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 Background: Revascularization is a successful therapeutic strategy for myocardial infarction. However, restoring coronary 
blood flow can lead to ischemia-reperfusion (I/R) injury. Low-dose 4-hydroxy-2-nonenal (HNE) therapy appears 
to play a key role in myocardial tolerance to I/R injury. We hypothesized that the positive effects of HNE on 
myocardial I/R injury may be UCP3-dependent.

 Material/Methods: Adult male wild-type (WT) or UCP3 knockout (UCP3–/–) mice were pre-treated with the UCP inhibitor genip-
in or saline 1 h before ischemia and underwent 30-min coronary artery ligation followed by 24-h reperfusion. 
Mice were treated with intravenous HNE (4 mg/kg) or saline 5 min before reperfusion. Echocardiography was 
conducted to measure left ventricular end-diastolic posterior wall thickness (LVPWd), end-diastolic diameter 
(LVEDD), and fractional shortening (FS). Infarct size was measured by TTC staining. qRT-PCR and Western blot-
ting were used to assess the expression of UCP3, UCP2, and the apoptosis markers cytochrome C and cleaved 
caspase-3.

 Results: HNE improved survival at 24 h post-MI in wild-type mice (p<0.05) but not in UCP3–/– mice. HNE preserved 
LVEDD and FS in WT mice (p<0.05) but not in UCP3–/– mice. HNE reduced infarct size in WT mice (p<0.05) but 
not in UCP3–/– mice. HNE upregulated UCP3 expression (p<0.05) but did not affect UCP2 expression. HNE re-
duced apoptosis marker expression in WT mice (p<0.05) but not in UCP3–/– mice. HNE’s positive effects were 
abrogated by genipin in an UCP3-dependent manner.

 Conclusions: Low-dose HNE reperfusion therapy attenuates murine myocardial I/R injury in an UCP3-dependent manner. 
These effects are abrogated by genipin in an UCP3-dependent manner.
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Background

Acute myocardial infarction with ST-segment elevation (STEMI), 
produced by an abrupt occlusion of a coronary artery, is a com-
mon cardiovascular emergency and a major cause of morbidi-
ty and mortality worldwide [1,2]. Urgent revascularization has 
been a successful therapeutic strategy in managing STEMI; how-
ever, the sudden restoration of coronary blood flow can lead to 
further myocardial damage through a process termed myocar-
dial ischemia-reperfusion (I/R) injury [1,2]. Pre-clinical animal 
models have revealed several promising interventions (such 
as hypothermia, ischemic post-conditioning, and pharmaco-
therapy) for reducing myocardial I/R injury [2]. Unfortunately, 
clinical translation of these interventions has been largely un-
successful [2].

Therefore, a better understanding of the mechanism(s) under-
lying myocardial tolerance to I/R are still needed. One mecha-
nism that promotes myocardial tolerance to I/R is uncoupling 
of the mitochondrial electrochemical gradient by mitochon-
drial uncoupling proteins (UCPs) [3]. In vitro, UCP overexpres-
sion reduces cardiomyocyte death through maintaining mito-
chondrial structure and functionality under oxidative stress [4]. 
Moreover, the 2 UCP isoforms found in muscle tissue – UCP2 
and UCP3 – promote cardiomyocyte tolerance to anoxia-reox-
ygenation stress in vitro [5]. However, in vivo, myocardial UCP3 
mRNA levels are 5-fold higher than those of UCP2, and UCP2 
does not play a significant role in cardioprotection against I/R 
injury in mice [3]. These combined findings suggest that UCP3 
is the key UCP involved in myocardial tolerance to I/R injury.

During I/R, lipid peroxidation (the reaction of reactive oxygen 
species with unsaturated lipids) produces various aldehyde by-
products, most notably 4-hydroxy-2-nonenal (HNE, 4-HNE) [6]. 
Interestingly, intravenous (i.v.) administration of low-dose HNE, 
which upregulates UCP3 but not UCP2 in murine cardiomyo-
cytes in vitro [7], has been shown to ameliorate left ventric-
ular recovery following myocardial I/R [8]. This evidence sug-
gests that UCP3 upregulation by HNE may play a key role in 
myocardial tolerance to I/R injury.

On a related note, the aglycone genipin, a derivative of the 
fruit from Gardenia jasminoides [9], has been traditionally re-
graded as a UCP2-specific inhibitor [10]. Recent evidence re-
ported by Kreiter et al. has revealed that genipin also displays 
potent inhibitory activity against UCP3 in vitro [11]. Notably, ad-
ministration of genipin has been linked to negative outcomes 
following myocardial I/R, especially increased infarct size and 
decreased recovery of both LVDP and coronary flow [12]. This 
evidence suggests that UCP3 inhibition by genipin may reduce 
myocardial tolerance to I/R injury.

Integrating these previous findings, we hypothesized that 
low-dose HNE’s positive effects on myocardial I/R injury may 
be dependent upon UCP3 expression. We also hypothesized 
that low-dose HNE’s positive effects on myocardial I/R inju-
ry would be abrogated by genipin in a UCP3-dependent man-
ner. Employing a murine model of STEMI in wild-type (WT) and 
UCP3–/– mice, we discovered that low-dose HNE reperfusion 
therapy improves post-I/R functional outcomes in an UCP3-
dependent manner. We also found that these positive effects 
were abrogated by genipin in an UCP3-dependent manner. 
These findings suggest that low-dose HNE reperfusion ther-
apy may be a potential therapeutic strategy for ameliorating 
post-STEMI myocardial I/R injury. These findings also suggest 
that genipin inhibits myocardial UCP3 activity in vivo.

Material and Methods

Ethics statement

This study was approved by the Ethics Committee of the First 
Affiliated Hospital of Chongqing Medical University. The proce-
dures followed in this study were in accordance with the stan-
dards set forth in the Guide for the Care and Use of Laboratory 
Animals (eighth edition, National Institutes of Health (NIH), 
Bethesda, Maryland, USA).

Mice subjects

Male WT C57BL/6J mice (~8 weeks of age) and matching 
UCP3–/– mice on a C57BL/6J background were acquired from 
the Shanghai Laboratory Animal Center (Chinese Academy of 
Sciences). All mice were housed under temperature-controlled 
conditions with ad libitum access to water and standard chow.

Chemical reagents

HNE was purchased from Calbiochem (San Diego, CA, USA). 
Genipin was purchased from Wako Pure Chemicals (Japan). 
Triphenyltetrazolium chloride (TTC) and Zymosan A from 
Saccharomyces cerevisiae were both purchased from Sigma-
Aldrich (St. Louis, MO, USA). Phthalo blue dye was purchased 
from Quantum Ink Company (Louisville, KY, USA).

Murine STEMI model

A schematic overview of the murine STEMI model is shown in 
Figure 1A. Construction of the murine STEMI model was per-
formed as previously described, with minor modifications [13]. 
Briefly, mice were anesthetized with intraperitoneal (i.p.) pento-
barbital (70 mg/kg). An effective dose of i.p. genipin (100 mg/kg) 
or volume-matched saline was administered 1 h prior to initi-
ating ischemia [14]. The left descending coronary artery was 
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occluded with a 7.0 silk ligature and a small portion of poly-
ethylene (PE10) tubing for a period of 30 min. After exactly 
25 min of ischemia, a 50-μl bolus of low-dose HNE (4 mg/kg) 
or volume-matched saline was administered through the ret-
ro-orbital vein [8].

After exactly 30 min of occlusion, reperfusion was initiated 
through removal of the PE10 tubing compressing the artery. 
After 24 h of reperfusion, chest air was expelled. The mice were 
extubated and subjected to long-acting subcutaneous (s.c.) bu-
prenorphine SR-LAB (0.5 mg/kg, Zoopharm, Windsor, CO, USA) 
and intramuscular (i.m.) gentamicin (0.7 mg/kg, Jiangsu Lianshui 
Pharmaceutical Co., Ltd., Lianshui, China). Sham mice were 
subjected to an identical protocol without arterial occlusion.

Survival

Post-MI survival rates were calculated based upon the num-
ber of mice that survived after the 24-h reperfusion phase.

Echocardiography

Left ventricular functional parameters were assessed via echo-
cardiography immediately after the 24-h reperfusion phase as 
previously described [13]. Briefly, mice were subjected to iso-
flurane (2.5%) anesthesia. Echocardiography was conducted 
with a Vevo770 system (VisualSonics, Inc., Toronto, Canada) to 
measure left ventricular end-diastolic posterior wall thickness 
(LVPWd), left ventricular end-diastolic diameter (LVEDD), and 
left ventricular end-systolic diameter (LVESD). Left ventricular 
fractional shortening (FS) was calculated based on the follow-
ing formula: (LVEDD−LVESD)/LVEDD×100%.

Infarct size

Infarct size was measured as previously described, with minor 
modifications [13]. Briefly, all mice subjects were placed under 

deep i.p. pentobarbital anesthesia (100 mg/kg). The heart was 
quickly mounted on a Langendorff apparatus. Krebs-Henseleit 
buffer (37°C) was used to perfuse the coronary arteries and 
wash out the remaining blood. Then, the heart was then per-
fused over several minutes with 10% TTC (3 ml) dissolved in 
isotonic phosphate buffer (pH 7.4, 37°C). The ligature was re-
tightened and 5% Phthalo blue dye (1 ml) was aortically-inject-
ed as a single bolus. The heart was then perfused over several 
minutes with saline to wash out the remaining dye.

The heart was immediately frozen and cut into transverse slices 
(~2 mm in thickness) from base to apex. The slices were fixed 
for 24 h in 10% neutral buffered formaldehyde; during the initial 
30 min, a weight was placed on top of the slices to keep them 
flat. The infarcted area (IA), risk area (RA), and whole left ventri-
cle were measured with computer morphometry (ImageJ, NIH).

Quantitative real-time RT-PCR (qRT-PCR)

qRT-PCR was performed as previously described, with minor mod-
ifications [7]. Briefly, total RNA extraction was performed with the 
RNeasy Fibrous Tissue Mini Kit (Qiagen China Co., Ltd., Shanghai, 
China). RNA concentrations were determined by assessing ab-
sorbance at 260 nm, and RNA purity was assessed with the 260 
nm/280 nm absorbance ratio using a NanoDrop ND-1000 spec-
trophotometer (Thermo Scientific, Boston, MA, USA). Total RNA 
samples were reverse-transcribed with the QuantiTect Reverse 
Transcription Kit (Qiagen). Resulting cDNA samples were am-
plified with primer pairs (Table 1) using the following protocol: 
10 min of initial denaturation at 95°C, 40 15-s cycles of dena-
turation at 95°C, and 1 min of annealing at 60°C. Transcript lev-
els were assessed by real-time PCR using SYBR Premix Ex Taq 
(TaKaRa, Dalian, China) in a 7300 Real-Time PCR System (Applied 
Biosystems, Carlsbad, CA, USA). Relative mRNA expression lev-
els were calculated with glyceraldehyde-3-phosphate dehydro-
genase (Gapdh) used as the control housekeeping gene [15].
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Figure 1.  Schematic overview and survival 
analysis. (A) Schematic overview of 
experimental protocol. Blue arrows 
indicate key time points. Survival of 
(B) WT mice and (C) UCP3–/– mice 
in the various experimental groups 
at 24 h post-MI. The chi-square test 
was used for statistical comparisons 
between groups. * p<0.05 vs. sham 
group.
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Western blotting

Western blotting was performed as previously described, with 
minor modifications [13]. For whole-cell blots, isolated left ven-
tricular myocardial tissue samples (n=4 per group) were ho-
mogenized and centrifuged at 12 000 g at 4ºC for 10 min. For 
mitochondrial-fraction blots (UCP2, UCP3, and CoxIV), murine 
myocardial mitochondria were isolated by gradient ultracen-
trifugation, as previously described (16).

Total protein (75 µg) was separated on 4–20% gradient acryl-
amide gels and transferred to a nitrocellulose membrane. 
Membranes were then blocked with 5% non-fat dry milk in 
Tris-buffered saline and incubated overnight with the following 
monoclonal antibodies from Abcam China (Shanghai, China): 
anti-mouse UCP3 (diluted 1: 1000, ab10985), anti-mouse 
UCP2 (diluted 1: 1000, ab203244), anti-mouse CoxIV mito-
chondrial loading control (diluted 1: 2000, ab202554), anti-
mouse cytochrome C (Cyt-c, diluted 1: 5000, ab133504), anti-
mouse cleaved caspase-3 (CC-3, diluted 1: 500, ab13847), and 
anti-mouse b-actin loading control (diluted 1: 500, ab8226). 
Membranes were then incubated with the species-appropri-
ate peroxidase-conjugated secondary antibody for 1 h and de-
veloped with enhanced chemiluminescence reagents (Pierce, 
Nantong, China). Densitometric analysis of the bands was per-
formed with ImageJ.

Statistical analysis

All measurements are reported as means ± standard errors of 
the mean (SEMs). Continuous variables were analyzed using 
one-way analysis of variance (ANOVA) to calculate the main 
effect. The post hoc two-sided Dunnett’s test or Tukey’s test 
was then applied for pairwise comparisons. Discrete variables 
were analyzed using the chi-square test (or the Fisher’s exact 
test when appropriate). The Bonferroni correction for post hoc 
analysis was applied for pairwise comparisons within a larger 
set of groups. Statistical differences were considered signifi-
cant at a p-value of less than 0.05.

Results

HNE reperfusion therapy improves post-MI survival in an 
UCP3-dependent manner

Figure 1 displays the survival rates for WT mice (Figure 1B) 
and UCP3 knockout (UCP3–/–) mice (Figure 1C). As expected, 
the survival rates were 100% for both sham-operated WT mice 
and UCP3–/– mice. Notably, 71% of WT mice (17/24) survived 
with HNE reperfusion therapy as compared to only 46% of WT 
mice (11/24) treated with saline (p<0.05). Genipin partially 
abrogated the survival benefit of HNE reperfusion therapy in 
WT mice (54% with genipin vs. 71% without genipin, p<0.05).

Consistent with previous research showing reduced post-MI 
survival for UCP3–/– mice [17], saline-treated UCP3–/– mice ex-
hibited worse survival rates as compared to saline-treated WT 
mice (17% vs. 46%). Notably, HNE reperfusion therapy failed 
to improve survival in UCP3–/– mice (21% vs. 17%, p>0.05). 
Genipin had no survival effect upon HNE-treated UCP3–/– mice 
(17% vs. 21%, p>0.05).

HNE reperfusion therapy improves post-MI left ventricular 
function in an UCP3-dependent manner

Figure 2 displays the left ventricular functional parameters for 
WT mice (Figure 2A–2C) and UCP3–/– mice (Figure 2D–2F) at 
24 h post-MI. HNE reperfusion therapy in WT mice decreased 
LVPWd (12% decrease), improved LVEDD (42% increase), and 
improved left ventricular FS (58% increase) as compared to sa-
line treatment (p<0.05). Genipin partially abrogated the func-
tional benefits of HNE reperfusion therapy in WT mice (p<0.05).

Consistent with previous research showing reduced post-MI 
cardiac function for UCP3–/– mice (17), saline-treated UCP3–/– 
mice exhibited worse left ventricular functional parameters as 
compared to saline-treated WT mice (p<0.05). Notably, HNE re-
perfusion therapy failed to improve left ventricular functional 
parameters in UCP3–/– mice (p>0.05). Genipin had no func-
tional effect upon HNE-treated UCP3–/– mice (p>0.05).

Gene Forward Reverse

Ucp2 5’-GGCCTCTACGACTCTGTCAAACA-3’ 5’-GCTCCCGATGCCTGCAT-3’

Ucp3 5’-CTGGAGGAGAGAGGAAATACAGAG-3’ 5’-TGGCATTTCTTGTGATGTTGGGCC-3’

Gapdh 5’-TGCCCCCATGTTTGTGATG-3’ 5’-TGTGGTCATGAGCCCTTCC-3’

Table 1. Primer sequences used for gene amplification.
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HNE reperfusion therapy reduces post-MI infarct size in an 
UCP3-dependent manner

Figure 3 displays the infarct size percentages (calculated as in-
farct area divided by risk area, IA/RA) for WT mice (Figure 3B) 
and UCP3–/– mice (Figure 3C) at 24 h post-MI. HNE reper-
fusion therapy in WT mice decreased infarct sizes (49% de-
crease) as compared to saline treatment (p<0.05). Genipin 
partially abrogated the benefit of HNE reperfusion therapy in 
WT mice (15% decrease with genipin vs. 49% decrease with-
out genipin, p<0.05).

Consistent with previous research showing increased infarct 
sizes for UCP3–/– mice [17], saline-treated UCP3–/– mice ex-
hibited larger infarct sizes as compared to saline-treated WT 
mice (p<0.05). Notably, HNE reperfusion therapy failed to reduce 

infarct sizes in UCP3–/– mice (p>0.05). Genipin had no im-
pact upon infarct sizes in HNE-treated UCP3–/– mice (p>0.05).

HNE reperfusion therapy upregulates post-MI myocardial 
UCP3 expression

qRT-PCR and Western blot analyses demonstrated that UCP3 is 
expressed in the mouse myocardium (Figure 4A–4C). Consistent 
with previous research [18], we found that I/R upregulates UCP3 
mRNA and protein expression (p<0.05). Notably, HNE reper-
fusion therapy further upregulated UCP3 mRNA and protein 
expression (p<0.05). As genipin directly inhibits UCP activity 
but does not affect UCP expression (11), genipin did not sig-
nificantly impact UCP3 expression (p>0.05). As expected, all 
UCP3–/– mice groups displayed no discernable UCP3 expression.
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Figure 2.  HNE improves post-MI left ventricular functional parameters. (A, B) Left ventricular end-diastolic posterior wall thickness 
(LVPWd) in (A) WT and (B) UCP3–/– mice. (C, D) Left ventricular end-diastolic diameter (LVEDD) in (C) WT and (D) UCP3–/– 
mice. (E, F) Left ventricular fractional shortening (FS) in (E) WT and (F) UCP3–/– mice. One-way ANOVA was applied to 
determine the main effect. Tukey’s post hoc multiple comparisons test was then applied to compare the means of various 
groups. * p<0.05 vs. sham group, # p<0.05 vs. I/R group, @ p<0.05 vs. I/R+HNE group.
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HNE reperfusion therapy does not affect post-MI 
myocardial UCP2 expression

qRT-PCR and Western blot analyses demonstrated that UCP2 
is expressed in the mouse myocardium (Figure 4D–4F); how-
ever, UCP2 expression was very minimal under sham condi-
tions. Consistent with previous research [19], we found that 
I/R upregulates UCP2 protein expression (p<0.05) but does not 
impact UCP2 transcript expression (p>0.05). Notably, HNE re-
perfusion therapy does not affect UCP2 expression (p>0.05). 
Similar to its effects on UCP3, genipin did not significantly im-
pact UCP2 expression (p>0.05).

HNE reperfusion therapy reduces post-MI apoptosis marker 
expression in an UCP3-dependent manner

Figure 4G–4I displays apoptosis marker expression for WT mice 
and UCP3–/– mice at 24 h post-MI. HNE reperfusion therapy 
in WT mice decreased cytochrome C and cleaved caspase-3 
expression as compared to saline treatment (p<0.05). Genipin 

partially abrogated these benefits of HNE reperfusion thera-
py in WT mice (p<0.05).

Consistent with previous research showing increased myocar-
dial apoptosis in UCP3–/– mice [17], saline-treated UCP3–/– 
mice exhibited greater cytochrome C and cleaved caspase-3 
expression as compared to saline-treated WT mice (p<0.05). 
Notably, HNE reperfusion therapy failed to reduce cytochrome 
C and cleaved caspase-3 expression in UCP3–/– mice (p>0.05). 
Genipin had no impact upon these markers in HNE-treated 
UCP3–/– mice (p>0.05).

Discussion

Here, we show that low-dose HNE reperfusion therapy (4 mg/kg, 
i.v.) improves survival, left ventricular function, infarct size, and 
apoptosis marker expression 24 h post-MI in WT mice. Our study 
design is clinically relevant to STEMI patients and interventional 
cardiologists; we administered i.v. HNE just prior to reperfusion 
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Figure 3.  HNE reduces post-MI myocardial infarct size. (A) Representative TTC-stained WT murine heart sections. Non-risk areas stain 
blue, risk areas containing viable tissue stain red, and risk areas containing necrotic tissue appear white. (B, C) Myocardial 
infarct size (calculated as infarct area divided by risk area, IA/RA) in (B) WT and (C) UCP3–/– mice measured 24 h post-MI. 
One-way ANOVA was applied to determine the main effect. Tukey’s post hoc multiple comparisons test was then applied to 
compare the means of various groups. * p<0.05 vs. sham group, # p<0.05 vs. I/R group, @ p<0.05 vs. I/R+HNE group.
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as could be conveniently performed in a catheterization lab set-
ting. Several previous studies have demonstrated the cardiopro-
tective effects of HNE against I/R injury in cultured cardiomy-
ocytes or in vivo animal myocardial tissue [7,8]. However, this 
study is the first to take advantage of UCP3–/– mice to demon-
strate that HNE’s cardioprotective effects are UCP3-dependent. 
This finding is important since it shows the significance of UCP3 
in mediating HNE’s cardioprotective effects after MI. It also sheds 
light on potential applications for HNE therapy in other disease 
states that involve dysregulation of mitochondrial uncoupling. 
Secondarily, we also demonstrate that the UCP inhibitor genipin 
abrogates HNE’s cardioprotective benefits in WT mice. Although 
recent research has shown the inhibitory effects of genipin on 
UCP3 in vitro [11], this study is the first to use UCP3–/– mice 
to demonstrate that the cardiotoxic effects of genipin under in 
vivo I/R conditions are UCP3-dependent.

Most of the early work in this field focused on the cardiotoxic 
effects of HNE [20,21]. However, more recent research has re-
vealed that low levels of HNE appear to counteract I/R-induced 
oxidative stress through inducing an antioxidant response 
(mitohormesis) in cardiomyocyte mitochondria [22,23]. More 
specifically, Zhang et al.’s in vitro work determined that HNE 
is cytotoxic at concentrations above 20 μM but not so at low-
er concentrations [8]. Rather paradoxically, low doses of HNE 
(5 μM) primed cardiomyocytes to become resistant to high 
HNE levels through activating the NF-E2-related factor 2 (Nrf2) 
pathway and increasing intracellular levels of the potent an-
tioxidant glutathione [8]. In vivo, low-dose i.v. HNE (4 mg/kg) 
activates Nrf2, elevated intramyocardial glutathione content, 
and improved post-MI left ventricular function in Langendorff-
perfused hearts [8]. More recently, Lopez-Bernardo et al. 
showed that low-dose HNE activates Nrf2 and enhances UCP3 

Figure 4.  HNE upregulates post-MI myocardial UCP3 expression and reduces post-MI apoptosis marker expression. Data from WT 
mice are depicted in black bars, while data from UCP3–/– mice are depicted in gray bars. (A) qRT-PCR-derived UCP3 mRNA 
expression in WT and UCP3–/– mice. (B) Representative immunoblots of mitochondrial-fraction UCP3 expression from WT 
and UCP3–/– mice myocardium. (C) Densitometric analysis of UCP3 protein expression in WT and UCP3–/– mice. (D) qRT-
PCR-derived UCP2 mRNA expression in WT and UCP3–/– mice. (E) Representative immunoblots of mitochondrial-fraction 
UCP2 expression from WT and UCP3–/– mice myocardium. (F) Densitometric analysis of UCP2 protein expression in WT and 
UCP3–/– mice. (G) Representative immunoblots of whole-cell cytochrome C (Cyt-c) and cleaved caspase-3 (CC-3) expression 
from WT and UCP3–/– mice myocardium. (H, I) Densitometric analysis of (H) Cyt-c and (I) CC-3 protein expression in WT and 
UCP3–/– mice. One-way ANOVA was applied to determine the main effect. Tukey’s post hoc multiple comparisons test was 
then applied to compare the means of various groups. * p<0.05 vs. sham group, # p<0.05 vs. I/R group, @ p<0.05 vs. I/R+HNE 
group.
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expression in mouse cardiomyocytes through promoting Nrf2 
binding to the UCP3’s promoter [7]. Notably, low-dose HNE in-
creased proton leak across the inner mitochondrial membrane, 
decreased the maximal respiratory capacity, decreased the re-
spiratory reserve capacity, and improved cardiomyocyte sur-
vival in a Nrf2/UCP3-dependent manner [7]. Integrating our in 
vivo findings, Nrf2-mediated UCP3 upregulation in cardiomy-
ocytes following low-dose HNE therapy appears to play an im-
portant role in cardioprotection under I/R conditions.

With respect to the UCP inhibitor genipin, previous work has 
almost exclusively focused on the inhibitory action of genipin 
upon UCP2 activity in cultured cardiomyocytes or in vivo ani-
mal myocardial tissue [10,12]. Most notably, Moukdar et al. sub-
jected Langendorff-perfused rat hearts to I/R and administered 
genipin 20 min prior to ischemia, wherein genipin pre-treat-
ment produced increased infarct size as well as decreased left 
ventricular developed pressure (LVDP) and coronary flow [12]. 
Moukdar et al. attributed the effects of genipin to UCP2 inhibi-
tion [12]. However, recent in vitro research has revealed that the 
UCP-inhibitory activity of genipin is not exclusively limited to 
UCP2 [11]. Our current work substantiates the view that genip-
in acts as a myocardial UCP3 inhibitor in vivo, as the cardiotox-
ic effects of genipin under I/R conditions are UCP3-dependent. 

Further work is needed to elucidate the mode of action of genip-
in on UCP3 activity in cardiomyocytes under anoxia-reoxygen-
ation conditions in vitro and I/R conditions in vivo.

Conclusions

In conclusion, we provide novel evidence for a UCP3-mediated 
mechanism for HNE’s cardioprotective effects against myocardi-
al I/R injury. The treatment of reperfusion injury with low-dose 
HNE appears attractive considering its positive effects upon left 
ventricular function and infarct size, which are strong predictors 
of adverse outcomes following STEMI. Although our infarction 
model utilizes mice that display differences in coronary circu-
lation and other physiological factors from humans, our study 
still serves as proof-of-concept for HNE’s potential infarct-spar-
ing effects. Given the favorable safety profile of low-dose HNE 
and previous evidence of its cardioprotective properties, low-
dose HNE reperfusion therapy should be considered for larg-
er-animal trials to further investigate its infarct-sparing effects.

Conflicts of interest

None.

References:

 1. Anderson JL, Morrow DA: Acute myocardial infarction. N Engl J Med, 2017; 
376(21): 2053–64

 2. Ibáñez B, Heusch G, Ovize M, Van de Werf F: Evolving therapies for myocar-
dial ischemia/reperfusion injury. J Am Coll Cardiol, 2015; 65(14): 1454–71

 3. Ozcan C, Palmeri M, Horvath TL et al: Role of uncoupling protein 3 in isch-
emia-reperfusion injury, arrhythmias, and preconditioning. Am J Physiol 
Heart Circ Physiol, 2013; 304(9): H1192–200

 4. Teshima Y, Akao M, Jones SP, Marbán E: Uncoupling protein-2 overexpres-
sion inhibits mitochondrial death pathway in cardiomyocytes. Circ Res, 
2003; 93(3): 192–200

 5. McLeod CJ, Aziz A, Hoyt RF et al: Uncoupling proteins 2 and 3 function 
in concert to augment tolerance to cardiac ischemia. J Biol Chem, 2005; 
280(39): 33470–76

 6. Ayala A, Muñoz MF, Argüelles S: Lipid peroxidation: Production, metabo-
lism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-non-
enal. Oxid Med Cell Longev, 2014; 2014: 360438

 7. López-Bernardo E, Anedda A, Sánchez-Pérez P et al: 4-Hydroxynonenal in-
duces Nrf2-mediated UCP3 upregulation in mouse cardiomyocytes. Free 
Radic Biol Med, 2015; 88: 427–38

 8. Zhang Y, Sano M, Shinmura K et al: 4-Hydroxy-2-nonenal protects against 
cardiac ischemia – reperfusion injury via the Nrf2-dependent pathway. J 
Mol Cell Cardiol, 2010; 49(4): 576–86

 9. Carmona M, Zalacain A, Sánchez AM et al: Crocetin esters, picrocrocin and 
its related compounds present in Crocus sativus stigmas and Gardenia jas-
minoides fruits. Tentative identification of seven new compounds by LC-
ESI-MS. J Agric Food Chem, 2006; 54(3): 973–79

 10. Turner JD, Gaspers LD, Wang G, Thomas AP: Uncoupling protein-2 modu-
lates myocardial excitation-contraction coupling. Circ Res, 2010; 106(4): 
730–38

 11. Kreiter J, Rupprecht A, Zimmermann L et al: Genipin lacks the specificity 
for UCP2 inhibition. Biophysical Journal, 2018; 114(3): 658a

 12. Moukdar F, Sloan RC, Frasier CR et al: Inhibiting mitochondrial uncoupling 
protein 2 exacerbates myocardial ischemia/reperfusion injury. FASEB J, 
2011; 25(1 Suppl.): 1033.21–.21

 13. Valle Raleigh J, Mauro AG, Devarakonda T et al: Reperfusion therapy with 
recombinant human relaxin-2 (Serelaxin) attenuates myocardial infarct size 
and NLRP3 inflammasome following ischemia/reperfusion injury via eNOS-
dependent mechanism. Cardiovasc Res, 2017; 113(6): 609–19

 14. Shin J-K, Lee S-M: Genipin protects the liver from ischemia/reperfusion in-
jury by modulating mitochondrial quality control. Toxicol Appl Pharmacol, 
2017; 328: 25–33

 15. Brattelid T, Winer LH, Levy FO et al: Reference gene alternatives to Gapdh 
in rodent and human heart failure gene expression studies. BMC Mol Biol, 
2010;11(1): 22

 16. Boengler K, Dodoni G, Rodriguez-Sinovas A et al: Connexin 43 in cardiomyo-
cyte mitochondria and its increase by ischemic preconditioning. Cardiovasc 
Res, 2005; 67(2): 234–44

 17. Perrino C, Schiattarella GG, Sannino A et al: Genetic deletion of uncoupling 
protein 3 exaggerates apoptotic cell death in the ischemic heart leading to 
heart failure. J Ame Heart Assoc, 2013; 2(3): e000086

 18. Murray AJ, Cole MA, Lygate CA et al: Increased mitochondrial uncoupling 
proteins, respiratory uncoupling and decreased efficiency in the chronical-
ly infarcted rat heart. J Mol cCell Cardiol, 2008; 44(4): 694–700

 19. Safari F, Bayat G, Shekarforoush S et al: Increase of uncoupling protein-2 
expression in the ischemic rat heart. Physiology and Pharmacology, 2013; 
17(2): 148–55

 20. Grune T, Siems W, Schönheit K, Blasig I: Release of 4-hydroxynonenal, an 
aldehydic mediator of inflammation, during postischaemic reperfusion of 
the myocardium. Int J Tissue React, 1993; 15(4): 145–50

 21. Grune T, Schönheit K, Blasig I, Siems W: Reduced 4-hydroxynonenal degra-
dation in hearts of spontaneously hypertensive rats during normoxia and 
postischemic reperfusion. Cell Biochem Funct, 1994; 12(2): 143–47

 22. Hausenloy DJ, Yellon DM: Myocardial ischemia-reperfusion injury: A ne-
glected therapeutic target. J Clin Invest, 2013; 123(1): 92–100

 23. Xiao M, Zhong H, Xia L et al: Pathophysiology of mitochondrial lipid oxida-
tion: role of 4-hydroxynonenal (4-HNE) and other bioactive lipids in mito-
chondria. Free Radic Biol Med, 2017; 111: 316–27

3709
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Wang Y. et al.: 
Low-dose HNE displays cardioprotective effects post-MI
© Med Sci Monit, 2018; 24: 3702-3709

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


