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A B S T R A C T

The induction of mitochondrial reactive oxygen species (mtROS) by hyperglycemia is a key event responsible for
endothelial activation and injury. Heat shock protein 22 (HSP22) is a stress-inducible protein associated with
cytoprotection and apoptosis inhibition. However, whether HSP22 prevents hyperglycemia-induced vascular
endothelial injury remains unclear. Here, we investigated whether HSP22 protects the vascular endothelium
from hyperglycemia-induced injury by reducing mtROS production. We used a high-fat diet and streptozotocin
injection model to induce type 2 diabetes mellitus (T2DM, metabolic syndrome) and exposed human umbilical
vein endothelial cells (HUVECs) to high glucose following overexpression or silencing of HSP22 to explore the
role of HSP22. We found that HSP22 markedly inhibited endothelial cell activation and vascular lesions by
inhibiting endothelial adhesion and decreasing cytokine secretion. We performed confocal microscopy and flow
cytometry assays using HUVECs and showed that HSP22 attenuated mtROS and mitochondrial dysfunction in
hyperglycemia-stimulated endothelial cells. Mechanistically, using the mtROS inhibitor MitoTEMPO, we de-
monstrated that HSP22 suppressed endothelial activation and injury by eliminating hyperglycemia-mediated
increases in mtROS. Furthermore, we found that HSP22 maintained the balance of mitochondrial fusion and
fission by mitigating mtROS in vitro. HSP22 attenuated the development of vascular lesions by suppressing
mtROS-mediated endothelial activation in a T2DM mouse model. This study provides evidence that HSP22 may
be a promising therapeutic target for vascular complications in T2DM.

1. Introduction

Human lifestyle changes have recently led to a rapid increase in
type 2 diabetes mellitus (T2DM) [1,2]. T2DM is a chronic inflammatory
and progressive disease that induces multiple complications, such as
atherosclerosis, diabetic nephropathy, diabetic retinopathy, and cardi-
ovascular disease, and can be life-threatening [3–6]. Endothelial cell
injury plays a critical role in the development and progression of dia-
betic-induced complications [5,7,8]. However, the molecular mechan-
isms underlying T2DM-induced endothelial dysfunction remain in-
completely elucidated.

Mitochondria are highly dynamic organelles that are involved in
multiple cellular processes, including energy metabolism, reactive
oxygen species (ROS) production, inflammation and cell death [9]. To
date, accumulating evidence suggests that increased mitochondrial

reactive oxygen species (mtROS) represent the major intracellular
source of superoxide anions in diabetes and that mtROS disrupt mi-
tochondrial homeostasis and ultimately lead to cell damage [9,10]. In
addition, excessive mtROS and mitochondrial damage are critical for
diabetes-induced endothelial dysfunction and complications [9,11].
MtROS are signaling mediators that drive the activation of proin-
flammatory transcription factors, such as activator protein-1 (AP-1) and
nuclear factor-κB (NF-κB), and promote inflammatory cytokine pro-
duction [10,12]. Therefore, we focused on the molecular mechanism by
which mtROS mediate endothelial injury to further understand the
pathologic process of diabetes-induced vascular injury and to identify a
potential therapeutic target for T2DM.

Small heat shock proteins (sHSPs) are induced upon stress and pa-
thological processes and protect cells against various stress stimuli
[9,13]. To date, 10 members of the sHSP family have been identified in
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the human genome, and only four sHSPs, including heat shock protein
27 (HSP27), αB-crystallin, heat shock protein 20 (HSP20) and heat
shock protein 22 (HSP22), are ubiquitously expressed in various tissues
[9]. Thus far, information regarding the protective effects of sHSPs in
diabetes has been generally limited to HSP27, HSP20 and αB-crystallin.
For example, HSP20 is downregulated in the heart and retina of dia-
betic rats, and overexpression of HSP20 reduces cell injury [6,13].
HSP27 and αB-crystallin contribute to the protection of the en-
dothelium against apoptosis under high-glucose conditions [14–18].
Although HSP22 has also been reported to be upregulated in the dia-
betic retina and heart, whether HSP22 plays a role in diabetes remains
largely unknown [6,13]. An increasing number of studies have con-
firmed that HSP22 is involved in resistance to oxidative stress and cy-
toprotection. Qiu et al. showed that HSP22 deletion accelerated heart
failure by impairing both nuclear and mitochondrial functions [19].
Laure found that overexpression of HSP22 provided cardioprotection by
modulating mtROS production [20]. HSP22 also inhibited oxidative
stress-induced hippocampal neuronal cell death [21]. Interestingly,
HSP22 interacts with phosphoglucomutase to promote the synthesis of
glycogen and plays roles in cell growth, cytoprotection and metabolic
adaptation to stress conditions [22]. Hence, investigating whether
HSP22 is expressed in endothelial cells and reduces mtROS-mediated
endothelial injury under hyperglycemia is warranted.

In the current study, we used a mouse model of T2DM that was
developed in three types of mice, HSP22 transgenic (TG) mice, HSP22
knockout (KO) mice and matched wild-type (WT) littermates, and
human umbilical vein endothelial cells (HUVECs) treated with high
glucose (HG) to investigate whether HSP22 is involved in hypergly-
cemia-stimulated endothelial injury. Our results show that over-
expression of HSP22 alleviated hyperglycemia-induced endothelial
dysfunction and mitochondrial damage. Silencing HSP22 had the op-
posite effect in vitro and in vivo. Furthermore, we found that silencing
HSP22 eliminated the effects of the mtROS inhibitor MitoTEMPO,
which suppressed hyperglycemia-induced endothelial cell activation
and mitochondrial damage in vitro. In summary, our study presents the
first evidence that HSP22 can inhibit mtROS-mediated endothelial in-
jury during diabetes.

2. Research design and methods

2.1. Animal studies

Male C57BL/6N mice obtained from Charles River (Wilmington,
MA) were housed conventionally at 22 °C under a 12-h light-dark cycle
with free access to water and food [23]. C57BL/6 mice were chosen for
the animal model because these mice develop the typical characteristics
of human metabolic syndrome, including hyperglycemia, when fed a
high-fat diet (HFD) [23,24]. Generation of both the TG mouse model
with the overexpression of HSP22 and the KO mouse model with si-
lencing of HSP22 has been previously described [19,20,25–28]. All
animal experiments were conducted in compliance with the National
Institutes of Health (NIH) policies in the Guide for the Care and Use of
Laboratory Animals and were approved by the Nanchang University
Animal Care and Use Committee (SYXK(G) 2015-0001).

Male HSP22-TG mice, HSP22-KO mice and WT control mice (aged
8–12 weeks) were prepared for induction of T2DM. A group of 30 WT
mice was randomly divided into three experimental groups of 10 mice
each, and two groups of 20 HSP22-TG mice and 20 HSP22-KO mice
were both randomly divided into two experimental groups of 10 mice
each. We used a HFD and streptozotocin injection model to induce
T2DM as previously described [29–31]. All animals were fed either a
HFD (60% of calories from fat, Research Diets, #D12492, USA) or
normal chow. After 4 weeks, the HFD mice who exhibited insulin re-
sistance received an intraperitoneal (i.p.) injection of streptozotocin
(STZ, Sigma, USA) at a single dose of 100mg/kg dissolved in citrate
buffer (0.1 mol/l Na citrate, pH 4.5) to partly destroy islet function and

raise glucose levels. The normal chow mice received citrate buffer alone
and were processed in parallel with the diabetic mice. All mice were
maintained on their respective diets until the end of the study. The
fasting blood glucose (FBG) level and body weight were measured using
a blood glucose monitor (OneTouch Ultra2; LifeScan, USA.), and their
weights were monitored once per month. Mice with blood glucose le-
vels> 200mg/dl were considered diabetic [5]. At the end of the ex-
periments, the mice were anesthetized intraperitoneally using sodium
pentobarbital (50mg/kg), and the adequacy of anesthesia was con-
firmed by the absence of a reflex response to a foot squeeze [13].
Subsequently, the aortas were perfused and isolated for collection of
frozen sections and paraffin sections for immunohistochemistry, ROS
production, PCR and Western blot analyses.

2.2. Tissue pathological morphology

The aortic pathological morphology was observed using hematox-
ylin and eosin staining (H&E). The fixed paraffin embedded aortic rings
(5-µm sections) were stained with H&E and examined under an optical
microscope (Olympus, Japan).

2.3. Immunohistochemistry and immunofluorescence

Immunohistochemical staining of the aortas to detect HSP22, in-
tracellular adhesion molecule 1 (ICAM-1), and vascular cell adhesion
molecule 1 (VCAM-1) was performed as previously described [32].
Briefly, the aortas were embedded in paraffin, and 5-µm slices were cut
from the embedded blocks. After heat-induced antigen retrieval, slides
were incubated with primary antibodies diluted in phosphate-buffered
saline (PBS). Primary antibodies for the immunohistochemistry study
(HSP22 (ab151552, rabbit monoclonal, at 1:50), ICAM-1 (ab119871,
rat monoclonal, at 1:200), and VCAM-1 (ab134047, rabbit monoclonal,
at 1:200)) were acquired from Abcam (MA, USA). After incubation with
primary antibodies overnight, the sections were washed in PBS and
incubated with biotinylated IgG (1:250) for 1 h and then with strepta-
vidin-HRP for 30min at room temperature. Next, 50 μl of DAB was
added to each section for 1–5min for staining. After washing, the slides
were counterstained with hematoxylin for 2min. The slides were then
mounted and observed under a microscope. Semiquantitative analysis
of the tissue staining was performed using the Image-Pro Plus 6.0
System (Media cybernetics, USA).

Immunofluorescence staining was performed to detect the expres-
sion of HSP22 and CD31 proteins in HUVECs. After treatments, the cells
were fixed in cold 4% paraformaldehyde for 15min and soaked in PBS
with 0.1% Triton, 1% bovine serum albumin, 10% normal goat serum
(Sigma) and 0.3M glycine for 1 h at room temperature. Then, the cells
were incubated with primary antibodies overnight at 4 °C. Primary
antibodies for the immunofluorescence assay (HSP22 (ab151552, rabbit
monoclonal, at 1:50) and CD31 (ab24590, mouse monoclonal, at 1:50))
were acquired from Abcam (MA, USA). The cells were washed re-
peatedly with PBS and incubated with Alexa Fluor® 488-conjugated
goat anti-rabbit IgG secondary antibody and Alexa Fluor™ 594-con-
jugated goat anti-mouse IgG secondary antibody (Molecular Probes,
Invitrogen, USA) for 1 h. Nuclear DNA was labeled with DAPI
(Invitrogen, USA). The fluorescence intensity was examined using a
confocal laser scanning microscope (Leica, Germany), and the images
were analyzed using ImageJ (Bethesda, MD, USA).

2.4. Cytokine antibody array

Serum was obtained from each group of mice and analyzed using a
mouse cytokine array kit (R&D Systems; QAH-TH17-1, RayBiotech,
USA) according to the manufacturer's specifications [33,34]. The
fluorescence intensities were measured by an axon scanner 4000B using
GenePix software. Then, the results were analyzed using a RayBio
Analysis Tool Excel sheet.
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2.5. Cell culture and transfections

HUVECs were obtained from American Type Culture Collection
(Manassas, VA) and grown in endothelial basal medium (EBM) with
10% FBS and growth supplement (Gibco, USA). The cells were in-
cubated at 37 °C in a humidified atmosphere of 5% CO2 and 95% air
and grown to 70–80% confluence. Cells at passages three to eight were
used in the experiments. HUVECs were treated with normal glucose
(NG, 5mM D-Glucose), osmotic control (OC, 30mM D-mannitol) or HG
(30mM D-Glucose).

The cells were transfected with plasmids containing the HSP22 gene
or a dominant-negative form and HSP22-specific siRNA oligos or
dominant-negative siRNA oligos using Lipofectamine 3000 (Invitrogen,
USA) according to the manufacturer's instructions. Forty-eight hours
after transfection, the cells were treated as indicated, and changes in
cell morphology and function were assessed; the molecular mechanisms
were also investigated.

2.6. Cell viability detection

Viability was determined by a Cell Counting Kit-8 (CCK-8, Dojindo,
Japan) as previously described [35,36]. Briefly, HUVECs in 96-well
plates (2× 104 cells/well) were cocultured with CCK-8 for 1 h. CCK-8
was then reduced to formazan by the activity of mitochondrial dehy-
drogenases, and the absorbance, which is directly proportional to the
number of viable cells was measured using a microplate reader (Bio-
Rad, USA) at 450 nm. Cell viability was calculated based on the relative
optical density compared with that of untreated controls.

2.7. Toxicology assay

Cytotoxicity was measured in vitro using a Lactic Dehydrogenase-
based Toxicology Assay Kit (Sigma, USA) as previously described
[36,37]. Briefly, cytoplasmic lactate dehydrogenase (LDH) released into
the medium was measured based on the reduction in NAD by LDH. The
resulting reduced NADH was converted to a colored compound and
measured by a microplate reader (Bio-Rad, USA). The LDH activity was
calculated by subtracting the 630 nm absorbance value (background
signal from instrument) from the 490 nm absorbance value.

2.8. Adhesion assays

Adhesion assays were performed as previously described [38].
Briefly, primary human peripheral mononuclear cells (PBMCs) were
grown in RPMI 1640 containing 10% FBS (Gibco, USA) at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air. Then, PBMCs were
stained with 2 μM calcein green AM for 30min at 37 °C. After the
HUVECs were seeded in 96-well plates and treated, the labeled PBMCs
(1× 106 cells/ml) were added to the HUVECs in each well. After 1 h of
coincubation at 37 °C, the cells were washed with PBS to remove the
unattached PBMCs, and the plates were read using a microplate reader
(Bio-Rad, USA).

2.9. Assessment of reactive oxygen species production

Dihydroethidium (DHE) is a lipophilic cell-permeable dye that can
be oxidized by O2•- to form ethidium bromide. The intracellular ROS in
the freshly isolated aortas were measured using DHE (Sigma, USA)
staining. Upon reacting with the superoxide anion, DHE forms a red
fluorescent product, 2-hydroxyethidium, with maximum excitation and
emission peaks at 500 and 580 nm, respectively. Briefly, DHE was re-
constituted in anhydrous DMSO and diluted with Krebs buffer (con-
taining 20mM HEPES) to a concentration of 5 μmol/l before use. The
freshly isolated aortic rings (10-µm sections) were incubated with di-
hydroethidium in Krebs buffer at 37 °C for 20min in the dark. After
washing, the sections were incubated with DAPI. The fluorescence

intensity was examined under a fluorescence microscope (Olympus,
Japan), and all images were analyzed using ImageJ software.

MtROS production in the HUVECs was assessed using the mtROS-
specific probe MitoSOX (Thermo Fisher Scientific, USA) according to
the manufacturer's specifications and previously described [38,39]. The
cells were incubated with Hank's balanced salt solution containing
5 μmol/l MitoSOX at 37 °C for 15min. Then, the cells were collected,
washed, and resuspended in 200 μl Hank's balanced salt solution. The
data were analyzed using flow cytometry (FCM, BD, USA) with ex-
citation and emission at 510 and 580 nm, respectively.

2.10. ELISA of 8-hydroxy-desoxyguanosine (8-OHdG)

Serum was obtained from each group of mice and analyzed using a
mouse 8-hydroxy-desoxyguanosine ELISA kit (CUSABIO, Wuhan,
China) according to the manufacturer's instructions. In brief, 50 μl of
serum was added to a microplate strip well and，50 μl of HRP-con-
jugate (1×) was added to each well; the plates were incubated for
30min at 37 °C. Then, 90 μl of TMB Substrate solution was applied to
each well and incubated for 20min at 37 °C. After 50 μl of Stop Solution
was added to each well, chemiluminescent absorbance was determined
using a microplate reader (Bio-Rad, USA). The 8-OHdG level was
quantified by relating the sample readings to the generated standard
curve.

2.11. Detection and quantification of mitochondrial morphology

Mitochondrial morphology was measured using MitoTracker Red
(Invitrogen, USA) according to the manufacturer's instructions. Briefly,
the cells were incubated with MitoTracker Red at 0.1 μM in EBM for
20min. Fluorescence was detected (490 nm excitation/525 nm emis-
sion) at 63× by confocal laser scanning microscopy (Leica, Germany),
and the images were analyzed using ImageJ (Bethesda, MD, USA).
Briefly, the images were contrast enhanced at 0.5% saturation levels,
treated with a smoothing linear filter and convoluted with a 5×5
Laplacian kernel with nonzero diagonal terms to define the structures
based on abrupt spatial changes in fluorescence. Following the con-
volution, the images were translated into the frequency domain by
ImageJ's Fast Fourier Transform algorithm, and a bandpass filter was
applied (to filter the structures below the optical resolution limit of
0.2 µm). After translation into the spatial domain, the images were
segmented by thresholding, binarized and skeletonized according to the
detected thresholds. The morphology of each mitochondrial object in
the final image was described by scatter plots of the aspect ratio vs.
form factor that were generated for each image.

2.12. Mitochondrial membrane potential measurement

The mitochondrial membrane potential was measured using JC-1
immunochemistry staining as previously described [37]. JC-1 is a li-
pophilic, cationic dye that can selectively enter mitochondria. In
healthy cells with a normal mitochondrial membrane potential, JC-1
forms J-aggregates showing red fluorescence at the 585-nm/590-nm
wavelengths. However, in cells with a collapsed mitochondrial mem-
brane potential, JC-1 remains in the monomeric form and shows green
fluorescence at the 514-nm/529-nm wavelengths. Increased green
fluorescence levels and decreased red fluorescence levels indicate mi-
tochondrial membrane potential collapse. Briefly, the cells were in-
cubated with JC-1 at 10 μg/ml for 15min at 37 °C and then observed by
confocal laser scanning microscopy (Leica, Germany). All images were
analyzed using ImageJ.

2.13. ATP measurement

ATP in the cell homogenates was measured using an ATP mea-
surement kit (Thermo Fisher Scientific, USA) according to the
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manufacturer's instructions. Briefly, 1×106 cells grown in 6-well
plates were washed with cold PBS, homogenized and sonicated in iso-
lation buffer. The supernatants were retrieved by centrifugation at
12,000× g for 5min. ATP content was determined by measuring the
luminescence of supernatants mixed with luciferase assay buffer using a
microplate reader (Bio-Rad, USA). The ATP luminescence was nor-
malized by the protein concentration.

2.14. Quantitative real-time PCR

Total RNA was extracted from the aorta tissue and cells using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA) according to the
manufacturer's protocol and as described in our previous study [13].
cDNA synthesis was performed using random hexamer primers and a
TaqMan reverse transcription kit (TaKaRa, Japan). Then, quantitative
Real-Time PCR was performed using a SYBR® PremixEx Taq II Kit
(TaKaRa, Japan) on a 7500 Fast Real Time PCR system from Applied
Biosystems (Bio-Rad, USA). The relative gene expression levels were
determined by the ΔΔCt method using GAPDH as a reference gene. All
primer sequences are listed in Table 1.

2.15. Western blot analysis

The proteins were extracted using RIPA lysis buffer (Cell Signaling
Technology, Danvers, MA, USA) supplemented with a protease in-
hibitor (Sigma, USA). The total protein concentrations were measured
using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific,
USA). Equal amounts of total protein (50 μg) were separated by SDS-
PAGE electrophoresis and electrotransferred to a PVDF membrane. The
membranes were blocked in TBST buffer and then further incubated
with antibodies. Primary antibodies for Western blot analysis (HSP22

(ab151552, rabbit monoclonal, at 1:200), GAPDH (ab8245, mouse
monoclonal, at 1:2000), Drp1 (#8570, rabbit monoclonal, at 1:1000),
and phospho-DRP1 (Ser637, #6319, rabbit monoclonal, at 1:500)) were
acquired from Abcam (MA, USA) and Cell Signaling Technology (MA,
USA). The antibody complexes were visualized with a chemilumines-
cent substrate (Thermo Scientific) using a ChemiDoc XRS device (Bio-
Rad, American). For quantification, the electrochemiluminescence
(ECL) signals were digitized using Quantity One software.

2.16. Statistical analyses

The data are presented as the means ± S.E.M. Two independent
samples with normal distributions and homogeneity of variance were
analyzed using t-tests. For comparisons among multiple groups, one-
way ANOVA was used with Dunnett or Bonferroni tests as appropriate.
P < 0.05 was considered statistically significant. The statistical ana-
lyses were performed using Statistical Product and Service Solutions
19.0 (SPSS, Systat Software, San Jose, CA, USA).

3. Results

3.1. Hyperglycemia induces HSP22 upregulation and endothelial injury

We subjected HFD mice to STZ treatment to induce T2DM using
protocols established in previous animal models of diabetes [23,29].
The body weights and 4–6 h FBG levels were monitored monthly. The
diabetic mice exhibited significantly higher blood glucose levels and
lower body weights than the nondiabetic control mice (Fig. 1A–B).
Hyperglycemia has been shown to induce endothelial injury [5,7,9].
Therefore, the aortas from different groups of mice were evaluated by H
&E staining to estimate the degree of diabetes-induced endothelial in-
jury. Endothelial activation initiates endothelial injury [11,40]. We
further detected the levels of ICAM-1 and VCAM-1 proteins in the aortas
from each group. Compared with the basic diet group and the HFD
group, the diabetes group showed significant changes in aortic patho-
logical morphology (Fig. 1C). The protein expression levels of ICAM-1
and VCAM-1 in the aortic endothelium from the diabetic mice were
higher than those in the nondiabetic control mice by im-
munohistochemistry (Fig. 1D–E). Using a cytokine antibody array
containing 18 cytokines [33,34], we found that 5 serum cytokines—IL5,
IL6, IL13, Mip3a and TGFβ1— were clearly elevated in diabetic group
(Fig. 1F–G). To further determine diabetes-induced endothelial acti-
vation, we investigated whether these five cytokines changed in the
aortic endothelium of the diabetic mice. Using RT-PCR, we confirmed
that hyperglycemia increased the expression of IL5, IL6, IL13, Mip3α
and TGFβ1 (Fig. 1H). HSP22 has been reported to be upregulated in the
diabetic retina and heart [6,13]. Therefore, we evaluated whether
HSP22 is expressed in endothelial cells under hyperglycemic condi-
tions. We examined the upregulation of HSP22 in the aortas from the
diabetic mice using immunohistochemistry with an HSP22 antibody
and RT-PCR (Fig. 1D, I–J).

Cell viability was also measured in hyperglycemia-treated HUVECs
by CCK8 and LDH. Compared with NG and OC, HG significantly de-
creased cell viability and increased cytotoxicity (Supplemental
Fig. 1A–B). The monocyte adhesion assay showed that compared with
the control treatment groups, the HG-treated HUVECs exhibited in-
creased adhesion to untreated monocytes (Supplemental Fig. 1C). Using
RT-PCR, we observed that the levels of ICAM-1 and VCAM-1 were in-
creased in the HG-induced HUVECs (Supplemental Fig. 1D). Further-
more, endothelial cell activation-related cytokines were examined in
HUVECs in response to HG (Supplemental Fig. 1E). Taken together,
these results suggest that hyperglycemia induces endothelial activation
and injury. Subsequently, we examined the expression level of HSP22 in
HUVECs. Compared with the NG and OC treatment groups, a significant
increase in HSP22 expression was found in the HG group by immuno-
fluorescence, RT-PCR and Western blotting, but the vascular

Table 1
Primers used for real-time RT-PCR analysis.

Gene Primers (5′→3′)

Mouse primers
HSP22 Fwd 5′-ATGAAGAGAAGCAGCAGGAAGGTG-3′
Rev 5′-TGGTTGTCTTGAGGAAGCTCGTTG-3′
IL5 Fwd 5′-GGCCACTGCCATGGAGATTCC-3′
Rev 5′-AGCCTCATCGTCTCATTGCTTGTC-3′
IL6 Fwd 5′-AGTTGCCTTCTTGGGACTG-3′
Rev 5′-AGGTCTGTTGGGAGTGGTATC-3′
IL13 Fwd 5'-CCTGGCTCTTGCTTGCCTT-3'
Rev 5'-GGTCTTGTGTGATGTTGCTCA-3'
TGFβ1 Fwd 5′-CACTGGAGTTGTACGGCAGT-3′
Rev 5′-AGAGCAGTGAGCGCTGAATC-3′
MIP3αFwd 5′-GTGGCAAGCGTCTGCTCTTCC-3′
Rev 5′-AGAGGCGTCTGTATGTACGAGAGG-3′
GAPDH Fwd 5′-AAGAAGGTGGTGAAGCAGGCATC-3′
Rev 5′-CGGCATCGAAGGTGGAAGAGTG-3′

Human primers
HSP22 Fwd 5′-GCCAGAGGAGTTGATGGTGA-3′
Rev 5′-ACAATGCCACCTTCTTGCTG-3′
IL5 Fwd 5′-TACGTGTATGCCATCCCCAC-3′
Rev 5′-CCCCCTTGCACAGTTTGACT-3′
IL6 Fwd 5'-ATGAACTCCTTCTCCACAAGC-3'
Rev 5'-GTTTTCTGCCAGTGCCTCTTTG-3'
IL13 Fwd 5′-TGGAGCATCAACCTGACAGC-3′
Rev 5′-AGAATCCGCTCAGCATCCTC-3′
TGFβ1 Fwd 5′-AAGTGGACATCAACGGGTTC-3′
Rev 5′-CTCCGTGGAGCTGAAGCAATA-3′
MIP3αFwd 5′-CGGCGAATCAGAAGCAAGC-3′
Rev 5′-TTGGATTTGCGCACACAGAC-3′
ICAM1 Fwd 5′-GTCACCTATGGCAACGACTCCTTC-3′
Rev 5′-AGTGTCTCCTGGCTCTGGTTCC-3′
VCAM1 Fwd 5′-GATGAGTGGTGGCCTCGTGAATG-3′
Rev 5′-AATTCAATCTCCAGCCGGTCAAGG-3′
GAPDH Fwd 5′-CCACTAGGCGCTCACTGTTC-3′
Rev 5′-CCCCATACGACTGCAAAGAC-3′
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Fig. 1. Hyperglycemia induces HSP22 upregulation and endothelial injury in vivo. Type 2 diabetes mellitus (T2DM) mice were induced with a high-fat diet
(HFD; 60% of calories from fat) and injected with streptozotocin (STZ; 100mg/kg) or buffer for 12 weeks (n= 8 per group). A) Blood glucose concentrations in
control, HFD-control and diabetic mice were measured at baseline and 4, 8, and 12 weeks after diabetes induction. B) The body weights of the control, HFD-control
and diabetic mice were measured at baseline and 4, 8, and 12 weeks after diabetes induction. C) Representative images of hematoxylin and eosin staining (H&E,
original magnification ×40). D) Representative immunohistochemical staining images of ICAM-1, VCAM-1 and HSP22 in aortic sections (original magnification
×40). E) Quantification of positive staining for ICAM-1 and VCAM-1 in aortic rings. n=5. F) Representative images of a gene heat map from a cytokine array. Serum
was obtained from each group of mice for a murine cytokine array analysis. Unsupervised hierarchical clustering of genes was performed to generate heat maps
showing the genes that were regulated by hyperglycemia (n= 3 per group). G) Quantification of the fluorescence intensities of cytokine levels in serum. H) mRNA
expression of IL5, IL6, IL13, Mip3α and TGFβ1 in the aorta. I) Quantification of positive staining for HSP22 in aortic sections. n=5. J) mRNA expression of HSP22 in
the aorta. *P < 0.05 vs. Control; #P < 0.05 vs. HFD-control.

Fig. 2. Hyperglycemia induces aortic oxidative stress in vivo. A) Frozen aortic sections were incubated with 5 μmol/l DHE for 20min and analyzed using
fluorescence microscopy (original magnification ×40). B) Quantification of the fluorescence intensity of ROS levels in the aorta. n=4. C) Quantification of 8-
hydroxy-desoxyguanosine (8-OHdG) levels in the aorta. n=4. *P < 0.05 vs. Control; #P < 0.05 vs. HFD-control.
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Fig. 3. HSP22 reduces diabetes-induced endothelial injury in vivo. Diabetes was induced in wild-type (WT) and transgenic (TG) mice by HFD adjuvanted with
STZ injection for 12 weeks (n= 8 per group). A) Blood glucose concentrations in the WT-control, TG-control, WT-diabetic and TG-diabetic mice were measured at
baseline and 4, 8, and 12 weeks after diabetes induction. B) The body weights of the WT-control, TG-control, WT-diabetes and TG-diabetes mice were measured at
baseline and 4, 8, and 12 weeks after diabetes induction. C) Representative images of H&E staining (original magnification ×40). D) Representative im-
munohistochemical staining images of HSP22, ICAM-1 and VCAM-1 in aortic sections (original magnification ×40). E) Quantification of positive staining for HSP22
in aortic sections. n= 5. F) mRNA expression of HSP22 in the aorta. G) Quantification of positive staining for ICAM-1 and VCAM-1 in aortic rings. n=5. H) mRNA
expression of IL5, IL6, IL13, Mip3α and TGFβ1 in the aorta. *P < 0.05 vs. WT-control; #P < 0.05 vs. WT-diabetes；&P < 0.05 vs. TG-control.

Fig. 4. HSP22 inhibits diabetes-induced en-
dothelial oxidative stress in vivo. A) Frozen
aortic sections were incubated with 5 μmol/L
DHE for 20min and analyzed using fluores-
cence microscopy (original magnification
×40). B) Quantification of the fluorescence
intensity of ROS levels in the aorta. n=4. C)
Quantification of 8-OHdG levels in the aorta.
n= 4. *P < 0.05 vs. WT-control; #P < 0.05
vs. WT-diabetes.
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endothelial specific marker CD31 was significantly decreased
(Supplemental Fig. 1F–J).

3.2. Hyperglycemia induces oxidative stress, mtROS production and
mitochondrial impairment

Accumulating evidence has confirmed that diabetes-induced mtROS
contributes to mitochondrial damage, resulting in endothelial dys-
function [9–11]. We evaluated the ROS levels in the aortas by DHE
staining. Compared with the nondiabetic mice, the diabetic mice
showed higher levels of ROS in the aortas (Fig. 2A–B). Accumulation of
oxidative mitochondrial DNA (mtDNA) lesions is associated with
mtROS and mitochondrial dysfunction. 8-OHdG has been used as a
marker for common DNA modifications resulting from ROS. We then
examined 8-OHdG levels in the aortas by ELISA, and the results showed
that 8-OHdG accumulation in the diabetic mice was substantially
greater than that in the other groups (Fig. 2C). We further examined the
mitochondrial superoxide anion production in vitro by incubating HU-
VECs with the fluorophore MitoSOX Red, which selectively targets
mitochondria. As expected, HG-induced increased mtROS was found by
MitoSOX and flow cytometry (Supplemental Fig. 2A). The mitochon-
drial morphology and function were observed to determine the effects
of HG on HUVECs. Using confocal microscopy to visualize MitoTracker
Red and JC-1 staining, the mitochondrial fluorescence density and the

membrane potential, we found that the mitochondrial fluorescence
density and membrane potential in the HG group were significantly
lower than those in the NG and OC groups (Supplemental Fig. 2B–E).

3.3. HSP22 alleviates hyperglycemia-induced endothelial injury

HSP22 has been reported to play roles in resistance to oxidative
stress and cytoprotection [19–22]. However, whether HSP22 plays a
role in hyperglycemia-induced endothelial dysfunction remains un-
clear. We generated HSP22 TG mice to explore whether HSP22 is in-
volved in diabetes-induced endothelial dysfunction. Compared with the
WT-diabetic mice, HSP22 overexpression had no effect on the FBG level
in the TG-diabetic mice, and their body weights were not significantly
lower than those of the WT-diabetic mice (Fig. 3A–B). The aortic pa-
thological morphology in the TG-diabetic mice was found to be sig-
nificantly improved compared with that in the WT-diabetic mice
(Fig. 3C). We then detected the expression of HSP22 in the aorta by
immunohistochemistry and RT-PCR (Fig. 3D–F). The expression levels
of the ICAM-1 and VCAM-1 proteins in the aortas of the TG mice were
found to be lower than those in the WT mice (Fig. 3C, G). Similarly, the
levels of cytokines were decreased in the aortas from the TG mice
compared with those in the WT mice (Fig. 3H).

Next, we examined the effects of the overexpression of HSP22 on
HUVECs. Compared with the negative control group, a clear increase in

Fig. 5. HSP22 deficiency exacerbates diabetes-induced endothelial injury in vivo. Diabetes was induced in wild-type (WT) and knockout (KO) mice by HFD
adjuvanted with STZ injection for 12 weeks (n= 8 per group). A) Blood glucose concentrations in the WT-control, KO-control, WT-diabetes and KO-diabetes mice
were measured at baseline and 4, 8, and 12 weeks after diabetes induction. B) The body weights of the WT-control, KO-control, WT-diabetes and KO-diabetes mice
were measured at baseline and 4, 8, and 12 weeks after diabetes induction. C) Representative images of H&E (original magnification ×40). D) Representative
immunohistochemical staining images of HSP22, ICAM-1 and VCAM-1 in aortic sections (original magnification ×40). E) Quantification of positive staining for
HSP22 in aortic sections. n=5. F) mRNA expression of HSP22 in the aorta. G) Quantification of positive staining for ICAM-1 and VCAM-1 in aortic sections. n= 5.
H) mRNA expression of IL5, IL6, IL13, Mip3α and TGFβ1 in the aorta. *P < 0.05 vs. WT-control; #P < 0.05 vs. WT-diabetes; &P < 0.05 vs KO-control.
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cell viability and a decrease in cytotoxicity were observed in the HG-
treated endothelial cells after overexpression of HSP22 (Supplemental
Fig. 3A–C). Compared with the HG group with an NC form of HSP22,
the levels of ICAM-1 and VCAM-1 and the monocyte adhesion of en-
dothelial cells were decreased in the HSP22-higher expression group
(Supplemental Fig. 3D–E). Furthermore, HG-induced increases in en-
dothelial cell activation-related cytokines were reduced by over-
expression of HSP22 (Supplemental Fig. 3F). Taken together, these
results suggest that HSP22 reduces endothelial dysfunction.

3.4. HSP22 inhibits hyperglycemia-induced oxidative stress, mtROS
production and mitochondrial impairment

Subsequently, we sought to determine whether HSP22 is related to
endothelial mitochondrial oxidative stress. Our results showed that the
HSP22 TG aortas had lower levels of ROS than the WT aortas
(Fig. 4A–B). The 8-OHdG levels in the WT-diabetic group were ob-
viously higher than those in the HSP22 TG group (Fig. 4C).

We also demonstrated that high HSP22 expression reduced mtROS
production and improved mitochondrial function by using flow cyto-
metry and confocal microscopy (Supplemental Fig. 4A–E). These data
suggest that HSP22 inhibits hyperglycemia-induced mtROS and mi-
tochondrial impairment in endothelial cells.

3.5. HSP22 deficiency aggravates hyperglycemia-induced endothelial injury

We further elucidated the role of HSP22 in hyperglycemia-induced
endothelial injury using HSP22 KO mice and an HSP22-silenced en-
dothelial cell line. There was no difference between the KO-diabetic
mice and the WT mice in the FBG level or body weight (Fig. 5A–B).
HSP22 expression in the aorta was tested by immunohistochemistry
and RT-PCR (Fig. 5D–F). Endothelial morphology and activation were
detected by H&E staining and immunohistochemistry, and the results
suggested that HSP22 deficiency changes the endothelial morphology
and upregulates the expression of ICAM-1 and VCAM-1 (Fig. 5C–D, G).
The levels of cytokines in the aortas from the KO mice were sig-
nificantly increased compared with those in the WT mice (Fig. 5H).

The effects of HSP22 deficiency on HUVECs were the same as those
observed in the aortas. Compared with the NC group, a decreased cell
viability and higher cytotoxicity were observed following the silencing

of HSP22 (Supplemental Fig. 5A–C). Monocyte adhesion of HG-treated
endothelial cells was significantly increased following the silencing of
HSP22 compared with that in the NC group (Supplemental Fig. 5D).
Similar trends were observed in the expression of ICAM-1, VCAM-1 and
cytokines in the HSP22-deficient group (Supplemental Fig. 5E–F).

3.6. HSP22 deficiency exacerbates oxidative stress, endothelial mtROS
production and mitochondrial impairment under hyperglycemic conditions

HSP22 deficiency increases oxidative stress, endothelial mtROS
production and mitochondrial impairment under hyperglycemic con-
ditions. HSP22 deficiency clearly increased mitochondrial oxidative
stress in vivo and in vitro, which was opposite to the effects of HSP22
overexpression. Compared with the WT group, HSP22 deficiency sig-
nificantly promoted ROS production and 8-OHdG accumulation in the
aortas of the diabetic mice (Fig. 6A–C).

Silencing HSP22 consistently increased mtROS in the HG-treated
HUVECs (Supplemental Fig. 6A). Next, we performed confocal micro-
scopy with MitoTracker and JC-1 staining to further examine the mi-
tochondrial density and membrane potential. As expected, the mi-
tochondrial immunofluorescence intensity and membrane potential
were largely decreased in the HSP22 siRNA group compared with in the
NC group (Supplemental Fig. 6B–E).

3.7. HSP22 deficiency exacerbates oxidative stress, endothelial mtROS
production and mitochondrial impairment under hyperglycemic conditions

A compelling body of evidence has demonstrated that hypergly-
cemia-mediated mtROS is critical for endothelial dysfunction [9,11].
However, whether HSP22 attenuates endothelial dysfunction by in-
hibiting mtROS remains unclear. To gain insight into the mechanism by
which HSP22 prevents endothelial dysfunction, we assessed the anti-
oxidative stress effect on HUVECs using MitoTEMPO, which is a mi-
tochondrial-targeted potent antioxidant, and by silencing HSP22. The
effects of MitoTEMPO observed on HUVECs were consistent with those
observed in a previous report [38]. Endothelial cells treated with Mi-
toTEMPO were rescued under high-glucose conditions; however,
HSP22 deficiency impeded this process. As a result, compared with the
HG group, increased cell viability and decreased cytotoxicity were ob-
served following MitoTEMPO treatment, but silencing HSP22 reduced

Fig. 6. HSP22 deficiency increases diabetes-
induced endothelial oxidative stress in vivo.
A)Frozen aortic sections were incubated with
5 μmol/l DHE for 20min and analyzed using
fluorescence microscopy (original magnifica-
tion ×40). B) Quantification of the fluores-
cence intensity of ROS levels in the aorta.
n= 4. C) Quantification of 8-OHdG levels in
the aorta. n= 4. *P < 0.05 vs. WT-control;
#P < 0.05 vs. WT-diabetes.
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this trend (Fig. 7A–B). The same trend was observed for monocyte
adhesion and the levels of adhesion molecules and cytokines
(Fig. 7C–E).

The same trend was also observed for mitochondrial oxidative stress
in endothelial cells. Compared with the NC form in the HSP22 group,
there was an apparent increase in the level of mtROS following the
silencing of HSP22 in the MitoTEMPO treatment group (Fig. 8A). Fol-
lowing MitoTEMPO treatment, we also observed an injured mitochon-
drial morphology and a decline in the membrane potential in the
HSP22-deficient group (Fig. 8B–E). Mitochondrial injury disrupts re-
spiratory enzyme activity and energy production in diabetic mice;
therefore, we evaluated mitochondrial function by measuring ATP le-
vels [41,42]. The results showed that MitoTEMPO treatment recovered
the ATP levels following HG-mediated mitochondrial injury, but the
silencing of HSP22 reduced this trend (Supplemental Fig. 7A). Im-
balances in mitochondrial dynamics contribute to oxidative stress and
hyperglycemia-induced mitochondrial injury, resulting in endothelial
dysfunction [9,41–43]. Finally, we investigated whether there were
changes in mitochondrial fusion and fission. Western blotting results
showed that the HG-induced increases in DRP1 and p-DRP1 protein

expression were downregulated by MitoTEMPO treatment in the HU-
VECs, but these changes were blocked after further silencing HSP22
(Supplemental Fig. 7B–C). Overall, these results suggest that HSP22
rescues endothelial dysfunction by inhibiting hyperglycemia-mediated
mtROS.

4. Discussion

In the present study, we found that HSP22 inhibits hyperglycemia-
induced endothelial cell activation and injury by suppressing cell ad-
hesion and cytokines. These experiments provide evidence that HSP22
restrains hyperglycemia-induced mtROS and mitochondrial dysfunction
in endothelial cells. Therefore, HSP22 reduces hyperglycemia-induced
endothelial injury by mediating mtROS.

This study focused on the expression of HSP22, and we found that it
was upregulated in diabetic-stimulated endothelial cells, which is
consistent with the findings reported in former studies showing that
HSP22 is increased in response to stress [6,13]. The upregulation of
HSP22 protects against hyperglycemia-induced endothelial injury. This
protective effect is similar to other reported sHSPs, including HSP27,

Fig. 7. HSP22 deficiency offsets
MitoTEMPO-inhibited endothelial injury
under hyperglycemic conditions in vitro.
HUVECs were transfected with negative con-
trol siRNA (NC siRNA) or HSP22 siRNA for
48 h and then treated with high glucose with/
without MitoTEMPO (1 μM) for 24 h. A) Cells
in 96-well plates were stained with Cell
Counting Kit-8 (CCK8) to evaluate cell viabi-
lity. n= 3. B) Cytotoxicity was measured by
LDH release in the cell media. n=3. C)
Adhesion of nonstimulated PBMCs to stimu-
lated HUVECs was quantified. n= 3. D) mRNA
expression of ICAM-1 and VCAM-1 was de-
termined by RT-PCR. n=3. E) Endothelial cell
activation-related cytokines were examined by
RT-PCR. n= 3. *P < 0.05 vs. NC-NG;
#P < 0.05 vs. HG-MitoTEMPO.
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HSP20 and αB-crystallin [6,13–18]. Previous reports have suggested
that HSP22, which is increased in response to oxidative stress, is mainly
regulated by heat shock factor (HSF) signaling; however, HSP22 was
prevented from further increasing due to a negative feedback loop be-
tween HSF and HSP22 [44]. That is, HSP22 may not constantly increase
and fully exert its effects under stress. In our study, HSP22 over-
expression increased resistance to oxidative damage in diabetic mice
and hyperglycemia-induced endothelial cell injury, which was con-
sistent with the results reported by Sui et al. [45]. Three reasons may
explain these results. First, HSP22 is a molecular chaperone that func-
tions in helping to clear aggregated proteins [6]. Next, HSP22 has been
reported to protect against mitochondrial oxidative stress by mediating
the activity of transcription factors, such as NF-κB and STATE [19,46].
Moreover, HSP22 interacts with other sHSPs, such as HSP27 and B-
crystallin, to promote cell survival and decrease apoptosis [6,47,48].
And all above effects need HSP22 overexpression to induce. Multiple
studies have suggested that the heat shock response is an intrinsic de-
fense mechanism that protects cells against various stress stimuli and
pathological conditions [49,50]. Our results and other studies offer
strong evidence that sHSPs are involved in resistance to diabetes-in-
duced cell injury.

Endothelial activation is considered an initial event responsible for
endothelial injury [11,40]. The increased adhesion and secretion of
endothelial cell adhesion molecules, such as ICAM-1 and VCAM-1, and
the elevated cytokines are additional related and specific features of

endothelial activation [51]. In our study, overexpression of HSP22 re-
duced endothelial cell adhesion and downregulated adhesion molecules
and inflammation-related cytokines, leading to decreased endothelial
cell injury. When HSP22 was silenced, the opposite results were ob-
served. We provide compelling evidence that HSP22 suppresses dia-
betic-induced endothelial activation by decreasing endothelial adhesion
and cytokine secretion, thus reducing endothelial dysfunction. Our
findings are consistent with those reported by Li et al. and Shao et al.,
who found that the inhibition of hyperglycemia-induced inflammation
contributed to decreased endothelial activation, which is a key initial
stage of endothelial dysfunction [11,52]. Our study is the first to pro-
vide evidence supporting the hypothesis that HSP22 is a key factor that
suppresses hyperglycemia-induced endothelial activation and injury.

In our study, HSP22 reduced oxidative stress and mtROS production
in vivo and in vitro, leading to attenuated mitochondrial damage in
endothelial cells. These results are consistent with those of previous
studies reporting that HSP22 protects cells from damage by conferring
resistance to oxidative stress and modulating mtROS production.
Accumulating evidence has indicated that excessive mtROS disrupts
mitochondrial function and contributes to cell damage in diabetes
[9,10]. In addition, the mechanism of excessive mtROS-mediated en-
dothelial activation has been supported by previous findings concerning
hyperglycemia [53]. Taken together, these results indicate that HSP22
may attenuate hyperglycemia-induced endothelial activation by re-
straining the release of mtROS.

Fig. 8. HSP22 deficiency offsets MitoTEMPO-inhibited hyperglycemia-mediated mtROS in vitro. A) Mitochondrial superoxide was measured by flow cytometry.
HUVECs were incubated in Hank's balanced salt solution containing 5 μmol/L MitoSOX for 15min. n= 3. B) Representative images of MitoTracker Red staining
showing the mitochondrial morphology in each group of cells (original magnification ×63). C) Mitochondrial density was quantified. n= 3. D) Representative
images of JC-1 immunochemistry staining showing the mitochondrial membrane potential in each group of cells (original magnification ×63). E) Mitochondrial
membrane potential was quantitated as a percentage in the gate. n=3. *P < 0.05 vs. NC-NG; #P < 0.05 vs. HG-MitoTEMPO.
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Consistent with other reports using MitoTEMPO, which is an mtROS
scavenger, showing that the inhibition of mtROS in the hyperglycemia-
stimulated endothelium rescues cell injury, we demonstrated that
eliminating mtROS lowered endothelial cell adhesion and the release of
inflammatory cytokines [5,38]. However, after silencing the expression
of HSP22, the protective effect of MitoTEMPO was decreased, leading
to a change in mitochondrial morphology, decreased membrane po-
tential, and increased adhesion and endothelial activation-related cy-
tokine release. These results further indicate that HSP22, which is an
upstream event, attenuates hyperglycemia-induced endothelial activa-
tion by regulating the levels of mtROS, which helps reduce damage to
endothelial cells. Mitochondrial homeostasis is crucial for the main-
tenance of mitochondrial morphology and function [9,43,54]. Previous
studies have reported that hyperglycemia disrupts the balance between
mitochondrial fusion and fission by upregulating DRP1, which is a
regulator of mitochondrial fission events, leading to excessive mtROS
production and mitochondrial dysfunction [9,43,54]. In our study, we
found that the hyperglycemia-stimulated upregulation of DRP1 and
pDRP1 expression further increased when HSP22 was silenced, but
MitoTEMPO reversed the situation. In addition, MitoTEMPO increased
ATP levels, which were reduced by HSP22 deficiency. Briefly, HSP22
maintained mitochondrial balance and function by suppressing mtROS
in hyperglycemia-stimulated endothelial cells. Based on these results,
we propose a new mechanism by which HSP22 protects the en-
dothelium, which may provide a new treatment strategy for T2DM
vascular complications.

In summary, our findings offer new insight into the protection
conferred by HSP22 in diabetic endothelial injury, indicating that
HSP22 might serve as a biomarker of mitochondrial oxidative stress and
a potential therapeutic target. We provide evidence that overexpression
of HSP22 rescues mitochondrial dysfunction by reducing the expression
of mtROS and endothelial inflammation under diabetic conditions. The
elimination of mtROS and inflammation restrains diabetes-stimulated
endothelial cell activation by decreasing endothelial cell adhesion and
cytokine release, leading to decreased endothelial injury. Although
considerable knowledge regarding vascular endothelial cell protection
has accumulated in recent years, insight into the protection mechan-
isms is inadequate and requires further investigation.
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