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ORIGINAL ARTICLE

Uncoupling protein 2 prevents ischaemia reperfusion injury through the
regulation ROS/NF-jB signalling in mice

Yaolei Zhang, Xin Guo, Ting Li, Yaxing Feng, Wei Li, Xiaoyan Zhu, Rui Gu and Longfu Zhou

Central Laboratory, General Hospital of Western Theater Command, Chengdu, Sichuan, China

ABSTRACT
Background and objective: Renal ischaemia reperfusion injury (IRI), characterized by excessive
cell apoptosis and inflammation, remains a clinical challenge. Mitochondrial membrane potential
is related to apoptosis and inflammation of IRI. Previous studies have indicated that uncoupling
protein 2 (UCP2) and its receptors play an important role in inflammation, apoptosis and inju-
ries, especially in oxidative stress injury. However, the underlying mechanisms of UCP2 in IRI are
still not fully understood.
Methods and results: In the present study, male C57 mice were randomly divided into three
groups:sham, IR, and UCP2-/-+IR. The IRI model was established by removing the right kidney and
clamping the left kidney for 45 min followed by reperfusion. Blood urea nitrogen (BUN) and cre-
atinine were higher in UCP2-/-+IR mouse serum than in IR mouse serum. In addition, relative to
the IR group, UCP2-/-+IR mouse renal cells had increased reactive oxygen species (ROS) produc-
tion, aggravating tissue damage. We examined changes in the NFjB pathway and found that after
UCP2 knockdown, IjB and IKK phosphorylation increased, and nuclear NFjB increased, which
stimulated inflammation. Moreover, there was an increase in apoptosis in the UCP2-/-+IR group.
Conclusion: UCP2 can prevent IRI in C57 mice. Mechanistically, UCP2 may decrease ROS expres-
sion, NFjB activation and caspase-3 cleavage, rendering UCP2 a potential therapeutic target
against IRI.
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Introduction

Renal ischaemia reperfusion injury (IRI) is a common
clinical complication of renal impairment, which often
occurs in renal transplantation, shock and heart failure
(Day et al., 2006; Lee et al., 2004b). Although many
studies have focused on the development of IRI, the
molecular mechanism of IRI is still unclear. Generally,
IRI occurs due to a general or partial lack of oxygen
and nutrient transport, which leads to the accumula-
tion of nitrogenous waste, including blood urea nitro-
gen (BUN) and creatinine (Wang et al., 2018). In
addition, renal tubular epithelial cells are damaged,
and apoptosis and necrosis occur in severe cases.
There is growing evidence that reactive oxygen spe-
cies (ROS) in renal tubular epithelial cells are the main
cause of IRI; oxidative stress theory demonstrates that
ROS are produced in the renal tissue due to the
ischaemia and reperfusion state, and ROS are thought
to be minuscule molecules such as the superoxide
anion (O�2), hydroxyl radicals (-OH) and

hydroperoxides (H2O2), which are mainly produced in
mitochondria; this leads to lipid peroxidation, inflam-
matory reactions and apoptosis (Moniruzzaman et al.,
2018; Simon et al. 2000; Solati et al., 2018).

Mitochondrial membrane potential has been linked to
apoptosis and inflammation of IRI (Ji et al., 2017).
Previous studies have shown that the mitochondrial
electron transport chain is the primary source of ROS
production in cells (Ruiz-Ram�ırez et al. 2011; Zorov et al.,
2000). Uncoupling protein 2 (UCP2) has received much
attention in recent years due to its role in ROS.
(Kawanishi et al., 2018). The mitochondrial inner mem-
brane protein UCP2 is involved in electron transport
(Pecqueur et al., 2008). As a stress protein, UCP2 produc-
tion is limited by negative feedback regulation when
intracellular ROS is upregulated (Ruiz-Ram�ırez et al.,
2011). It has been shown that overexpression of UCP2
can inhibit cell inflammation and apoptosis (Deng et al.,
2012; Derdak et al., 2007). However, it is still unclear
whether UCP2 can alleviate IRI by downregulating ROS.
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Therefore, in this study, we decided to use the IRI
mouse model to investigate the regulation of UCP2 on
renal IRI and its mechanism.

Materials and methods

Animals

All experimental procedures were approved by the
Institutional Animal Care and Use Committee and the
Ethics Committee of General Hospital of the Western
War Zone of the Chinese People’s Liberation Army
(Chengdu, Sichuan, China). Twelve male C57 mice and
6 male UCP2�/� C57 mice, weighing 16–24 g, were
obtained from Chengdu Dashuo Biotechnology Co.,
Ltd., and the experimental animal license number was:
SCXK 2008–24. Mice were randomly divided into the
sham group (n¼ 6), IR group (n¼ 6) and UCP2�/�þIR
group (n¼ 6). Humane research was conducted
according to the 3 R principle used in animal
experiments.

Mouse model of kidney ischaemia
reperfusion injury

The model was performed as Y.J. Day (Day et al.,
2006) described, Briefly, the bilateral renal pedicle ves-
sels were exposed and bluntly separated from
the back incision. In the wild-type IR group and
UCP2�/�þIR group, the right kidney was excised and
the left kidney was clamped for 45min to restore
blood supply. Sham-operated animals underwent iden-
tical surgery for renal pedicle isolation without ped-
icle occlusion.

Changes in serum creatinine and urea
nitrogen levels

Blood samples were collected from the abdominal
aorta 24 h after reperfusion and clotted at room tem-
perature 2 h, The blood was centrifuged at 4000 rpm
for 20min, and the serum was separated. The renal
function was determined using levels of serum creatin-
ine and blood urea nitrogen (BUN) (JL18267, JL20491,
Jonln, China.)

Morphological changes of renal tissue

The injured left kidney tissues from C57 mice were
cleared of blood with ice-cold PBS and kept in 4% par-
aformaldehyde for 24 h at 4 �C, sliced into 4-mm thick
sections with a cryostat. Six paraffin sections (4 mm)
were randomly selected for haematoxylin and eosin

(HE) staining. Pathological changes of the kidneys
were observed under a light microscope (Leica,
DM3000, Germany).

Apoptosis detection

Next, 6 paraffin sections (4 mm) for each mouse were
randomly selected, routinely dewaxed and rehydrated,
and then renal cell apoptosis was measured by using
the fluorescent terminal deoxynucleotidyl transferase
(dUTP) nick-end labelling (TUNEL) assay kit (Dr.
Dekker, MK1020, China). Microscopy (DM3000, Leica)
was used to observe the distribution of apoptotic cells
in the kidney and Image-Pro Plus was used to meas-
ure the proportion of apoptotic cells.

Immunofluorescence analysis

Three groups of mice were selected, and the left kid-
neys were treated 24 h after surgery. Normal saline
was used to rapidly flush intravascular blood. Six fro-
zen sections (8 mm) were randomly selected for each
mouse and washed twice in PBS for 5min each time.
Then, 2% Triton-100 was added for 10min at room
temperature, and the sections were washed twice in
PBS for 5min each time. The final concentration of
DHE (Biyuntian, S0063, China) was adjusted to 10mM
and incubated with the sections at 37 �C for 60min
with 5% BSA 37 �C for 30min. The cells were washed
3 times with PBS for 5min each time. Fluorescence
microscopy (Olympus, IX81, Japan) was performed at a
wavelength of 488 nm, and Image-Pro Plus was used
to plot and calculate the positive area expres-
sion ratio.

Western blot analysis

Three groups of mice were selected and the left kid-
neys were treated 24 h after surgery. The blood was
rapidly washed in physiological saline and quickly
stored in liquid nitrogen. The total proteins were
extracted using the KGP protein extraction kit
(KGP2100, China), and protein quantification was per-
formed using the BCA method (Bi Yuntian, P0006,
China). The proteins were separated by SDS-PAGE and
blotted onto a pre-wet PVDF membrane (Millipore
HVLP14250, USA). The membrane was blocked with
5% skim milk powder at room temperature for 60min;
the primary antibody rabbit anti-mouse cleaved cas-
pase-3 (Abcam, ab-2302, UK), rabbit anti-mouse UCP2
(CST, 89326, USA), rabbit anti-mouse IKK (Abcam,
ab-178870, UK), rabbit anti-mouse p-IKK (Abcam,
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ab-55341, UK), rabbit anti-mouse IjB (Abcam,
ab-32518, UK), rabbit anti-mouse p-IjB (Abcam, ab-
133462, UK), rabbit anti-mouse NFjB (Abcam,
ab-16502, UK), rabbit anti-mouse GAPDH (Abcam,
ab-9485, UK), or rabbit anti-mouse H3 (Abcam, ab-
1791, UK) was incubated at room temperature over-
night at 4 �C for 30min; secondary antibody
(Proteintech, SA00001-2, USA) goat anti-rabbit 1:4000
was incubated at room temperature for 1 h; the blot
was exposed in a dark room, images were collected
and quantified with a gel imaging system (UVP,
EC3300, USA) with the greyscale values for each group.

RT-qPCR analysis

Mice renal RNA was extracted with Trizol(Life
Technologies Invitrogen, Shanghai, China), reverse
transcribed (Takara, Dalian, China) into cDNA and used
as a template for the amplification of UCP2. The fol-
lowing primer sequences were used: UCP2 forward
primer, 50-ATG GTT GGT TTC AAG GCC ACA-30 and
reverse primer, 50-TTG GCG GTA TCC AGA GGG AA-30;
GAPDH forward primer, 50-AGG TCG GTG TGA ACG
GAT TTG-30 and reverse primer, 50-GGG GTC GTT GAT
GGC AAC A-30. The amplification was performed by
quantitative real-time PCR by using SYBR Green
Master Mix according to the manufacturer’s instruc-
tions (SYBR Real-Time PCR Kit, Takara, Dalian, China).

Relative expressions of target genes were standardized
to GAPDH, evaluated by the 2�DDCT method and given
as a ratio to normalize the experiments.

Statistical analysis

The results were analysed using the SPSS (Inc.,
Chicago, IL, USA) software. Data were expressed as the
mean± standard deviation (±S). One-way ANOVA was
used to compare three groups, and the independent
sample t test was used to compare two groups.
p< 0.05 was considered statistically significant.

Results

UCP2 expression after ischaemia
reperfusion injury

To investigate the role of UCP2 in IRI, we examined
changes in the expression of UCP2 after renal tissue
IRI. We first used RT-PCR and Western blotting to
detect the expression of UCP2 after IRI. The results
showed that UCP2 gene expression was significantly
downregulated after IR compared with the sham-oper-
ated group (Figure 1(C)), decreased by 0.64 ± 0.11-fold
(p< 0.05). On the other hand, UCP2 protein expression
was significantly decreased after IR (Figure 1(A,B)),
decreased by 0.59 ± 0.56-fold (p< 0.05). indicating that

Figure 1. Detection of UCP2 changes in renal tissue by Western Blotting. AB: Downregulation of UCP2 protein expression after IR.
C: Downregulation of UCP2 gene expression after IR. (The internal reference is GAPDH. The greyscale value of each group is com-
pared with the internal reference, and the obtained result is compared with the sham group. In each group of six mice, the data
are expressed as the mean± standard deviation (±S). �p< 0.01, compared with sham.).
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the impairment of UCP2 expression by IRI occurred at
both the post-translational and transcriptional levels.

UCP2 protects renal function in IRI mice

The expression levels of creatinine and BUN in serum
are important indicators of renal function. Normally,
impaired renal function leads to a sharp increase in
serum creatinine and BUN (Wang et al., 2019). The
results showed that the creatinine in the IR group was
43.93 ± 0.62 umol/L, which was 2.14 ± 0.13-fold
(p< 0.05) in the sham operation group (Figure 2(B)). In
the UCP2�/�þIR group, creatinine increased further to
60.41 ± 1.00 umol/L, which was 1.38 ± 0.04-fold
(p< 0.05) in the IR group (Figure 2(A)). On the other
hand, the BUN in the IR group was 12.75 ± 0.63mmol/
L, which was 2.09 ± 0.05-fold that of the sham-oper-
ated group (p< 0.05). In the UCP2�/�þIR group,
serum BUN content was 20.78 ± 0.92mmol/L, which

was 1.61 ± 0.10-fold (p< 0.05) in the IR group (Figure
2(A)). The results showed that the IRI model was suc-
cessfully established, and knockout the UCP2 gene sig-
nificantly aggravated IR damage, suggesting that
UCP2 can protect renal function in IRI mice.

UCP2 alleviates renal tissue injury

Renal tissue pathology can directly reflect the degree
of renal tissue damage and the location of lesions
(Solati et al., 2018). HE staining showed renal tubular
epithelial cell degeneration, water-like lesions, infiltra-
tion of inflammatory cells around the renal tubules,
interstitial cells, and partial apoptosis in the IR group;
interstitial oedema in the UCP2�/�þIR group was
greater than that in the IR group. Inflammatory cell
infiltration and apoptosis also increased (Figure 2(C)).
After UCP2 knockout, inflammatory cell infiltration was
1.50 ± 0.19-fold (p< 0.05) in the IR group, suggesting

Figure 2. UCP2�/� induced renal ischaemia reperfusion injury (IRI) aggravation. A, B: ELISA determination of serum creatinine and
BUN in 3 groups. (For the six mice in each group, data are expressed as the mean± standard deviation (±S). The upper panel � is
p< 0.01, compared with sham; �� is p< 0.01, compared with IR group.) C: Pathological changes in the kidneys of mice in each
group after ischaemia-reperfusion.
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that UCP2 can protect renal tissue by reducing
inflammation.

UCP2 downregulates ROS expression in
renal tissue

ROS is a key indicator of oxidative stress. It can dir-
ectly reflect the content and localization of ROS tissue
and is used to judge the severity of oxidative stress
damage in tissues (Hee & Seung-Hyo, 2018).
Immunofluorescence DHE staining indicated ROS (the
red area is a positive expression). The results showed
that ROS levels in the IR group were significantly
higher than those in the sham group, up to
1.16 ± 0.05-fold (p< 0.01). Compared with the IR
group, the UCP2�/�þIR group showed significantly
increased ROS expression, increased by 1.79 ± 0.06-fold
(p< 0.01) (Figure 3(A)). It is suggested that UCP2 may
alleviate renal IRI by decreasing ROS expression.

UCP2 promotes renal cell apoptosis

The cleavage of chromosomal DNA in apoptosis is a
gradual, phased process in which chromosomal DNA

is first degraded to a large fragment of 50–300 kb by
the action of an endogenous nuclease (Lin et al.,
2014). The cleavage DNA will be exposed to –OH, and
the apoptosis can be accurately quantified and local-
ized by the Terminal-deoxynucleotide transferase
Mediated Nick End Labeling (TUNEL) method (Lee
et al., 2004a). TUNEL staining marked apoptotic cells
(positive expression in the brown area), mainly con-
centrated in the glomerular part. The results showed
that compared with the sham group, the apoptotic
cells in the IR group increased significantly (p< 0.05),
up to 1.98 ± 0.43-fold. apoptosis increased significantly
in the UCP2�/�þIR group compared with the IR group
(p< 0.01), up to 1.74 ± 0.10-fold (Figure 3(B)). It is sug-
gested that UCP2 may reduce IRI by down-regulating
renal tissue apoptosis.

UCP2 decreases cleavage of apoptotic protein
cleaved caspase-3 and activation of NFjB

Caspase3 is involved in the process of cell apoptosis.
Cleaved caspase-3 specifically cleaves DNApoly (ADP-
ribose) polymerase, an enzyme involved in DNA repair
and gene integrity monitoring. The study found that

Figure 3. (A) Immunofluorescence determination of ROS expression in the kidneys of 3 groups. (Six mice in each group, data are
expressed as the mean± standard deviation (±S). The upper panel � is p< 0.01, compared with sham; �� is p< 0.01, compared
with the IR group, � 200) (B) Immunohistochemical detection of apoptotic cell content in the three groups. (The black arrows in
the figure indicate areas of apoptosis-positive cells; in each group six mice, the data are expressed as the mean± standard devi-
ation (±S). The upper panel� is p< 0.01, compared with sham; �� is p< 0.01, compared with UCP2-/-þIR group. �200) (C)
Detection of cleaved caspase-3 expression in the kidneys by Western blotting. (The internal reference is GAPDH. The greyscale
value of each group is compared with the internal reference, and the obtained result is compared with the sham group. In each
group of six mice, the data are expressed as the mean± standard deviation (±S). �p< 0.01, compared with sham; ��p< 0.01
compared to IR group.).
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cleaved caspase-3 is highly expressed in apoptotic
cells. Therefore, by detecting the content of cleaved
caspase-3 in tissues, it can reflect the severity of apop-
tosis in tissues (Seong et al., 2017). Western blot ana-
lysis detected changes in apoptotic cleaved caspase-3
protein. The results showed that compared with the IR
group, the UCP2�/�þIR group significantly increased
the expression of cleaved caspase-3 (p< 0.05),
increased by 1.32 ± 0.14-fold (Figure 3(C)). It is sug-
gested that UCP2 can reduce the cleaved caspase-3 to
alleviate IRI.

UCP2 protects renal function by inhibiting NFjB

IRI-induced ROS increase activates the inflammatory
response, and studies have shown that ROS is closely
related to the NFjB signaling pathway, but the mech-
anism is unknown. Typically, the NFjB signaling path-
way is activated by stress, pro-inflammatory cytokines
and antigen receptors (Kemmner and Bachmann
2019). During the whole conduction process, NFjB
protein is bound and inhibited by IjB protein. After
activation by stress reaction, IKK complex phosphory-
lates, and this complex can phosphorylate IjB protein.
Phosphorylation of IjB releases NFjB, and NFjB
released as a transcription factor enters the nucleus
from the cytoplasm and binds to the target gene, reg-
ulating cell inflammation and expression of apoptotic

proteins (Rostasy et al., 2000). By detecting key mole-
cules of the NFjB signaling pathway, the distribution
of various factors in the cytoplasm and nucleus can be
clearly observed. Western blot analysis detected
changes in the NFjB pathway. NFjB expression in the
IR group was significantly higher than that in the
sham group (p< 0.05). In addition, the results showed
that compared with the IR group, the UCP2-/-þIR
group significantly increased the expression of NFjB.
These results suggest that UCP2 may protect renal
function by inhibiting NFjB (p< 0.05) (Figure 4(A–D)).
It is suggested that UCP2 can alleviate IR inflammatory
injury by down-regulating NFjB signaling pathway.

The molecular mechanism by which UCP2
alleviates IRI

We combined a simplified diagram of the protective
mechanism of UCP2 on IRI. We observed a dramatic
increase in ROS in kidney tissue after IR. Kidney tissue
damage is severe due to oxidative damage of ROS to
biological macromolecules. We knocked out the UCP2
gene and found that renal tissue damage and ROS
were increased in the knockdown group compared to
that in the IR group. The NFjB pathway was detected
in the cells. IKK/IjB was activated by phosphorylation
after IR, and NFjB bound to IjB was separated and
localized the nucleus. At the same time, we detected

Figure 4. Detection of NFjB pathway changes in renal tissue by Western blotting. AC: UCP2 prevents IRI by inhibiting cytoplasmic
IjB and IKK phosphorylation. BD: UCP2 inhibits NFjB. (The internal references are GAPDH (cytoplasm) and histone H3 (nucleus).
The greyscale value of each group is compared with the internal reference, and the obtained result is compared with the sham
group. In each group of six mice, the data are expressed as the mean± standard deviation (±S). �p< 0.01, compared with sham;��p< 0.01 compared to IR group).
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an increase in nuclear NFjB after UCP2 gene knockout
compared with that in the IR group, thereby activating
the downstream inflammatory pathway and aggravat-
ing the damage, which is consistent with the BNU and
creatinine levels detected in serum. In addition, we
observed that the expression of cleaved caspase-3 in
cells also showed an increase in apoptosis after UCP2
gene knockout (Figure 5).

Discussion

We have identified the function of UCP2 in attenuating
renal IRI through the reduction of ROS and subsequent
inhibition of the NFjB pathway. Renal ischaemia reper-
fusion is a common cause of renal injury, with a high
incidence and poor prognosis. Its pathogenesis involves
oxidative stress, inflammation, and apoptosis
(Donnahoo et al., 1999; Lee et al., 2004b). The oxidative
stress theory accounts for an important part, and the
main starting point is determining how to effectively
eliminate the free radical and ROS generated after
reperfusion. Previous reports have shown that a large
amount of ROS is produced after IRI, leading to tissue
damage and apoptosis (Indran et al., 2011; Kelly 2003).
We detected apoptotic cells and apoptotic proteins,
The results showed that IRI can effectively upregulate
the production of the apoptotic protein caspase 3.
Some studies have focused on the use of proprietary
Chinese medicines for the antioxidation and anti-apop-
tosis relief of IRI, but the effects of these exogenous
treatments are uneven and have a detrimental effect
on other tissues (Bo et al., 2015; Hill et al., 2008; Lin

et al., 2003). Thus, the activation of endogenous protec-
tion is still the focus of research. Although there are
certain mitigating effects, the effects are still not obvi-
ous, and the surgery is not stable enough to be effect-
ively used in clinical research.

A large number of studies have shown that UCP2
can inhibit cell inflammation and apoptosis by downre-
gulating ROS (Derdak et al., 2009). UCP2 as a
mitochondrial uncoupling protein can effectively down-
regulate ROS (Bhattacharya et al., 2018; Brand & Esteves,
2005). In vitro and in vivo experiments have shown that
the reduction of reactive oxygen species caused by the
uncoupling effect of UCP2 can reduce the damage of
ROS to cells and have a protective effect on cells and
tissues (Deng et al., 2012; Derdak et al., 2007; Pecqueur
et al., 2008). However, the role of UCP2 in IRI remains
unclear, and the discussion of the mechanism is insuffi-
cient. Another study showed that UCP2 overexpression
inhibits ROS production and protects tissues from oxida-
tive stress damage (Kukat et al., 2014). This study
showed that UCP2 protects renal function by reducing
BUN and creatinine. This suggests the potential applica-
tion value of UCP2 in IRI. Many studies have applied
UCP2 to oxidative stress and inflammation-related dis-
eases, and its protective effect on tissue damage has
been widely recognized (Xu et al., 2015). It has been
reported that UCP2 regulates NFjB-dependent inflam-
matory responses and promotes NFjB nuclear regula-
tion of the transcription of inflammatory mediators (Bai
et al. 2005; Hee & Seung-Hyo, 2018; Kelly et al., 2006).
Therefore, UCP2 plays an important role in the inflam-
matory response. The results of this experiment indicate

Figure 5. Simplified diagram of the protective mechanism by which UCP2 alleviates IRI.
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that UCP2 can downregulate IjB and IKK phosphoryl-
ation and reduce the inflammatory response of tissues
by regulating the NFjB pathway. However, these stud-
ies lack cell experiments. It is still unclear which specific
cell types use UCP2, and in vivo studies are a big chal-
lenge in the next step.

In summary, UCP2 can be used as a new potential
target for alleviating renal injury after IRI. The mechan-
ism may be to downregulate ROS expression and
thereby inhibit apoptosis and the NFjB signalling
pathway, which could be a pharmacological target for
the treatment of renal ischaemia reperfusion injury.
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