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A B S T R A C T

Objective: UCP2 is involved in the maintenance of mitochondrial function, immune response and regulation of
oxidative stress under physiological or pathological conditions. The aim of this study was to investigate the
effects of UCP2 on mitochondrial dysfunction, inflammation, and oxidative stress in septic acute kidney injury
(AKI).
Methods: We established LPS-induced AKI model in mice and HK-2 cells. In vivo, the UCP2 inhibitor genipin was
used to downregulate UCP2 in mouse kidneys. In vitro, UCP2 overexpression or knockdown was achieved by
LV5-UCP2 or si-UCP2 transfection, respectively, to characterize the mechanisms of UCP2 in septic AKI.
Indicators of renal injury, cell apoptosis, inflammation, oxidative stress, and mitochondrial dysfunction were
assessed.
Results: Compared to the control group, LPS treatment increased UCP2 expression in vitro and in vivo. In vitro,
UCP2 overexpression protected HK-2 cells from LPS-induced injury by suppression of apoptosis, inflammation,
oxidative stress, MMP loss and ROS production, increase of ATP production and mtDNA content, and ameli-
oration of damage to the mitochondrial ultrastructure. Additionally, inhibition of UCP2 expression by si-UCP2
resulted in decreased HK-2 cell resistance to LPS toxicity, as shown by increased apoptosis, inflammation, mi-
tochondrial dysfunction and oxidative stress. In vivo, UCP2 downregulation aggravated the LPS-induced renal
injury, inflammation, macrophages infiltration, mitochondrial dysfunction, and oxidative stress.
Conclusion: UCP2 may protect LPS-induced AKI by ameliorating mitochondrial dysfunction, anti-inflammation,
and antioxidative activities, ultimately inhibiting tubule epithelial cell apoptosis, and that increasing the UCP2
content in mitochondria constitutes a new therapeutic approach for septic AKI.

1. Introduction

Sepsis is a life-threatening organ dysfunction caused by a dysregu-
lated host response to infection [1]. It is estimated to affect at least
1–1.5 million persons each year in the USA [2–5], and 19 million pa-
tients worldwide [6,7]. Despite advances in critical care, sepsis remains
a highly lethal entity resulting in> 200,000 USA deaths per year and
an in-hospital mortality upward of 30% [4,5]. In critically ill patients,
AKI is a common and serious complication of sepsis, and sepsis is the
leading cause of AKI in the intensive care unit (ICU), accounting for
45–70% of all AKI [8]. In the recent Vasopressin vs. Norepinephrine as
Initial Therapy in Septic Shock (VANISH) trial, AKI occurred in about

45% of patients, and AKI requiring renal replacement therapy (RRT)
developed in 30% of patients [9]. The development of septic AKI is
associated with increased mortality, and survivors are at risk of de-
veloping chronic kidney disease, which is a burden for both patients
and society [10]. Septic AKI is a multifactorial syndrome, and the
current understanding of its pathogenesis involves microcirculatory
abnormalities, mitochondrial dysfunction and inflammatory changes
[11,12].

Mitochondria have important roles in both physiological and pa-
thophysiological processes, including calcium homeostasis, cell sig-
naling pathways, transcriptional regulation, and apoptosis [13]. The
heart and kidney possess the greatest abundances of mitochondria,
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which work cooperatively to provide energy [14]. Multiple aspects of
mitochondrial dysfunction, such as the overproduction of reactive
oxygen species (ROS), the depletion of adenosine triphosphate (ATP),
the disruption of mitochondrial membrane potential (MMP or ΔΨm),
and the exacerbation of apoptosis, are thought to influence septic AKI
[13]. Moreover, previous studies have suggested that the intersection
between mitochondrial biogenesis and the inflammatory response is
important in disease [15]. In septic AKI, inflammation at the tissue and
cellular levels is associated with mitochondrial injury and with de-
creased levels of intracellular ATP in the kidney [16]. Therefore,
evolving strategies for targeting mitochondrial dysfunction hold pro-
mise for the prevention and treatment of septic AKI.

Uncoupling proteins (UCPs), members of the anionic proton trans-
porter family, which are located in the mitochondrial inner membrane,
can promote proton leakage across the inner membrane. They are the
essential regulator of MMP and disperses the mitochondrial proton
gradient by translocating H+ across the inner membrane, with sub-
sequent respiratory activity and ROS and ATP generation [17]. Un-
coupling protein 2 (UCP2) is the most well-known protein in its family,
as it is ubiquitously expressed in multiple tissue types, such as those of
the central nerve system, kidney, heart, liver, pancreas, spleen, thymus
and macrophages [18]. The wide distribution of UCP2 leads to its
regulation of numerous metabolic processes, such as ATP and ROS
production; mitochondrial calcium balance and MMP stabilization; and
glucose control, in addition to regulation of immunity and multiple
pathologies, such as sepsis, diabetes, and cancer [19]. However, the
pathological function of UCP2 was found to be tissue- and disease-
specific. UCP2 overexpression reverses sepsis-induced myocardial in-
juries by reducing ROS production and regulating mitoflash frequency
[20]. UCP2 plays a cytoprotective role in the lung and spleen via its
antioxidant synergy with mt-iPLA2γ [21]. In contrast, some studies
have shown that UCP2 increases susceptibility to LPS-induced acute
lung and liver injury in mice [22,23]. UCP2 deficiency provides pro-
tection in a murine model of endotoxemic acute liver failure [24].

In early experiments, we found that UCP2 expression was increased
in septic kidney tissue [25]. However, the functional role of UCP2 in
septic AKI remains to be determined. We hypothesized that UCP2
regulated mitochondrial function, inflammation and oxidative stress in
septic AKI. In the present study, we explored the association between
mitochondrial dysfunction and UCP2 expression. Our findings indicated
that UCP2 ameliorated mitochondrial dysfunction, inflammation, and
oxidative stress in lipopolysaccharide-induced AKI, suggesting that
UCP2 may be a novel treatment target for LPS-induced AKI.

2. Materials and methods

2.1. Cell culture, transfection and septic AKI cell model

A human proximal tubule epithelial cell line (China Center for Type
Culture Collection, Wuhan, China), HK-2 cells, was cultured in
Minimum Essential Medium (MEM; Gibco, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (FBS), 1% nonessential amino acids
(NEAA) and antibiotics (100 U/ml penicillin G, 100 μg/ml strepto-
mycin) at 37 °C in a cell culture incubator with 5% CO2 and saturation
humidity. For overexpression of UCP2, when the HK-2 cells were 50%
confluent in fresh serum-free medium, they were transiently transfected
with UCP2-overexpression lentivirus (LV5-UCP2) or negative control
lentivirus (LV5-NC) at a multiplicity of infection (MOI) of 20. The cells
were cultured in MEM with 10% FBS and 1% NEAA after infection for
4 h and then selected using 2 μg/ml puromycin. Stable overexpression
lines were established when>90% of the transfected cells were found
to strongly express GFP under a fluorescence microscope. For inhibition
of UCP2 expression, cells were cultured in six-well tissue culture plates
for 24 h until they reached 30–50% confluence. Then, small interfering
RNAs targeting UCP2 (si-UCP2) or a negative control (si-NC), synthe-
sized by Shanghai GenePharma Co., Ltd. (Shanghai, China), were

transfected into cells using RNAiMAX (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer's instructions.

To construct a septic AKI cell model, nontransfected or transfected
HK-2 cells were exposed to LPS (Escherichia coli 0111:B4; Sigma, St.
Louis, MO, USA; 100 μg/ml) [26]. Cells were divided into the following
six groups: control, LPS, LV5-NC-transfected+LPS (LV5-NC+ LPS), si-
NC-transfected+LPS (si-NC+ LPS), LV5-UCP2-transfected+LPS (LV5-
UCP2+LPS), and si-UCP2-transfected+LPS (si-UCP2+LPS).

2.2. Septic AKI mouse model

Male C57BL/6J mice weighing 18–22 g (n=24) were obtained
from the Experimental Animal Center at Southern Medical University
(GuangZhou, China). All experimental procedures were performed in
strict accordance with the PR China Legislation Regarding the Use and
Care of Laboratory Animals, and all experiments were approved by the
Animal Care and Use Committee of Southern Medical University.

Mice were divided into the following groups containing 8 mice per
group: control, LPS-treated (LPS) and Genipin+ LPS-treated
(Genipin+ LPS). To establish the septic AKI model, mice were in-
traperitoneally injected with LPS at a dose of 15mg/kg body weight
[23]. Genipin (Dalian Meilunbio Co., Ltd., DaLian, China) was injected
by gavage 1 h before LPS administration at a dose of 100mg/kg body
weight [27]. Saline was used as the negative control. On the basis of the
results of a preliminary experiment, animals were sacrificed 24 h after
LPS injection. Blood samples were obtained from the mice and cen-
trifuged to produce serum. Then, the blood and the kidney samples
were stored at −80 °C for further analysis.

2.3. Assessments of biochemical parameters of renal function in serum

The serum BUN and Cr levels were measured using commercial kits
(Nanjing Jiancheng Bioengineer Institute, Nanjing, China). Neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury molecule 1
(KIM-1) were measured with an NGAL and a KIM-1 enzyme-linked
immunosorbent assay (ELISA) kit, respectively (Cusabio Life Science,
WuHan, China). Experimental procedures in the provided instruction
manuals were strictly followed.

2.4. Histological and immunohistochemical assays

The kidney tissues were fixed in 10% formalin, embedded in par-
affin, and sectioned into 5-μm sections. The sections were stained with
hematoxylin-eosin (H&E). For the immunofluorescence staining of
UCP2, NF-κB p65 and Galectin-3, tissue sections were incubated for 1 h
with 3% hydrogen peroxide (H2O2) to block endogenous peroxidase
and then incubated with 5% normal goat serum for 30min. Next, the
sections were incubated at 4 °C overnight with antibodies against UCP2,
NF-κB p65 and Galectin-3 (Cell Signaling Technology, Inc., MA, USA;
all dilutions were 1:50). After washing, a horseradish peroxidase (HRP)-
labeled polymer antibody (Santa Cruz Biotechnology, CA, USA) was
used as the secondary antibody. Diaminobenzidine (DAB) was used as
the substrate, and sections were counterstained with hematoxylin. All
sections were photographed using a light microscope (Nikon Eclipse
TE2000-U, NIKON, Japan) at 400× magnification.

2.5. Cell viability and apoptosis assays

Cell viability was assessed with the Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies, Kumamoto, Japan). HK-2 cells were
seeded into 96-well plates at a density of 5× 103 cells/well and treated
with various concentrations of LPS (0, 1, 5, 10, 50 and 100 μg/ml) for
24 h. After LPS stimulation, 10 μl CCK-8 was added into each well and
incubated for 4 h at 37 °C. The absorbance was measured at 450 nm
using a microplate reader (Bio-Rad, Hercules, CA). On the basis of the
CCK8 results, treatment with 100 μg/ml LPS for 24 h was selected for
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subsequent experiments.
Quantitation of apoptotic cells was performed using an Annexin V-

FITC/PI apoptosis detection kit and Annexin V-633/PI apoptosis de-
tection kit (Dojindo Molecular Technologies, Kumamoto, Japan).
Briefly, HK-2 cells or the transfected cells were seeded into 6-well plates
at a density of 5×105 cells/well and subjected to 100 μg/ml LPS for
24 h. After washing in ice-cold phosphate-buffered saline (PBS) twice,
cells were resuspended in 500 μl Binding Buffer containing 5 μl Annexin
V-FITC or Annexinn V-633 and 5 μl PI. The samples were then in-
cubated in the dark at room temperature for 15min, and the apoptotic
cells (Annexin V-FITC-positive or Annexinn V-633-positive and PI-ne-
gative) were distinguished on a flow cytometer (BD Biosciences, San
Jose, CA, USA).

2.6. Quantitative real-time PCR analysis

Total RNA was extracted from the cells and kidney tissues using
TRIZOL reagent (TaKaRa Biotechnology Co., Ltd., China) according to
the manufacturer's protocol. Then, reverse transcription polymerase
chain reaction (RT-PCR) was performed using the Prime-Script RT re-
agent kit (TaKaRa Biotechnology Co., Ltd., China) on a TC-512 PCR
system (TECHNE, UK) after the concentration of the extracted RNA was
measured. qPCR was performed using SYBR®Premix Ex Taq™II (Tli
RNaseH Plus) (TaKaRa Biotechnology Co., Ltd., China). The threshold
cycle (Ct) was obtained from triplicate samples and averaged.
Calculations were based on the ΔΔCt method using the equation R
(ratio)= 2-ΔΔCt and normalized to GAPDH expression in each sample.
All primers were designed and synthetized by Sangon Biotech Co., Ltd.
(Shanghai, China). The primer sequences are listed in Table 1.

2.7. Western blot analysis

The total protein samples from the cells and kidney tissues were
homogenized using RIPA lysis buffer containing protease inhibitors and
phosphatase inhibitor cocktail 2. The protein concentrations of the
samples were determined using a BCA Protein Assay kit (Bio-Rad,
Hercules, CA, USA) and standards. The proteins (50 μg) were denatured
with sodium dodecyl sulfate (SDS) sample buffer, separated on 10%
SDS-polyacrylamide gel electrophoresis (PAGE) gels, and transferred to
PVDF membranes (Millipore, MA, USA). After being blocked with 5%
BSA for 2 h at room temperature, the membranes were incubated with
primary antibodies overnight at 4 °C. Antibodies against β-actin
(42 kDa), UCP2 (32 kDa), p65 (65 kDa), pp65 (65 kDa), IκBα (39 kDa),
p-IκBα (40 kDa) were supplied by Cell Signaling Technology. After the
addition of the anti-rabbit secondary antibody for 1 h at room tem-
perature, the protein signal was developed using ECL substrate
(Beyotime Institute of Biotechnology, Jiangsu, China) according to the
manufacturer's instructions. The immunoreactive protein bands were

visualized using the In-Vivo Imaging System F (Eastman Kodak Co.,
Rochester, NY, USA). The band intensity was quantified using ImageJ
software.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Six hours after LPS treatment, the culture supernatants of HK-2 cells
were collected for subsequent measurements of IL-6, IL-1β and TNF-α
expression levels. The culture supernatants were measured using com-
mercially available ELISA kits (Cusabio Life Science, Wuhan, China). All
procedures were performed in strict accordance with the manufac-
turer's instructions. The samples were analyzed in triplicate.

2.9. MMP (or ΔΨm)

ΔΨm was assessed using a laser scanning confocal microscope
(LSCM, FV10i-W; Olympus Corp., Tokyo, Japan) and a flow cytometer
(BD FACSAria; BD Biosciences, Franklin Lakes, NJ, USA) with 5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethylbenzimidazole-carbocyanide iodine (JC-
1; Beyotime Institute of Biotechnology) staining. The HK-2 cells and
mitochondria isolated from kidneys were stained with JC-1 for 20min
at 37 °C after 24 h of incubation with LPS. Cells and mitochondria
isolated from kidneys were examined using the LSCM, and cells were
also evaluated by FCM. Fluorescence was read at 488 nm excitation and
530 nm emission for green and at 540 nm excitation and 590 nm
emission for red. The ratio of aggregated JC-1 (red fluorescence) and
monomeric JC-1 (green fluorescence) represented the ΔΨm.

2.10. Transmission electron microscopy (TEM) and analysis of
mitochondrial damage

The cells treated per the group designation were washed with PBS
and collected. After fixation in 2% glutaraldehyde, cells were dehy-
drated with an ascending acetone series, suspended in an acetone-Epon
mixture, embedded in Epon using capsules (Piano, Marburg, Germany)
and polymerized. Each sample was cut and dyed with uranyl acetate
and lead citrate and viewed under a transmission electron microscope
(H-7650; Hitachi, Tokyo, Japan). To examine mitochondrial ultra-
structure in vivo, fresh kidneys from different groups were cut into
1mm3 blocks, and subsequent steps were performed as described above
for cells.

2.11. Measurement of intracellular ROS accumulation

The production of intracellular ROS in HK-2 cells was fluorome-
trically monitored using dihydroethidium (DHE) (Beyotime Institute of
Biotechnology). Cells in 6-well culture dishes were trypsinized and
collected by centrifugation. DHE, diluted to a final concentration of

Table 1
Primers sequences.

Genes Species Forward Reverse

UCP2 Human GGCTGGAGGTGGTCGGAGATAC CAGCACAGTTGACAATGGCATTACG
GAPDH Human GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
TNF-α Human CGCGTTCATGTCGTAATAGTT CGGGCCGATTGATCTCAGC
IL-1β Human AACCTCTTCGAGGCACAAGG GGCGAGCTCAGGTACTTCTG
IL-6 Human GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC
ND1 Human CATTCCTAATGCTTACCGAACG GTAGAGGGTGATGGTAGATGTG
LPL Human AAGAGAGAACCAGACTCCAATG TATTGGTCAGACTTCCTGCAAT
UCP2 Mouse CTCTACGACTCTGTCAAACAGT GGACCTTTACCACATCTGTAGG
GAPDH Mouse ACCCCAGCAAGGACACTGAGCAAG GGCCCCTCCTGTTATTATGGGGGT
TNF-α Mouse CCCAGACCCTCACACTCCAGAT TTGTCCCTTGAAGAGAACCTG
IL-1β Mouse CACCTTCTTTTCCTTCATCTTTG GTCGTTGCTTGTCTCTCCTTGTA
IL-6 Mouse CTCCCAACAGACCTGTCTATAC CCATTGCACAACTCTTTTCTCA
ND1 Mouse CTAATCGCCATAGCCTTCCTAA GTTGTTAAAGGGCGTATTGGTT
LPL Mouse CCTGATGACGCTGATTTTGTAG CAATGAAGAGATGAATGGAGCG
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10 μM with MEM, was added to the HK-2 cells followed by incubation
at 37 °C for 20min. Following treatment with DHE, HK-2 cells were
washed 3 times with PBS. Intracellular ROS were quantified by FCM
with 535 nm excitation and 590 nm emission. Data analysis was per-
formed with CellQuest software and the mean fluorescence intensity
was used to quantify the responses. A minimum of 10,000 cells were
acquired for each sample.

2.12. Measurement of mtDNA content

The mtDNA content was measured by RT-PCR method. Total in-
tracellular DNA was isolated by using a QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany). RT-PCR reactions were carried out in a total volume
of 10 μl according to the manufacturer's protocol. NADH dehydrogenase
subunit 1 (ND1) was on behalf of mtDNA amplification and lipoprotein
lipase (LPL) was on behalf of an internal control. Compared the relative
amount of mtDNA with nuclear DNA (nDNA) copy numbers, the ddCT
(ND1/LPL) represented the mtDNA copy number in a cell. All primers
were designed and synthetized by Sangon Biotech Co., Ltd. (Shanghai,
China). The primer sequences are also listed in Table 1.

2.13. Biochemical analyses

Methods for the total protein extraction from kidney tissues and HK-
2 cells are the same as those mentioned before. ATP level was measured
using a firefly luciferase-based ATP assay kit (Beyotime Institute of
Biotechnology). Chemicals used for measuring superoxide dismutase
(SOD) activity and malondialdehyde (MDA) levels were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.14. Statistical analysis

The experimental values were obtained from 3 independent ex-
periments with a similar pattern and are expressed as the means ± SD.
For the determination of the significant differences between the control
and treatment groups, we used ANOVA, followed by post hoc pairwise
comparison (LSD) tests for analysis. Statistical analysis was carried out
using the SPSS software package 20.0. Statistical significance was set at
p < .05.

3. Results

3.1. Up- or downregulation of UCP2 expression by UCP2 recombinant
lentiviral (LV5-UCP2) or si-UCP2 transfection in HK-2 cells

To determine the role of UCP2 in LPS-induced AKI, the expression of
UCP2 was up- or downregulated by LV5-UCP2 or si-UCP2 transfection,
respectively, and cells transfected with LV5-NC or si-NC served as
control groups. The mRNA level of UCP2 was increased by 3.74-fold
following transfection with LV5-UCP2 compared with transfection with
LV5-NC, which was consistent with an increase in UCP2 protein ex-
pression (Fig. 1A and B). The mRNA level of UCP2 was reduced by
approximately 45.65% following transfection with si-UCP2 compared
with transection with si-NC, which was consistent with a decrease in
UCP2 protein expression (Fig. 1A and B). No significant changes in
UCP2 mRNA and protein levels were observed in the cells transfected
with LV5-NC or si-NC compared with the control group.

3.2. UCP2 expression in LPS-induced AKI

Fig. 2A, B and C shows that after LPS exposure, the UCP2 mRNA and
protein expression levels were markedly increased compared with
control group in mouse kidneys. Next, a pharmacological inhibitor of
UCP2, genipin, was used to downregulate the expression of UCP2.
Pretreatment with genipin resulted in a significant blockade of the LPS-
induced upregulation of the UCP2 mRNA and protein expression levels.

As shown in Fig. 2D, both the UCP2 mRNA and protein expression le-
vels in HK-2 cells were increased in a time-dependent manner after LPS
exposure.

3.3. UCP2 inhibition by genipin pretreatment promotes LPS-induced renal
injury

The serum BUN, Cr, KIM-1 and NGAL levels are considered im-
portant biochemical markers of the severity of renal injury. As shown in
Fig. 3A, the serum BUN, Cr, KIM-1 and NGAL levels were remarkably
elevated in the LPS-treated mice compared with control mice. Subse-
quently, we explored the effects of genipin on renal injury under septic
conditions. Pretreatment with genipin in LPS-treated mice further in-
creased the serum BUN, Cr, KIM-1 and NGAL levels.

Intraperitoneal injection of LPS also resulted in serious pathological
damage to the kidney. As observed with H&E staining, we found that
LPS caused tissue damage mainly in the renal cortex and outer medulla.
As shown in Fig. 3B, compared with control group, the histopatholo-
gical changes in the kidneys of LPS group included partial renal tubular
epithelial vacuole degeneration, or hyaline degeneration; swelling in
the renal tubular epithelium; a narrowed lumen; interstitial angiectasis
hyperemia, and a large number of infiltrated inflammatory cells, which
were markedly aggravated by genipin pretreatment followed by LPS
exposure.

3.4. UCP2 protects HK-2 cells against LPS-induced cytotoxicity

HK-2 cells were subjected to different concentrations of LPS (0, 1, 5,
10, 50, and 100 μg/ml) for 24 h, we found that when LPS concentration
was up to 50 μg/ml, cell viability was remarkably decreased (Fig. 4A).
These data indicated LPS damaged HK-2 cells in a dose-dependent
manner, and the treatment of 100 μg/ml LPS for 24 h was selected as
the condition for use in the subsequent experiments, except the ex-
periment which is made to determine the release of inflammatory cy-
tokines (100 μg/ml LPS for 6 h). As is shown in Fig. 4B and C, LPS
exposure significantly inhibited cell viability and increased cell apop-
tosis. UCP2 overexpression alleviated the effects of LPS on cell viability
and apoptosis, while UCP2 silencing aggravated these effects. In HK-2
cells transfected with LV5-UCP2 or si-UCP2, no significant effects on
cell viability or cell apoptosis were observed compared the control
group. Additionally, no significant differences in cell viability or cell
apoptosis were found between control group, si-NC group, and LV5-NC
group. We concluded that UCP2 played an important role in HK-2 cells
under septic conditions and that UCP2 overexpression could protect
HK-2 cells from LPS-induced cell injury and cell apoptosis.

3.5. UCP2 attenuates the LPS-induced inflammatory response

To investigate the effects abnormal UCP2 expression on the LPS-
induced inflammatory response, the levels of multiple inflammatory
cytokines, namely, TNF-α, IL-1β and IL-6, induced by LPS in vivo and in
vitro were determined. As shown in Fig. 5A, we found that LPS effec-
tively increased the mRNA levels of TNF-α, IL-1β and IL-6 in the kidney
tissues of the LPS-induced mice compared with control group, and these
levels were clearly increased further by pretreatment with genipin.

In addition, ELISAs and RT-qPCR analyses revealed that LPS-in-
duced cells showed higher levels of inflammatory factors, including
TNF-α, IL-1β and IL-6, than untreated cells (Fig. 5B and C). More im-
portantly, UCP2 overexpression diminished the LPS-induced over-
production of these cytokines, and UCP2 silencing resulted in the op-
posite dynamic. Additionally, no significant effects on the levels of TNF-
α, IL-1β or IL-6 were observed in HK-2 cells transfected with LV5-UCP2
or siRNA-UCP2 compared with control group. Furthermore, no sig-
nificant differences in the levels of TNF-α, IL-1β or IL-6 were observed
between control group, si-NC group, and LV5-NC group.
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3.6. UCP2 inhibition by genipin pretreatment elicits the infiltration of
macrophages into the kidneys of LPS-induced septic mice

To further investigate the infiltration of macrophages into kidney
tissues, immunohistochemistry was used. As shown in Fig. 5D, the LPS
challenge significantly promoted the infiltration of Galectin-3+ mac-
rophages, and pretreatment with genipin resulted in more infiltration of
Galectin-3+ macrophages.

3.7. UCP2 inhibits LPS-induced NF-κB activation in vivo and in vitro

NF-κB signaling pathway is a well-known target for the regulation of
inflammatory response. LPS challenge contributed to the upregulation
of phosphorylated IκBα and NF-κB p65. Fig. A and B showed that LPS
challenge significantly elevated expressions of p-IκBα and p-p65, and
pretreatment with genipin resulted in more expressions of p-IκBα and p-
p65 compared with LPS-treated mice. Fig. 6C showed that compared
with LV5-NC or si-NC group cells, respectively, the expressions of NF-κB
signaling pathway related proteins, including p-IκBα and p-p65, were
significantly up-regulated in LPS-treated cells. The LPS-induced cells
with LV5-UCP2 showed obviously elevated expressions of p-IκBα and p-
p65 compared with LV5-NC group, while the expressions of these
proteins were significantly lower in LPS-induced cells with si-UCP2
than those in LPS-induced cells with si-NC. Neither LV5-UCP2 nor si-
UCP2 transfection showed obvious effects on basal expressions of p-
IκBα and p-p65 in HK-2 cells.

3.8. UCP2 restores mitochondrial membrane potential (MMP or ΔΨm)
under septic conditions

The ΔΨm of the kidney tissue is shown in Fig. 7A. Confocal mi-
croscopy showed that ΔΨm was significantly decreased in LPS-induced
mice compared with control mice, and that ΔΨm was further decreased
in the mice pretreated with genipin.

The ΔΨm of the HK-2 cells was also assessed. FCM showed that
ΔΨm was rapidly reduced in the LPS-treated cells compared with
control cells, and the decrease in the ΔΨm of LPS-induced cells trans-
fected with si-UCP2 were more significant than the decrease in the
ΔΨm of LPS-induced cells (Fig. 7B and C). Confocal microscopy

revealed the fluorescence changes in ΔΨm. The control group showed
red fluorescence due to the high ΔΨm. Conversely, the treatment of HK-
2 cells with LPS resulted in the dissipation of the ΔΨm, which mani-
fested as increased green fluorescence. The green fluorescence intensity
was markedly stronger in the LPS-induced cells with si-UCP2 than in
the LPS-induced cells (Fig. 7D). si-UCP2 transfection showed no ob-
vious effects on the basal ΔΨm of the HK-2 cells, and no significant
differences in ΔΨm were observed between control group and si-NC
group.

3.9. UCP2 attenuates the damage of mitochondrial ultrastructure under
septic conditions

To characterize the changes in mitochondrial structure more ob-
jectively, the mitochondrial ultrastructure was examined by TEM.
Fig. 8A shows that the mitochondrial ultrastructure was normal in
control mice, while damage occurred in the LPS-induced mice. The
damage to the mitochondrial ultrastructure was worse in the
LPS+Genipin group than in LPS group.

TEM examination of HK-2 cells revealed that most of the mi-
tochondrial membrane was intact, with a clear inner ridge, and was
arranged more neatly under the control condition. However, after LPS
exposure, the mitochondrial number decreased, and mitochondrial
swelling and even vacuolization; the loss of matrix; and the disruption
of crests were evident. Compared with control HK-2 cells, UCP2 over-
expression alleviated the damage to mitochondrial ultrastructure in-
duced by LPS exposure, but UCP2 knockdown cells showed further al-
terations in the aforementioned mitochondrial morphological and
structural changes (Fig. 8B). In HK-2 cells transfected with LV5-UCP2 or
si-UCP2, the mitochondrial ultrastructure showed no significant dif-
ference compared with control cells. Additionally, there were no sig-
nificant differences in mitochondrial ultrastructure between control
group, si-NC group, and LV5-NC group.

3.10. UCP2 inhibits ROS production, and increases the ATP levels and
mtDNA content under septic conditions

To elucidate the role of UCP2 in mitochondrial function, in-
tracellular ROS, ATP levels and mtDNA content were measured. DHE is

Fig. 1. Regulation of UCP2 expression by UCP2 re-
combinant lentiviral (LV5-UCP2) or si-UCP2 trans-
fection in HK-2 cells. (A) UCP2 mRNA, (B) UCP2
protein expression in HK-2 cells transfected with
LV5-UCP2 or si-UCP2 or control vectors. Data are
expressed as the mean ± SD (n=3–5 per group).
*p < .05 versus control cells.
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a fluorescent probe of ROS. Intracellular ROS production was quantified
using FCM with DHE. FCM showed the upregulation of ROS production
in LPS-induced HK-2 cells. UCP2 overexpression alleviated the ab-
normal ROS production induced by LPS exposure, but UCP2 silencing
caused the abnormal ROS production to become more serious (Fig. 7E).

We next measured the ATP levels of the kidney tissues and found a
significant decrease in the ATP levels of the LPS-treated mice compared
with the control mice, and these levels were further decreased in the
group that received genipin pretreatment (Fig. 7F). Moreover, Fig. 7G
shows that compared with control group cells, the LPS group cells
showed decreased ATP levels. Compared with LPS-treated cells, UCP2
overexpression in cells significantly increased ATP levels, and UCP2
knockdown further decreased the abnormal ATP levels induced by LPS.

mtDNA is also a sensitive indicator of mitochondrial function. The
mtDNA content in the LPS mice was significantly lower than that in the
control mice and was further decreased in the mice pretreated with
genipin (Fig. 7H). At the same time, as shown in Fig. 7I, LPS induced a

significant reduction in HK-2 cells. The mtDNA content of the LPS-in-
duced cells with UCP2 overexpression was significantly higher than
that of the LPS-induced cells and showed a sharp decline in the LPS-
induced cells with UCP2 silencing compared with the LPS-induced cells.
Neither LV5-UCP2 nor si-UCP2 transfection showed obvious effects on
basal ROS production, the ATP level or the mtDNA content of HK-2
cells, and no significant differences in ROS production, the ATP level or
mtDNA content were observed between control group, si-NC group, and
LV5-NC group.

3.11. UCP2 reduces oxidative stress under septic conditions

As shown in Fig. 9A and C, LPS injection augmented oxidative stress
in mouse kidneys. The malondialdehyde (MDA) levels and SOD activity
were significantly increased and decreased, respectively, in LPS-treated
mice compared with control mice. Genipin pretreatment significantly
aggravated the increased oxidative stress by further increasing the MDA

Fig. 2. Expression of UCP2 in mouse kidneys and in HK-2 cells under septic conditions. (A) UCP2 mRNA, (B) UCP2 protein expression in mouse kidneys. Data are
expressed as the mean ± SD (n=8 per group). *p < .05 versus control group, #p < .05 versus LPS group. (C) UCP2 protein expression was determined by
immunohistochemical analysis (400× original magnification) in mice. (D) UCP2 mRNA, (E) UCP2 protein expression were determined in LPS-induced HK-2 cells.
Data are expressed as the mean ± SD (n= 3–5 per group). *p < .05 versus control cells.
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levels and decreasing SOD activity in mouse kidneys.
As shown in Fig. 9B and D, LPS enhanced the release of MDA and

decreased SOD activity in HK-2 cells. UCP2 overexpression significantly
decreased the MDA level and increased SOD activity against LPS-in-
duced oxidative stress, while UCP2 silencing resulted in a further in-
crease in the MDA level and a further decrease in SOD activity. Neither
LV5-UCP2 nor si-UCP2 transfection showed obvious effects on the basal
MDA level or SOD activity of HK-2 cells, and no significant differences
were observed the control group, si-NC group, and LV5-NC group.

4. Discussion

In this manuscript, we address the principal findings as follows.
First, UCP2 expression was upregulated in LPS-induced AKI, and LPS-
induced upregulation of UCP2 expression was inhibited by pretreat-
ment with genipin. Second, we further investigated the function of
UCP2 using LV5-UCP2 or si-UCP2 to up- or down-regulate UCP2 ex-
pression under septic conditions. Third, LPS administration induced
renal and HK-2 cell injury. UCP2 ameliorated the damage to renal
function, reversed the histopathological changes, improved HK-2 cell
viability and reduced cell apoptosis during sepsis. Furthermore, LPS
treatment induced an inflammatory response, including inflammatory
cytokine release, an elevation in inflammatory cell infiltration and NF-
κB activation. UCP2 decreased the levels of inflammatory cytokines,
attenuated inflammatory cell infiltration and inhibited NF-κB activa-
tion. Lastly, both the animal and cell models demonstrated that mi-
tochondrial structure and function were disrupted, eventually leading
to mitochondrial dysfunction. UCP2 ameliorated mitochondrial dys-
function, demonstrating that UCP2 may play a protective role in mi-
tochondria in septic AKI. Additionally, UCP2 reduced oxidative stress
under septic conditions. Together, these findings support the hypothesis
that UCP2 plays an important and protective role in LPS-induced AKI.

Sepsis is not only a critical illness in the medical field worldwide but

also an unsolved and disastrous problem for humans. LPS administra-
tion to experimental animals is frequently used as a surrogate model for
human infectious sepsis [28]. In our study, treatment with LPS dis-
rupted the structure and function of the kidney tissues, injured HK-2
cells and initiated the inflammatory response, demonstrating that our
septic models had been generated successfully. These results are also in
line with other experimental results [29,30]. Mitochondrial uncoupling
proteins located in the mitochondrial inner membrane can promote
proton leakage across the mitochondrial inner membrane [31]. UCP2 is
the most well-known isoform in the UCP family and can be found in
various tissues [32]. Its wide distribution is associated with a variety of
functions, and UCP2 may protect organs under pathological conditions.
Numerous studies have shown that UCP2 is involved in the regulation
of inflammation, regulation of oxidative stress, maintenance of MMP
and production of energy, which may be related to the pathophysiology
of sepsis [33,34]. Previous reports have shown that UCP2 in blood cells
might be a specific biomarker for sepsis and that the level of UCP2 is
positively correlated with the severity of sepsis [35]. Recently, Chen
et al. demonstrated that insulin ameliorated mitochondrial oxidative
stress by upregulating UCP2 in septic AKI [25]. However, whether
UCP2 plays an important role in septic AKI is still unclear. Our results
showed that UCP2 expression was increased in septic AKI. To further
determine the role of UCP2 in LPS-induced AKI, we transfected LV5-
UCP2 or si-UCP2 into HK-2 cells to respectively overexpress or down-
regulate UCP2 expression, and based on a previous study, we used
genipin as a UCP2-specific inhibitor in vivo [23]. In vivo, treatment
with LPS significantly increased the serum BUN, Cr, KIM-1 and NGAL
levels, induced serious kidney pathological damage, elevated in-
flammatory cell infiltration, promoted inflammatory factor release and
activated NF-κB. UCP2 inhibition with genipin increased the degree of
LPS-induced renal injury and further promoted the inflammatory re-
sponse. In vitro, LPS remarkably reduced cell viability, increased the
cell apoptosis rate and promoted the inflammatory response. UCP2

Fig. 3. UCP2 alleviates LPS-induced renal injury in vivo. (A) The serum BUN, Cr, KIM-1 and NGAL levels in mice. Data are expressed as the mean ± SD (n= 8 per
group). *p < .05 versus the control mice, #p < .05 versus the LPS-treated mice. (B) H&E staining and histological observation of the kidneys (400× original
magnification) in mice.
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Fig. 4. UCP2 protects HK-2 cells against LPS-induced cytotoxicity and cell apoptosis. (A) Cell viability in different concentrations of LPS-induced HK-2 cells. Data are
expressed as the mean ± SD (n=3–5 per group). *p < .05 versus control cells. (B) Cell viability in LPS-induced HK-2 cells transfected with LV5-UCP2 or si-UCP2
or control vectors. (C) Cell apoptosis in LPS-induced HK-2 cells transfected with LV5-UCP2 or si-UCP2 or control vectors. Data are expressed as the mean ± SD
(n=3–5 per group). #p < .05 versus control cells, *p < .05 versus LPS group cells, +p < .05 versus LV5-NC group cells, $p < .05 versus LV5-NC+ LPS group
cells.
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overexpression significantly protected HK-2 cells from LPS-induced cell
viability loss and cell apoptosis, while UCP2 knockdown resulted in
increased cell loss and cell apoptosis compared with LPS treatment
alone. Moreover, UCP2 overexpression significantly inhibited the re-
lease of inflammatory factors and NF-κB activation induced by LPS, and
UCP2 knockdown further increased the release of inflammatory factors
and promoted NF-κB activation in LPS-induced HK-2 cells. These

observations suggested that UCP2 ameliorated the degree of LPS-in-
duced AKI by inhibiting the inflammatory response and decreasing
renal tubular epithelial cell apoptosis.

Mitochondria affect three key processes, namely, energy home-
ostasis, autophagy and the cell cycle that could potentially lead to
apoptosis [36]. Therefore, mitochondrial dysfunction may play a pro-
minent role in the development of organ dysfunction during sepsis.

Fig. 5. UCP2 inhibits the production of cytokines by LPS in vitro and in vivo and reduces the infiltration of macrophages in kidneys of LPS-induced AKI mice. (A) The
mRNA levels of TNF-α, IL-1β and IL-6 in mice. Data are expressed as the mean ± SD (n=8 per group). *p < .05 versus control mice, #p < .05 versus LPS-treated
mice. (B, C) The levels of TNF-α, IL-1β and IL-6 in LPS-induced HK-2 cells transfected with LV5-UCP2 or si-UCP2 or control vectors. Data are expressed as the
mean ± SD (n= 3–5 per group). #p < .05 versus control cells, *p < .05 versus LPS group cells. (D) Infiltration of macrophages in kidneys of different group mice
were determined by immunohistochemical analysis (400× original magnification).
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Fig. 6. UCP2 inhibits LPS-induced NF-κb activation in vivo and in vitro. (A, B) Western blot and immunohistochemical analysis (400× original magnification)
showed UCP2 inhibits LPS-induced NF-κb activation in mice. Data are expressed as the mean ± SD (n= 8 per group). *p < .05 versus control mice, #p < .05
versus LPS-treated mice. (C) UCP2 inhibits LPS-induced NF-κb activation in HK-2 cells. Data are expressed as the mean ± SD (n= 3–5 per group). *p < .05 versus
LV5-NC group cells, #p < .05 versus LV5-NC+ LPS group cells, $p < .05 versus si-NC group cells, &p < .05 versus si-NC+LPS group cells.
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UCP2 localizes to mitochondria and plays an important role in main-
taining normal mitochondrial structure and function. We previously
observed that the silencing of UCP2 by small interfering RNA ag-
gravated mitochondrial dysfunction in cardiomyocytes under septic
conditions [37]. In our study, TEM showed that the mitochondrial ul-
trastructure was damaged after LPS exposure, and this damage was
worse in the LPS+ genipin group. In vitro, UCP2 overexpression atte-
nuated this adverse effect in LPS-induced HK-2 cells, while UCP2
knockdown showed the opposite dynamic.

MMP reflects the performance of the mitochondrial electron trans-
port chain (ETC), which is often used as an indicator of the pathological

disorder of the mitochondrion. The intrinsic target of UCP2 is the H+
channel that is located on the inner mitochondrial membrane, and
UCP2 promotes proton leakage, which can influence MMP [19]. The
outcome of uncoupling is the collapse of MMP, which is caused by
proton leakage from the intermembrane space into the matrix [38]. In
the present study, treatment with LPS induced the disruption of MMP,
which was further decreased by pretreatment with genipin in mice. In
vitro, UCP2 knockdown resulted in further disruption of MMP, which
was consistent with the results of a previous study that used a model of
sepsis [19]. These observations confirmed that UCP2 could restore the
disruption of MMP induced by the LPS challenge in HK-2 cells and

Fig. 7. Effects of UCP2 on mitochondrial function in vivo and in vitro. (A) The ΔΨm of the kidney tissue in different group mice were determined by confocal
microscopy (400× original magnification). (B, C, D) Evaluation of ΔΨm in HK-2 cells transfected with si-UCP2 or si-NC by FCM and confocal microscopy. (E)
Intracellular ROS levels in LPS-induced HK-2 cells transfected with LV5-UCP2 or si-UCP2 or control vectors. Data are expressed as the mean ± SD (n=3-5per
group). #p < .05 versus control cells, *p < .05 versus LPS group cells. (F, G) The ATP levels of the kidney tissues and HK-2 cells. (H, I) Relative mtDNA copy
numbers of the kidney tissues and HK-2 cells. Data are expressed as the mean ± SD (n= 3 per group). #p < .05 versus LPS-treated mice (F, H) and control cells (G,
I), *p < .05 versus control mice (F, H) and the LPS-treated cells (G, I).

Fig. 8. Effects of UCP2 on mitochondrial ultrastructure in vivo and in vitro under septic conditions. (A, B) Mitochondrial ultrastructure of the kidney tissues and HK-2
cells were scanned using a transmission electron microscope (40,000× original magnification). M for mitochondrion, N for nucleus.
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mice.
Several studies have reported that ROS play a crucial role in the

physiological process of sepsis [39]. During LPS-induced shock, the
excessive release of ROS may trigger hyperactivation of innate immune
cells, the overexpression of cytokines, and even end-stage organ injury
[40]. Mitochondria are the main source and target of ROS within cells.
In a previous study, Quoilin [41] et al. noted that the mechanism of
ROS-induced ROS formation might be a main cause of mitochondrial
dysfunction. The authors revealed that after being targeted by oxidants,
mitochondria became a producer of ROS, thus contributing to ag-
gravating mitochondrial dysfunction. An previous study suggested that
UCP2 is a negative regulator of ROS production that functions via by
reducing MMP [22]. In the present study, the LPS challenge caused an
apparent increase in intracellular ROS production, and in vitro trans-
fection of HK-2 cells with LV5-UCP2 reduced LPS-induced intracellular
ROS overproduction. As expected, UCP2 knockdown enhanced LPS-
induced the superoxide component of intracellular ROS production in
HK-2 cells. Our results are in line with some in vivo and in vitro studies
showing that UCP2 carries out protective functions against oxidative
stress under septic or other conditions by suppressing ROS generation,
NADPH oxidase production, iNOS expression and NO production
[37,42–45].

ROS can oxidatively impair mtDNA [46]. In addition, mtDNA is
positively correlated with the expression of multiple proteins associated
with mitochondrial biogenesis, such as PGC-1a, NRF1, NRF2, and
TFAM [47]. In the current study, treatment with LPS resulted in da-
mage to mtDNA, which was further enhanced by pretreatment with
genipin in mice. In vitro, UCP2 overexpression reversed the damage to
mtDNA induced by LPS, and UCP2 knockdown further reduced the
mtDNA content. Furthermore, cellular ATP is another indicator of mi-
tochondrial function. Mitochondria are the main source of ATP, which
is the only universal energy-yielding currency in cells. ATP synthesis
relies on the coupling of electron transport through the ETC to the
proton motive force. The coupling procedure is regulated by proton
leakage through the mitochondrial inner membrane, which is partly
mediated by UCP2. However, the association between UCP2 and ATP
remains controversial. Some studies have demonstrated that UCP2 ac-
tivity may lead to decreased ATP levels [12,37,48], while others have
suggested that overexpression of UCP2 can elevate ATP levels
[22,23,49]. In this study, sepsis led to a low level of ATP, which was
further reduced by genipin pretreatment. In vitro, UCP2 overexpression
obviously increased ATP levels after the LPS challenge, while UCP2
knockdown showed an accelerated decrease in ATP levels. The ATP
level was increased by UCP2 in septic AKI, possibly because of the re-
stored mitochondrial ultrastructure and the elevated mtDNA content.
From our results, we inferred that UCP2 could alleviate mitochondrial
function in LPS-induced AKI by blocking the dissipation of MMP,

thereby inhibiting intracellular ROS production and increasing the
cellular ATP levels and mtDNA content.

The development of organ dysfunction under septic conditions is
now regarded as resulting from oxidative damage to mitochondria. The
main cause of oxidative stress is the presence of ROS, which serve as a
marker of the oxidative stress level. Many studies have demonstrated
that UCP2 can reduce oxidative stress in sepsis or other models
[25,43,50–52]. In the present study, we found that in the LPS group, the
marker of oxidative stress (MDA) was suppressed and that antioxidants
(SOD activity) were enhanced. In vivo, pretreatment with genipin ac-
celerated this effect. In vitro, this effect was inhibited by UCP2 over-
expression and accelerated by UCP2 downregulation. Based on the
observations of the present study, we propose that UCP2 reduces the
level of oxidative stress in LPS-induced AKI.

In conclusion, our present study provides evidence that UCP2 is
expressed in kidney tissue and that UCP2 levels increase in response to
LPS exposure. UCP2 may protect against LPS-induced AKI via ameli-
orating the damage of mitochondrial morphology and function, anti-
inflammation and antioxidant activities. Our results suggest that mi-
tochondria may be the main target for UCP2-mediated nephroprotec-
tion, which indicates that targeting upregulated UCP2 levels in mi-
tochondria will be a new therapeutic approach for septic AKI.
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