail vein injection of rAAV vectors

A kidney-specific Cx32 overexpression model was con-
structed with C57BL/6J mice by tail vein injection of rAAV
vectors containing the genes for Cx32 (Genbank ID NM_
001302496; Genechem, Shanghai, China) according to an
earlier report (34). In brief, 1 · 1012 vg rAAV 2/9-CMV-
eGFP were diluted into 200 lL saline and injected through
tail vein at 4 weeks of life. The AAV vector expressing green
fluorescence protein only was used as a negative control. At
4 weeks post injection, the animals were sacrificed.

Renal IR model

To minimize experimenter bias, the operator was blinded
to the treatment conditions. All the mice were anesthetized by
intraperitoneal injections of ketamine (60 mg/kg), then un-
dertook bilateral renal pedicle clamping for 45 min and re-
perfusion for the indicated time. The sham group was
identical to the surgery manner without renal pedicle occlu-
sion. To maintain body temperature stable at 37�C during
surgery, a heating pad was used. After operation, the mice
were housed in microisolator cages, and allowed free access
to water and chow. After designated reperfusion time, mice
were sacrificed, blood and the kidneys were collected for
further experiments.

Quantitative real-time PCR

Total RNA extracted from snap-frozen renal tissues were
isolated using Trizol reagent. For the detection of RNA
quality and concentration, we used a NanoDrop-1000 spec-
trophotometer. Reverse transcription was performed using
ReverTra Ace qPCR RT Master Mix. Quantitative analysis of
Cx32 mRNA, mitochondrial transcription factor A (Tfam),
MNF1, and DRP1 was conducted with qPCR using SYBR
Green Realtime PCR Master Mix with Roche LightCycler
1.1. GAPDH was used as the housekeeping gene. All the
samples were tested in quadruple, and differences of
threshold cycles (CT) between the target genes and GAPDH
were calculated with the 2-DDCT method and normalized to
sham group.

BUN and Cr measurement

Blood samples were drawn from inferior vena cava at
designated reperfusion time. After clotting at room temper-
ature for 30 min, serum was isolated from blood by centri-
fugation (7500 rpm at 4�C for 10 min). BUN and Cr were
analyzed using an automatic biochemistry analyzer (Watford
Olympus AU640, United Kingdom), according to manufac-
turer’s instructions.

‘‘Scrape-and-load’’ assay. GJ function composed of
Cx32 was detected by ‘‘Scrape-and-load’’ assay in vivo as
earlier described (22). Kidneys were excised and freshly
sliced 24 h after reperfusion. A 27-gauge needle was then
placed into a solution containing 0.5% Rhodamine and Lu-
cifer Yellow, and mechanically dipped into each kidney slice
for 5-min dye incubation. Kidney slices were then cut into
5-lm frozen sections and imaged by fluorescence micros-
copy. Function of GJ was calculated by the distance of dye
spread between the dye transfer front and the scrape line.

Hematoxylin–eosin staining and TUNEL assay

Kidneys were fixed in 10% buffered formalin overnight at
4�C, and then embedded in paraffin. Kidney sections that have
been cut into 5 lm were used for several purposes. One section
was for histopathological analysis using hematoxylin–eosin
staining (H&E). Tubular injuries, including renal tubule dila-
tion, tubular epithelial injury, and cast formation, were graded
with a score of 0–4 (0, no change; 1, change affecting <25% of
the field; 2, change affecting 25–50% of the field; 3, change
affecting 50–75% of the field; 4, change affecting >75% of the
field) (6). Another section for apoptosis was detected by
terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay with the In Situ Cell Death Detection kit
following the manufacturer’s instructions.

Transmission electronic microscopy analysis

Transmission electronic microscopy analysis was per-
formed to observe the morphology of renal tubular cell nucleus
and mitochondria. Fresh kidney tissue was rapidly removed
after sacrificing the mice, and washed with phosphate-buffered
saline (PBS, pH 7.4) and fixed with 2.5% glutaraldehyde
overnight. After washing with PBS, the samples were dehy-
drated and embedded in Durcupan resin (Sigma-Aldrich).
Ultrathin sections were cut and observed with a HT7700
transmission electron microscope (Hitachi, Japan).

Detection of rat kidney tissue ROS production

Levels of in situ ROS production were detected by DHE
staining as described (20). Frozen sections of kidney tissue
of 5 lm thick were incubated with 7.5-mM DHE at 37�C
for 30 min. All fluorescence images were examined using a
EVOS FL fluorescence microscope (EVOS FL, Life Tech-
nology). The fluorescence of DHE-labeled positive nuclei in
10 randomly selected fields of each sample is calculated, and
is expressed as a percentage of the DHE-stained positive cell
nuclei compared with control by a quantitative morphometric
method (14).

Cell culture

NRK52E cell and HK-2 cell were obtained from American
Tissue Culture Collection, and cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) containing 10% FBS.
Cells were grown at 37�C in a humidified atmosphere with
5% CO2 in air at 37�C.

Cell treatment

The NRK52E and HK-2 cell HR model was performed
to mimic renal IR injury as previously described (22). Cells
were seeded at low density (25,000 cells/cm2, no GJ formed)
or high density (125,000 cells/cm2, GJ formed) in 24-well
cell culture plates as previously described (22). Seventy to
80% of confluent cells were incubated in low-glucose and
serum-deprived DMEM under low oxygen (1% O2) for 24 h
in a humidified hypoxia incubator, and then transferred back
to normal oxygen (95% air +5% CO2) for 4 h. The cells were
pretreated with 2APB (connexin channel inhibitors), 25 lM,
for 1 h; 32Gap27 (a Cx32 peptide), 100 lM, for 24 h, DPI (an
inhibitor of NADPH oxidase), 1 lM for 1 h and NAC (a ROS
scavenger), 10 mM for 1 h, PFT-a (a p53 inhibitor), 10 lM,
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for 48 h, SN50 (an inhibitory peptide of NF-jB), 20 lM, for
24 h before inducing HR injury.

Inhibition of Cx32 expression by si-RNA transfection

Cx32-siRNA (CACCAACAACACATAGAAA) duplexes
targeting Cx32 rat gene (GenBank accession ID: AY074717.1)
and Cx32-siRNA (GAAGAGGUAUUGAAUGCUA) du-
plexes targeting Cx32 human gene (NCBI Gene ID: 2705) were
used to silence Cx32 expression. A nonspecific siRNA was
taken as siRNA control (NC group). Transfection into
NRK52E and HK-2 cells was carried out using Lipofectamine
3000 transfection reagent following the manufacturer’s in-
structions.

‘‘Parachute’’ dye-coupling assay

GJ function was examined with ‘‘Parachute’’ dye-coupling
assay in vitro as described (30, 43). Cells were grown to
confluence in 12-well cell culture plates. Donor cells from
one well were incubated with a freshly made solution of
10 lg/mL calcein-AM and 5 lg/mL CM-Dil in growth me-
dium for 30 min, at 37�C and pH 7.4. CM-Dil is a membrane
dye that does not spread to coupled cells. Calcein-AM is
converted intracellularly into the GJ-permeable dye calcein.
Unincorporated dye was removed by three consecutive wa-
shes with culture medium. The donor cells were then tryp-
sinized and seeded onto the receiver cells at a 1:150 donor/
receiver ratio.

The cells were allowed to attach to the monolayer of re-
ceiver cells and form GJs for 4 h at 37�C and pH 7.4, and then
examined with a fluorescence microscope (EVOS FL, Life
Technology). The average number of receiver cells containing
calcein per donor cell was considered as a measure of the
degree of gap junctional intercellular communication (GJIC).

Cell viability and cytotoxicity assay

HK-2 and NRK52E cells were planted in 96-well cell
culture plates at a density of 5000 cells/well. At the end
of different stimulation, the cell viability and LDH release
in vitro were tested using a CCK-8 assay kit and an LDH
assay kit according to the manufacturer’s introduction using a
microplate reader.

Annexin V-FITC/propidium lode staining

Cells were collected 4 h after reoxygenation. For analysis
of apoptosis by flow cytometry, cells were stained by An-
nexin V-FITC and counterstained by propidium lode, and
then analyzed by flow cytometry following the manufactur-
er’s instructions. Data analysis was conducted by FlowJo
7.6.5 (TreeStar) software.

Hoechst 33258 stains

Cells were seeded on sterile cover glasses placed in the 24-
well cell culture plates and accepted HR model. For nuclear
staining, cells were fixed with 4% paraformaldehyde and stained
with 2-lg/mL Hoechst 33258. Stained cells were observed un-
der a fluorescence microscope. Morphological changes in typi-
cal nuclear fragmentation and chromatin condensation were
used to characterize apoptosis cells. The percentage of apoptosis

was calculated from the amount of apoptosis nuclei versus the
total number of nuclei in each visual field.

ROS detection in cultured proximal tubule
epithelial cells

ROS detection was conducted using three methods. Cells
planted in 24-well cell culture plates were subjected to HR
protocol. After reoxygenation for 4 h, cells were washed
twice with PBS and incubated in the presence of 10-lM DHE
in serum-free DMEM for 30 min at 37�C. Meanwhile, mito-
chondrial superoxide formation was detected by incubating
cells in the dark with MitoSOX Red dye (5 lM) for 10 min at
37�C. Stains of intracellular ROS are observed in 10 randomly
selected fields of each sample under a fluorescence microscope
(EVOS FL, Life Technology), and are expressed as a per-
centage of the DHE-stained positive cells compared with
control by a quantitative morphometric method (14).

Other cells collected 4 h after reoxygenation were stained
with the ROS assay kit (6-carboxy-2‘-7‘-dichlorodihydro-
fluorescein diacetate [DCFH-DA]), and then detected by flow
cytometry, and the fluorescence intensity of cells for each group
was calculated following the manufacturer’s instructions.

Measurement of mitochondrial membrane potential

MMP was determined by an MMP assay kit with JC-1
(Beyotime, Nanjing, China). In brief, cells were cultured and
subjected to HR protocol. After reoxygenation for 4 h, cells
were collected, washed, and resuspended in DMEM, and then
incubated with the same volume of JC-1 working solution at
37�C for 20 min. After that, cells were centrifuged, washed, and
resuspended in JC-1 dyeing buffer, and then analyzed by flow
cytometry following the manufacturer’s instructions. Data
analysis was conducted by FlowJo 7.6.5 (TreeStar) software.

Immunofluorescence and immunohistochemistry

IR-injured kidney sections of 5-lm thick embedded in
paraffin, and cells planted in sterile cover glasses and then
subjected to HR protocol were prepared for immunofluores-
cence. The samples were stained with the following antibodies:
p-p65, p53 (1:100; CST); PUMA (1:1000, Abcam); Caspase 3
(1:50, Santa Cruz Biotechnology) at 4�C overnight, followed
by antirabbit or antimouse IgG (1:1000) according to the
manufacturer’s instruction. Cell nuclei were stained with 6-
diamino-2-phenylindole (DAPI). All images were examined
using a EVOS FL fluorescence microscope (EVOS FL, Life
Technology), and 10 randomly selected fields of each sample
were semiquantified.

Immunohistochemical staining was performed to detect
the expression of Cx32 in kidney sections embedded in
paraffin with Cx32 Antibody (1:50, Novus).

Western blot analysis

Western blotting follows the standard procedures as described
(26) with the use of the following antibodies: Cx32 (1:3000;
Sigma-Aldrich); p-p65, p53 (1:1000; CST); PUMA (1:1000,
Abcam); Caspase 3, Cytochrome C, Apaf-1 (1:500, Santa Cruz
Biotechnology), and GAPDH (1:5000, Proteintech). All Western
blots were repeated at least thrice. Images were acquired by
Tanon 5500 imaging system (Tanon, Shanghai). The images
were scanned with the ImageJ scanning software; the data are
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expressed as the values relative to the sham or control value. All
the Western blot bands are shown in Supplementary Fig. S10.

Statistical analysis

Statistical analysis was performed using SPSS 13.0 (SPSS,
Inc., Chicago, IL) and Sigmaplot 10.0 (Systat Software, Inc.,
Chicago, IL). Kolmogorov–Smirnov test was used to test the
normality of the data. Multiple comparisons among different
groups were made using one-way analysis of variance (AN-
OVA), followed by Tukey’s post hoc test. Quantitative data
are presented as mean – SE. The p-values <0.05 were con-
sidered statistically significantly different.
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Abbreviations used

2-APB¼ 2-aminoethoxydiphenyl borate
AKI¼ acute kidney injury

Apaf-1¼ apoptotic protease activating factor-1
BUN¼ blood urea nitrogen

Cr¼ creatinine

Cx¼ connexin
Cx32¼ connexin 32

Cx32-/-¼Cx32-gene knockdown
Cx32+/+¼wild-type

Cx32-rAAV¼Cx32-gene overexpression
DAPI¼ 6-diamino-2-phenylindole

DCFH-DA¼ 6-carboxy-2‘-7‘-
dichlorodihydrofluorescein diacetate

DHE¼ dihydroethidium
DMEM¼Dulbecco’s Modified Eagle’s medium

DPI¼ diphenyleneiodonium chloride
DRP1¼ dynamin-related protein 1

FBS¼ fetal bovine serum
GJ¼ gap junction

H&E¼ hematoxylin–eosin staining
H24R4¼ hypoxia for 24 h and reoxygenation

for 4 h
HK-2¼ human kidney tubular epithelial cell

HR¼ hypoxia reoxygenation
IF¼ immunofluorescence
IR¼ ischemia reperfusion

LDH¼ lactate dehydrogenase
MMP¼mitochondrial membrane potential

MNF1¼mitochondrial nucleoid factor 1
NAC¼N-acetyl cysteine

NRK52E¼ rat kidney tubular epithelial cell
PBS¼ phosphate-buffered saline

PFT-a¼ pifithrin-a
p-p65¼ phosphorylated p65 nuclear

factor-jB
PUMA¼ p53 upregulated modulator of apoptosis
qPCR¼ quantitative real-time polymerase

chain reaction
rAAV¼ recombinant adeno-associated virus

ROS¼ reactive oxygen species
TUNEL¼ terminal deoxynucleotidyl transferase d

UTP nick-end labeling
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