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A B S T R A C T

Ameliorating cardiac microvascular injury is the most effective means to mitigate diabetes-induced cardiovas-
cular complications. Inositol-requiring 1α (IRE1α), a sensor of endoplasmic reticulum stress, is activated by Toll
like receptors (TLRs), and then promotes cardiac microvascular injury. Peli1 is a master regulator of TLRs and
activates IRE1α. This study aims to investigate whether Peli1 in endothelial cells promotes diabetes-induced
cardiac microvascular injury through activating IRE1α. Here we found that Peli1 was markedly up-regulated in
cardiac endothelial cells of both diabetic mice and in AGEs-treated cardiac microvascular endothelial cells
(CMECs). Peli1 deficiency in endothelial cells significantly alleviated diabetes-induced cardiac microvascular
permeability, promoted microvascular regeneration, and suppressed apoptosis, accompanied by the attenuation
of adverse cardiac remodeling. Furthermore, Peli1 deletion in CMECs ameliorated AGEs-induced damages in
vitro. We identified heat shock protein 90 (Hsp90) as a potential binding partner for Peli1, and the Ring domain
of Peli1 directly bound with Hsp90 to enhance IRE1α phosphorylation. Our study suggests that blocking Peli1 in
endothelial cells may protect against diabetes-induced cardiac microvascular injury by restraining ER stress.

1. Introduction

Cardiac vascular complications are considered to be the major cause
of high morbidity and mortality in diabetic patients [1,2]. In the pro-
gression of diabetes, cardiac microvascular impairment occurs before
macrovascular injury and renders the heart more susceptible to is-
chemic damages [3,4]. Accumulating evidence indicates that hy-
perglycemia impairs endothelial integrity, leading to severe damages
on small arteries and capillaries with the involvement of oxidative
stress and inflammatory response [5]. In addition, microvascular injury
impairs the formation of new small arterioles and capillaries, con-
tributing to cardiac hypertrophy due to the altered metabolism [6].
Therefore, it is generally accepted that hyperglycemia-induced

microvascular injury is an important cause of diabetic cardiomyopathy.
Multiple pathological factors, such as oxidative stress and in-

flammatory responses [7,8], are involved in cardiac microvascular in-
jury in diabetes and serve as cellular stresses to induce the unfolded
protein response (UPR) [9,10]. Although UPR is an adaptive response to
cellular stresses, the excessive UPR, namely endoplasmic reticulum
(ER) stress, triggers a stress cascade with pathological consequences
including oxidative stress and apoptotic responses in specialized cells
and tissues. ER stress is activated in microvascular injury under diabetic
conditions [11,12], and the sensor protein inositol-requiring enzyme 1
alpha (IRE1α) plays a crucial role in diabetic microvascular injury
[13–15]. ER stress is induced by IRE1α activation to impair the per-
meability of blood-brain barrier through JNK-mediated apoptosis. In
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addition, IRE1α activation accelerates the degradation of intracellular
VEGF through promoting XBP1 mRNA splicing to damage vascular
regeneration. The stability of IRE1α is determined by the association
with cytosolic chaperone protein heat shock protein 90 (Hsp90), and
IRE1α could be activated when detached from Hsp90 by oligomeriza-
tion [16]. This finding establishes a signal transduction cascade for
Hsp90 to regulate ER stress, potentially involved in endothelial dys-
function.

In diabetes, hyperglycemia promotes the glycation of protein and
impairs endothelial homeostasis. Advanced glycation end products
(AGEs) are glycated proteins or lipids with long term-exposure to hy-
perglycemia that are prevalent in the diabetic vasculature, contributing
cardiovascular complications [17]. AGEs accumulation leads to the
activation of Toll-like receptors (TLRs), interleukin-1 receptor (IL-1R)
and TNF-α receptor 1 (TNFR1), mediating inflammation and apoptotic
responses [18–20]. It has been demonstrated that inhibiting TNFR1 in
human lung microvascular endothelium is able to retard endothelial
apoptosis to protect microvascular function [21]. Moreover, IRE1α is
phosphorylated by TLR2/4 and TNFR1 to induce ER stress, resulting in
endothelial dysfunction [22,23]. Since apoptosis is a downstream
consequence of ER stress, these events suggest that AGEs induce
apoptosis and impair endothelial integrity and function by activation of
ER stress.

Pellino proteins are evolutionary conserved scaffold proteins in
TLRs/IL-1R and TNFR1 signalings and three isoforms are identified in
mammalian cells, termed Peli1, 2, 3 [24]. Peli1 promotes the nuclear
translocation of p65 and mediates inflammatory responses by inter-
acting with IL-1R-accociated kinase1 (IRAK1) [25]. Moreover, Peli1
could bind to TNF receptor associated factor 6 (TRAF6) [26]. Because
TRAF6 is implicated in UPR to promote the ubiquitination and sub-
sequent phosphorylation of IRE1α [27], this event raises the possibility
that Peli1 mediates ER stress and subsequent consequences through
regulating of the stability of IRE1α. Therefore, we hypothesize that
Peli1 in endothelial cells aggravates cardiac microvascular injury in
diabetic mice. Thus, in this study, we explore whether Peli1 deficiency
in endothelial cells afforded protection against diabetic-induced cardiac
microvascular injury via suppression of ER stress in diabetic mice and
the underlying molecular mechanisms were detected.

2. Materials and methods

2.1. Animals

Male C57BL/6 mice aged 8–10weeks were purchased from the
Model Animal Research Center of Nanjing University (Nanjing, China).
Peli1Flox/Flox (Peli1F/F) mice were developed previously [28,29]. Peli1F/
F mice were crossed to Tie2-Cre mice to generate Tie2-cre Peli1Flox/+

mice. Then, the endothelium Tie2-Cre Peli1Flox/Flox (Peli1ΔEC) mice
were generated by brother–sister mating. Similarly, systemic knockout
mice (Peli1KO) were developed with Peli1F/F mice and Ddx-4-Cre mice.
All animal experiments were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institutes of Health
(NIH Publication No. 85-23, revised in 1996) and was approved by the
Nanjing Medical University Committee on Animal Care (Permit
Number: IACUC 14030103).

2.2. Induction of diabetic model

Diabetes was induced by intraperitoneal injection of streptozotocin
(STZ, 50mg/kg in 10mmol/L citrate buffer at pH 4.6) for 5 consecutive
days. Control mice received the same volume of citrate buffer (0.1M Na
citrate, PH 4.5). Blood glucose levels were detected 1 week after in-
jection and values ≥16.6 mmol/L were considered as diabetes. Then
the blood glucose (Johnson & Johnson, New Brunswick, USA) and body
weight were detected once per month. The levels of AGEs in serum were

measured according to the corresponding AGEs assay kit (catalog:
#K929-100, Biovision, Milpitas, CA, USA).

2.3. Cell isolation, culture and identification

Cardiac microvascular endothelial cells (CMECs) were isolated as
previously described [30]. Male C57BL/6J (20–25 g) mice, Peli1F/F

mice (20–25 g) and Peli1KO (20–25 g) were rapidly excised after an-
esthetized with ether. Cells were then re-suspended in endothelial basal
medium-2 containing 10% FBS premixed with endothelial cell growth
supplements following the manufacturer's instructions. For further de-
tails, see Electronic supplementary materials (ESM) Methods.

2.4. Echocardiography to assess cardiac function

Echocardiography was performed as described in our previous study
[31] with a two-D guide M-mode transthoracic echocardiographic ex-
amination (General Electric Co., Fairfield, CT, USA). Mice were an-
esthetized with isoflurane (1.5% with O2 1L/min). Cardiac function was
measured 16 weeks after diabetes. All measurements were detected by a
single echocardiographer who was blinded to the whole experiments.

2.5. Permeability of CMECs

The permeability in CMECs was determined by Transendothelial
electrical resistance (TEER) measurement. Cells were diluted into PBS,
which were supplemented with 0.1% fatty-acid free BSA and flux
measurements described by using 4-kDa FITC-dextran (1mg/mL) [32].
For further details, see ESM Methods

2.6. TUNEL assay

Apoptosis level was detected by the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end-labeling (TUNEL) assay and
fluorescence microscopy was used to observe the TUNEL-positive
apoptosis cells (see ESM for detailed Methods).

2.7. Immunofluorescence staining

CMECs were seeded in glass bottom dish (35mm dish with 14mm
bottom well). Then the cells were fixed with 4% paraformaldehyde for
4 h at 4 °C before permeabilized with 0.1% Triton X-100 for 10min.
After washed with PBS for three times, CMECs were blocked with 5%
BSA for 20min at room temperature. Immunostaining was performed
with the indicated primary antibodies (anti-p-IRE1α). The cells were
washed with PBS and the nuclei were stained with DAPI after in-
cubating with appropriate secondary antibodies.

2.8. Immunoprecipitation and western blot analysis

Immunoprecipitation and western blot analysis were performed by
using p-IRE1α, IRE1α, Peli1, p-PERK, PERK, ATF6, hsp90, p-p38, p38,
p-JNK. JNK, AGEs, caspase12, caspase3, TRAF2, HA, Flag and Tubulin
antibodies (see ESM Methods).

2.9. Integrity of cardiac microvessels

Microvascular endothelial integrity of mice's hearts was examined
with scanning electron microscopy. Prepared samples were subse-
quently observed by a scanning electron microscope (Hitachi S-3400N).
For further details, see ESM Methods.

2.10. Permeability of cardiac microvessels

Cell-to-cell junctions were assessed with Transmission electron mi-
croscopy as previously described [33]. Hearts of anesthetized mice

Q. Zhao, et al. BBA - Molecular Basis of Disease 1865 (2019) 2606–2617

2607



were perfused via the aorta with prefixative solution and then the
hearts were perfused with fixing solution using a Langendorff system.
Subsequently, tissue samples were dehydrated by graded ethanol and
embedded in Agar 100. For further details, see ESM Methods.

2.11. Tube formation assay

The formation of capillary-like structures was assessed in a 24-well
plate using a growth factor-reduced Matrigel (BD Biosciences), which
then visualized and captured by using a phase-contrast inverted mi-
croscope equipped. For further details, see ESM Methods.

2.12. RNA quantification

The relative expression levels of mRNA of mice Peli1, Ve-cadherin,
Pecam-1 and Gapdh were quantified by quantitative RT-PCR (see ESM
Methods).The data were analyzed by using the 2−ΔΔC method and
normalised to endogenous control Gapdh mRNA.

2.13. Construct glutathione S-transferase (GST) fusion proteins and GST
pull-down assay

GST fusion proteins of GST-Peli1, GST-Peli1ΔRing and GST-
Peli1ΔFHA were expressed in Trans1-T1 Phage Resistant Chemically
Competent Cells (TransGen, Beijing, China), which were induced with
0.1 mM isopropyl-1-thio-β-D-galactopyranoside (Amresco, Solon, Ohio,
USA) for 16 h at 28 °C. To get further study in the binding domain of
Peli1 to Hsp90 in vitro, purified GST-Peli1, GST-Peli1ΔRing and GST-
Peli1ΔFHA proteins were incubated with equal molar amounts of HA-
Hsp90 by rocking at 4 °C for 3 h before incubating with Glutathione
Agarose beads (Thermo Scientific, Rockford, USA) for 1 h at 4 °C. Then,
the binding proteins eluted in SDS loading buffer were extracted and
analyzed by western blot.

2.14. Silver staining and mass spectrometry

The Flag protein complexes in the cell lysates were captured by
using anti-Flag Beads. Then the magnetic beads were washed and Flag
peptide was applied to elute the Flag-protein complex. Bands were
excised from the gel and subjected to in-gel tryptic digestion. Resulting
peptides were separated by reverse-phase liquid chromatography on an
easy-nLC 1000 system and directly sprayed into a QExactive mass
spectrometer. For further details, see ESM Methods.

2.15. Magnetic-activated cell sorting (MACS)

Hearts from Peli1F/F and Peli1ΔEC mice under diabetic and non-
diabetic condition were rinsed and digested with 0.2% collagenase II
and 0.2% trypsin using gentle MACS dissociator, following the manu-
facturer's instruction. Endothelial cells were immunomagnetic sorted
using CD31 antibody (Miltenyi Biotech), as reported in previous re-
search [34]. Purity of cell preparations was detected by flow cytometry
using CD31-PE antibody (Miltenyi Biotech).

2.16. Scratch-wound assay

In each well of 6-well plate, a straight scratch was made by a pipette
tip to form a ‘wound’ through the middle of 100% confluent CMECs
monolayer. CMECs were transfected with or without adv-shPeli1 or
adv-Scr and then the cells were treated with 0.1% FBS EBM-2 basal
medium with or without AGEs. After 8 h incubation, the migration of
CMECs into the ‘wound’ area was quantified as mean number of the
migrated cells.

2.17. Structure modeling and Peli1-Hsp90 binding prediction

ZDOCK was used to imitate protein-protein docking. Prepare pro-
tein mocule and remove irrelevant ligands, water molecules and ions
before adding all hydrogen atoms and CHARMm force fields. According
to the docking protocol, the Peli1 protein was docked onto the protein
Hsp90 using ZDOCK software. The scores of the first 2000 structures are
output and the clustering analysis of these 2000 structures is performed
based on the clustering conditions with the RMSD cutoff value of
10.0 Å. In all docking, searching possible docking conformations and
selecting the most representative of the first 10 categories, the optimal
score of the Peli1 conformation identified as the selected conformation.

2.18. Molecular dynamics simulation (MDS) and protein-ligand interaction
analysis during MD simulation

The complex of Hsp90 protein and Peli1 protein was assembled
using the aforementioned molecular docking model. In the simulation
system construction, the FF99SB force field of AMBER was used, as well
as adding a TIP3P water model of 10.0 Å from the edge of the com-
posite, the periodic boundary and counterions. For further details, see
ESM Methods.

2.19. Statistical analysis

The samples were randomized and special method of randomization
for all experiments. Experiments were also blind to group assignment
and outcome assessment for all experiments. No data, samples or ani-
mals were excluded from the reported results. Data are shown as
means± SEM. Statistical comparisons were used t-test, one-way or two-
way ANOVA with Bonferroni multiple comparison post-test. The data
were analyzed with the GraphPad Prism-6 statistical software (Prism
v6.0; GraphPad Software, La Jolla, CA, USA).Values of p < 0.05 were
considered statistically significant in all experiments.

3. Results

3.1. Peli1 was up-regulated in both cardiac endothelial cells of diabetic mice
and AGEs-treated CMECs

Mice were given intraperitoneal injection of STZ to induce diabetes,
evidenced by persistent hyperglycemia with loss of body weight
(Fig. 1a,b), as early as 10 day after last injection. At 8 week, significant
amounts of AGEs were detectable in the serum, an indicator of protein
glycation due to the long-term exposure to hyperglycemia (Fig. 1c).
Compared with control, the protein and mRNA levels of Pelil were
significantly higher in STZ-challenged mice's endothelial cells isolated
from hearts at 8 week (Fig. 1d,e). To confirm the direct impact of AGEs
on the expression of peli1, we detected the protein and mRNA levels of
Peli1 in AGEs-treated CMECs. The CMECs isolated from the wild type
mice displayed cobblestone-like morphology with positive staining of
Dil-acetylated low-density lipoprotein intake and labeled CD31, en-
suring the purity of CMECs (Fig. 1f). Peli1 protein and mRNA levels in
CMECs were shown to increase in a time-dependent manner with AGEs
stimulation (Fig. 1g,h). These results indicated that hyperglycemia or
AGEs promoted Peli1 induction in the endothelium of myocardial mi-
crovessels.

3.2. Endothelial specific deficiency of Peli1 attenuated cardiac
microvascular injury

To determine the possible impact of endothelial Peli1 in micro-
vascular injury under diabetic conditions, we crossbred the Peli1-flox
strain with the Tie2-Cre strain for specifical deletion of Peli1 in vascular
endothelial cells (Peli1ΔEC). Firstly, First, primary cardiac micro-
vascular endothelial cells (CD31+) and non-EC cells (CD31−) from
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Peli1ΔEC mice and Peli1F/F mice were isolated through MACS. Peli1
expression in CD31+ cells was diminished in Peli1ΔEC mice compared
with Peli1F/F mice, while the expression of Peli1 in CD31− cells did not
differ between the two groups with high level (Fig. 2a). As shown in
Fig. 2b, under diabetic conditions, the integrity of microvessels was
impaired in Peli1F/F mice, indicated by the morphological abnormal-
ities; however, the morphological appearance of microvessels in Pe-
li1ΔEC mice remained virtually unchanged, indicating that endothelial
specific deficiency of Peli1 protected the microvascular integrity. The
microvascular barrier function was measured by Lanthanum nitrate
perfusion and the impaired function was observed as evidenced by
paracellular diffusion from the endothelium to the barrier in diabetic
mice. The microvascular barrier dysfunction was attenuated in Peli1ΔEC

mice compared with the Peli1F/F mice (Fig. 2c). Moreover, the lost
number of microvessels induced by STZ was restored in Peli1ΔEC mice

compared with Peli1F/F mice (Fig. 2d). Endothelial dysfunction is often
accompanied by cell apoptosis under diabetic conditions; however,
endothelial specific deficiency of Peli1 protected endothelial cells from
diabetes-induced apoptosis (Fig. 2e). Taken together, these data sug-
gested that Peli1 deficiency in endothelium could attenuate diabetes-
induced cardiac microvascular dysfunction.

3.3. Endothelial specific deficiency of Peli1 prevented cardiac remodeling

Since persistent hyperglycemia can induce ventricular dysfunction
due to microvascular injury, we used fluorescence Oregon Green 488-
labeled WGA staining to monitor the size of cardiomyocyte in diabetic
mice at 16 week. Under diabetic conditions, cardiomyocyte developed
hypertrophy (analyzed by cardiomyocyte cross-sectional area and HE
staining) in Peli1F/F mice, but the hypertrophy of cardiomyocytes was

Fig. 1. Peli1 is upregulated in the myocardial microvascular endothelial cells under diabetic conditions. Diabetes was induced by the injection of streptozotocin (STZ)
in C57BL/6 mice, and endothelial cells of myocardial were separated through Magnetic-activated cell sorting (MACS). WT mice were induced to diabetes for 10 day,
4 week, 8 week and 16 week after final injection. (a) Levels of fasting blood glucose; n= 12. (b) Body weight; n=12. (c) Serum levels of advanced glycation end
products (AGEs) in diabetic mice at 8 week. n= 9. (d) The protein expression of Peli1, CD31 and Tubulin were analyzed by western blots using Tubulin as a loading
control at 8 week. n= 6. (e) RNA isolated from endothelial cells of myocardial was used to measure Peli1 expression by real-time quantitative PCR at 8 week. n= 6.
(f) Representative images cardiac microvascular endothelial cells (CMECs) by phase-contrast microscopy (Scale bar, 40 μm, left). Uptake of Dil-acetylated low-density
lipoprotein (Dil-Ac-LDL) by immunofluorescence (red, Dil-Ac-LDL, Scale bar, 50 μm, middle); Representative microscopy images of immunofluorescence staining for
CD31 and DAPI. (Green, CD31, Scale bar, 50 μm, right). The protein (g) and mRNA (h) levels of Peli1 in CMECs stimulated with AGEs (200 μg/mL) for different times
were detected by western blot analysis and real-time quantitative PCR. n=3–5. Data are expressed as mean ± SEM. ⁎p < 0.05, ⁎⁎p < 0.01 and ⁎⁎⁎p < 0.001.
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improved in Peli1ΔEC mice compared with the Peli1F/F mice (Fig. 3a,b).
Consistently, myocardial fibrosis around perivascular and interstitial
regions, stained by Sirius Red, was also attenuated in Peli1ΔEC mice
(Fig. 3c). Next, we examined whether Peli1 deficiency in endothelium
could preserve cardiac function. Diabetes significantly impaired systolic
function in diabetic Peli1F/F mice compared with control, evidenced by
decreased ejection fraction (EF%) (60.46 ± 0.85% vs.
51.92 ± 1.03%) and fractional shortening (FS%) (29.98 ± 0.59% vs.
23.22 ± 0.62%) after last STZ injection, respectively. However, these
changes were reversed in diabetic Peli1ΔEC mice (Fig. 3d). Con-
cordantly, Pelil deficiency in endothelium improved cardiac diastolic
function in diabetic mice, indicated by the increased E/A ratio (from
1.58 ± 0.04% to 1.76 ± 0.05%) (Fig. 3e). These results provided
evidence that Pelil deficiency in endothelium could prevent cardiac
remodeling under diabetic conditions, in which a regulation likely due
to the protection of microvascular endothelium.

3.4. Peli1 knockdown in CMECs ameliorated AGEs-induced endothelial
dysfunction

AGEs serve as a driving force of diabetic complications, including
microvascular disorders. Peli1 mRNA and protein levels were shown to
increase with AGEs stimulation in cultured CMECs (Fig. 1g,h). To

investigate the effect of Peli1 knockdown on cell-cell contacts, we ex-
amined the levels of several transmembrane junctional proteins, and
found that Peli1 knockdown protected cell-cell contacts by reducing the
loss of Ve-cadherin (encoded by Cdh5) expression and Pecam-1 (encoded
by CD31) expression in AGEs-treated CMECs (Fig. 4a,b). The perme-
ability of CMECs was enforced by AGEs treatment with the increased
flux of FITC-dextran and reduced TEER. However, Peli1 knockdown
improved the permeability of AGEs-treated CMECs (Fig. 4c,d). To test
the potential role of Peli1 in angiogenesis, Matrigel assay was per-
formed. The results showed that Peli1 knockdown partially restored the
ability of CMECs to form capillaries and promoted cell migration in the
presence of AGEs (Fig. 4e,f). Finally, the effect of Peli1 on CMECs
apoptosis in vitro was explored. Peli1 knockdown blocked caspase
cascades by reducing the formation of cleaved caspase 12 and caspase 3
in CMECs (Fig. 4g,h). These results suggested that Peli1 knockdown
may prevent CMECs from AGEs-induced endothelial dysfunction.

3.5. Peli1 knockdown suppressed IRE1α activation and downstream MAPK
signaling in CMECs

IRE1α-mediated ER stress is associated with diabetic cardiac mi-
crovascular diseases. To verify whether Peli1 could affect microvascular
injury via ER stress, we silenced Peli1 in CMECs by adv-shPeli1

Fig. 2. Endothelial-specific deficiency of Peli1 attenuates cardiac microvascular injury.
Peli1F/F mice were crossed with Tie2-Cre mice to generate endothelial-specific deficiency Peli1 mice (Peli1ΔEC) and diabetes was induced by the injection of
streptozotocin (STZ). (a). Endothelial cells (CD31+) and other cells (CD31−) were separated from the hearts of Peli1F/F and Peli1ΔEC mice through MACS and Peli1
protein expression was determined by western blot. n=3 (b). The surface and integrity of cardiac microvessels was observed by scanning electron microscope. Scale
bar, 100 μm. n=3 (c). The permeability of cardiac microvessels was detected by lanthanum nitrate and observed by transmission electron microscope (EM). Red
arrows indicated the microvascular barrier dysfunction. Scale bar, 1 μm. n=3 (d). Representative immunofluorescence staining of capillaries (green, Isolectin-B4).
Scale bar, 20 μm; n=5. (e). Representative photomicrographs of TUNEL (red) and nuclear (DAPI) staining of microvessels (green, Isolectin-B4). (Scale bar, 20 μm);
n= 3. Data are expressed as mean ± SEM. ⁎p < 0.05, ⁎⁎p < 0.01 and ⁎⁎⁎p < 0.001.
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infection and with the treatment of AGEs. We found that IRE1α acti-
vation was reduced in CMECs with Peli1 knockdown, while p-PERK and
ATF6, another two sensor proteins in UPR, were not affected (Fig. 5a).
Consistently, Peli1 knockdown also attenuated the splicing and ma-
turation of XBP1, a key step of ER stress response, and reduced the
recruitment of TRAF2 to IRE1α (Fig. 5b,c). In response to IRE1α acti-
vation, MAPK activation mediates cell death in special tissues and cells.
Peli1 knockdown in CMECs suppressed the activation of p38 and JNK
(Fig. 5d). We isolated CMECs from Peli1ΔEC and Peli1F/F mice, and
found that IRE1α, p38 and JNK phosphorylation were enhanced in
diabetic mice and were reduced in Peli1ΔEC mice compared with Peli1F/
F mice (Fig. 5e). Furthermore, immunofluorescence analyses confirmed
that p-IRE1α in the vessels was dramatically increased in diabetic mice,

but this increase was reversed in Peli1ΔEC mice compared with Peli1F/F

mice (Fig. 5f). In brief, these results indicated that Peli1 deficiency in
endothelium could ameliorate endothelial dysfunction by blocking
IRE1α phosphorylation.

3.6. Peli1 directly interacted with Hsp90

To explore the concrete mechanism that Peli1 promotes IRE1α ac-
tivation, we expressed Flag-tagged Peli1 (Ad-Flag-Peli1) and control
GFP (Ad-GFP) adenovirus in CMECs. Through immunoprecipitation
with an anti-Flag antibody followed by PAGE electrophoresis, silver
staining showed key differences between IgG and Flag-Peli1 (shown by
red arrow). Mass spectrometry identified a peptide matching to hsp90

Fig. 3. Endothelial-specific deficiency of Peli1 attenuates cardiac remodeling.
Diabetes was induced by the injection of streptozotocin (STZ) inPeli1F/F and Peli1ΔEC mice, and cardiac remodeling was detected at 16 week. (a) Representative WGA
staining of cardiomyocytes. Scale bar, 20 μm; n=4. (b) Representative HE staining of myocardial tissues. Scale bar, 20 μm. n=3 (c). Sirius Red staining was applied
to detect the deposition of collagen of perivascular and interstitial of heart section. Scale bar, 20 μm; n=5. (d) Representative M-mode echocardiographic images;
n= 10 (e) Representative echocardiographic images of mitral flow spectrum. n=10. Data are expressed as mean ± SEM. ⁎p < 0.05, ⁎⁎p < 0.01 and ⁎⁎⁎p < 0.001.
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in Peli1 immune complexes derived from cells, suggesting that Hsp90
might be a binding partner for Peli1 (Fig. 6a). Molecular dynamics si-
mulation (MDS) was then conducted to explore the potential interaction
sites between Peli1 and Hsp90. As shown in Fig. 6b, ARG-279, ARG-
222, ARG-326, LYS-229 and LYS-374 might be the sites of Peli1 binding
to Hsp90. To further validate explore the endogenous binding of Peli1
and Hsp90, we used co-immunoprecipitation assay with indicated an-
tibodies in whole cell lysate in CMECs. In line with previous results,
endogenous Peli1 and Hsp90 bound with each other in whole cell ly-
sates of CMECs. Moreover, the binding of Peli1 and Hsp90 were in-
creased with AGEs treatment. (Fig. 6c). Z-DOCK for protein structure
modeling predicted that the Ring domain of Peli1 could interact with
Hsp90. Next, we constructed Flag-tagged Full length Peli1 (aa 1-418,

Flag-Peli1), Peli1 with deletion at FHA domain (aa 276-418, Flag-Pe-
li1ΔFHA) and Peli1 with deletion at Ring domain (aa 1-289, Flag-Pe-
li1ΔRing) (Fig. 6d). These adenoviruses were transfected in CMECs
independently. Flag-Peli1 and Flag-Peli1ΔFHA showed clear interaction
with Hsp90 by co-immunoprecipitation experiment, whereas Flag-Pe-
li1ΔRing abolished their interaction with Hsp90 (Fig. 6e). GST pull-
down assay was also conducted and the results showed strong binding
of GST-Peli1 and GST-Peli1ΔFHA recombinant protein to HA-Hsp90,
respectively (Fig. 6f).

3.7. Peli1 facilitates IRE1α phosphorylation via binding to Hsp90

Hsp90 binds to client proteins and regulates their stability and

Fig. 4. Deletion of Peli1 in CMECs ameliorates AGEs-induced endothelial dysfunction.
CMECs were stimulated with advanced glycation end products (AGEs, 200 μg/ml) for 8 h after transfection with adv-shPeli1 or adv-shScr for 48 h. The mRNA levels
of Ve-cadherin (a) and Pecam1 (b) were detected by RT-qPCR analysis; n= 8. (c) The flux of four-kilodalton dextran flux in CMECs; n= 3. (d) Transendothelial
electrical resistance (TEER) in CMECs; n=4. (e) Capillary morphogenesis in CMECs with microscopy. Scale bar, 50 μm; n=3. (f) Representative photomicrograph of
CMECs migration through the cell scratch test. Scale bar, 50 μm; n=5. The protein levels of cleaved-caspase12 (g) and cleaved-caspase3 (h) were detected by
Western blot analysis; n= 3. Data are expressed as mean ± SEM. ⁎p < 0.05, ⁎⁎p < 0.01 and ⁎⁎⁎p < 0.001.
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functions. We then detected whether Peli1 activates IRE1α through
directly binding to Hsp90. The stimulation of AGEs decreased the in-
teraction between Hsp90 and IRE1α, whereas the alteration was re-
versed in CMECs with Peli1 deficiency (Fig. 7a). To further identify
whether the association of Hsp90 and IRE1α depended on Peli1, we
isolated CMECs from the Peli1F/F and Peli1KO mice respectively. As
shown in Fig. 7b, the interaction between Hsp90 and IRE1α was dra-
matically increased in Peli1KO CMECs, compared with Peli1F/F CMECs.
ZDOCK analysis also revealed that Peli1 and IRE1α shared the same
binding sites on Hsp90 (purple domain), including VAL-17, THR-19,
ILE-34, ASN-35, LYS-84, GLN-85, ASP-86, ARG-87, THR-88, GLU-146,
LYS-147, GLU-163, ALA-166, GLY-167, SER-169, THR-171, ARG-173,
HIS-189, LYS-191 and GLU-192, respectively (Fig. 7c,d). To get further
insight into the function of Hsp90 in Peli1-induced IRE1α phosphor-
ylation, we found that overexpression of Peli1 promoted the phos-
phorylation of IRE1α, whereas IRE1α phosphorylation was inhibited
when Hsp90 and Peli1 were overexpressed simultaneously, regardless
of the presence or absence of AGEs. Moreover, overexpression of Peli1
induced phosphorylation of p38 and JNK, but these effects were

rescued when Hsp90 is overexpressed (Fig. 7e). To further confirm that
endothelial cells-expressed Peli1 facilitates IRE1α phosphorylation via
binding with Hsp90, we obstructed the function of Hsp90 in Peli1KO

CMECs with Hsp90 inhibitor (17-AAG). As shown in Fig. 7f, the in-
hibition of Hsp90 largely reversed the limited IRE1α phosphorylation in
Peli1KO CMECs. Therefore, we draw a conclusion that the effects of
Peli1 on IRE1α phosphorylation are mediated at least in part by its
direct binding to Hsp90 in CMECs ultimately leading to the dis-
association of Hsp90 from IRE1α.

4. Discussion

Microvascular endothelial dysfunction is involved in altered cardiac
structure and function under diabetic conditions [35]. Although mul-
tiple pathological factors, such as oxidative stress, inflammation and
the impaired angiogenic capacity, simultaneously occur in the pro-
gression of this disease, the pathogenesis is unclear. We showed that
Peli1 induction might be a common cause for these consequences. In
response to persistent hyperglycemia, Peli1 induced ER stress by

Fig. 5. Deletion of Peli1 decreases IRE1α phosphorylation in CMECs.
(a) Western blot analysis for ER stress signaling markers, including p-IRE1α, p-PERK and ATF6; n= 6. (b) Quantitative PCR of unspliced XBP1 (XBP1U) and spliced
XBP1 (XBP1S); n= 3. (c) CMECs were infected with adv-shPeli1/adv-shScr and cell lysates were immunoprecipitated with an IRE1α antibody and analyzed by
Western blot with TRAF2 antibody. n=3. (d) The levels of phospho-p38 and phospho-JNK were determined by western blot analysis; n= 5. (e) The protein levels of
phospho-IRE1α, phospho-p38 and phospho-JNK in endothelial cells separated from diabetic Peli1F/F and Peli1ΔEC mice through Magnetic-activated cell sorting
(MACS) were examined by Western blots using Tubulin as a loading control. n= 3. (f) The detection of p-IRE1α (red) on microvessels (green) was performed with
immunofluorescence staining in diabetic Peli1F/F and Peli1ΔEC mice. Scale bar, 20 μm. Data are expressed as mean ± SEM. ⁎p < 0.05 and ⁎⁎p < 0.01.
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Fig. 6. Identification of Hsp90 as Peli1-binding partners. (a) Schematic representation of the pretreatment of samples for mass spectrometry. CMECs were infected
with Ad-GFP or Ad-Flag-Peli1 for 48 h. Cell lysates were purified with anti-Flag affinity beads and eluted with Flag peptides. The eluates were resolved on SDS-PAGE
and silver-stained. (b) Interaction pattern of these top five key amino acids (ARG-279, ARG-222, ARG-326, LYS-229, LYS-374) in Peli1 with Hsp90. (c) Co-IP analysis
identified the combination of Hsp90 and Peli1 with or without AGEs stimulation (200 μg/ml); n=6. (d) The diagram of Peli1 domain structure and mutants. (e) Ad-
Flag-Peli1, Ad-Flag-Peli1ΔFHA and Ad-Flag-Peli1ΔRing were infected independently in cardiac microvascular endothelial cells (CMECs) for 48 h. Whole cell lysates
from CMECs were immunoprecipitated with Flag, and then immunoblotted with antibodies against Hsp90; n= 6. (f) In vitro GST pull-down assay of GST, GST-Peli1
and GST-Peli1ΔFHA fusion proteins with HA-Hsp90 fusion protein. n=3.
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activating IRE1α signaling branch in a Hsp90-dependent manner, and
impaired cardiac structure and function due to the damage of cardiac
microvessels.

Peli1 is a member of the pelle-interacting protein family and reg-
ulates innate immune signaling. Peli1 serves as a vital mediator of Toll-
like receptors [25]. In diabetic mice, we found that Peli1 induction was

correlated with cardiac microvascular injury, suggesting the contribu-
tions to endothelial dysfunction and cardiac injury. Because protein
glycation is formed due to persistent hyperglycemia under diabetic
conditions, Peli1 induction in CMECs by AGEs stimulation established
the association of Peli1 induction with microvascular dysfunction in
diabetes. Although previous studies have found that Peli1 induction is

Fig. 7. Peli1 induced IRE1α phosphorylation by binding with Hsp90. (a) Ad-shPeli1 and Ad-Scr were infected in CMECs for 48 h before treated with AGEs (200 μg/
mL) for another 8 h. Whole cell lysates from CMECs were immunoprecipitated with Hsp90 antibody or IRE1α antibody, and then immunoblotted with IRE1α and
Hsp90 antibodies. n=3. (b) The endothelial cells were separated from Peli1F/F mice or Peli1KO mice. Co-IP assay between endogenous Hsp90 and endogenous
IRE1α. n= 3 (c) The specific binding sites of Hsp90 (yellow) with IRE1α (green) through protein docking. (d) The specific binding sites of Hsp90 (yellow) with Peli1
(green) through protein docking. (e) Plasmid of HA-Hsp90 or HA-empty was co-transfected with Flag-Peli1 or Flag-empty plasmid with AGEs stimulation in HEK293A
cells for 36 h as indicated. Whole-cell lysates were immunoblotted with antibodies against p-IRE1α, IRE1α, p-JNK, JNK, p-p38, p38, Flag and HA respectively. n=5
(f) The endothelial cells were separated from Peli1F/F or Peli1KO mice respectively with or without 17-AAG (1 μmol/L) treatment in the absence or presence of AGEs.
Whole cell lysates were immunoblotted with antibodies against p-IRE1α, IRE1α, Peli1 and Tubulin; n= 3. Data are expressed as mean ± SEM. ⁎p < 0.05 and
⁎⁎p < 0.01.
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instigated by inflammatory signaling [36–38], it remains undetermined
how Peli1 works in the microvascular endothelial cells in response to a
hyperglycemic microenvironment. Endothelial dysfunction in diabetes
mellitus is characterized by the impaired microvascular connection and
integrity [39]. In contrast to our findings of the cardiac microvessels
and endothelial cells, it has been previously reported that adenovirus-
mediated Peli1 overexpression in ischemic heart to impaired collateral
blood vessels formation, possibly resulting from non-specific up-reg-
ulation of Peli1 [40]. However, in our study, Peli1 depletion was spe-
cific in the endothelial cells of cardiac microvessels and resulted in
endothelial dysfunction and cardiac remodeling in the context of hy-
perglycemia. These discrepancies in aggregate appear to argue for a
cell-specific, context-dependent role for Peli1 in the regulation of car-
diovascular pathophysiology. Additional studies are necessary to dis-
sect the cell-autonomous and non-cell-autonomous roles of Peli1 in the
cardiovascular system.

Different mechanisms may account for cardiac microvascular dys-
function under diabetic conditions and ER stress emerges as a potential
cause for these events. IRE1α, PERK and ATF6 are transmembrane
proteins, sensing the accumulation of unfolded proteins to induce ER
stress through different signaling pathways [41]. Although AGEs sti-
mulation increased phosphorylation of IRE1α and PERK and induction
of ATF6 in CMECs, Peli1 deficiency in CMECs only diminished AGEs-
induced IRE1α phosphorylation, indicating that Peli1 mediated AGEs-
induced ER stress in a specific way through IRE1α signaling branch.
The IRE1α-TRAF2 complex can recruit p38 and JNK to induce in-
flammation and apoptosis [42,43]. In this study, Peli1 deficiency in
CMECs did protect endothelial cells from AGEs-induced cell apoptosis,
permeability and regeneration by suppressing JNK and p38 activation.
The signal pathways and molecular mechanisms of apoptotic regulation
are extremely complex. Previous study also found that Peli1 may pro-
mote apoptosis through modulating noncanonical NF-κB or modulating
RIP1 or RIP3 ubiquitination [44–46]. The mechanisms may include, but
not limited to these signaling molecules, so this needs further study in
the future. Taken together, these results provide evidence that Peli1
promotes cardiac microvascular dysfunction through IRE1α/MAPK
pathway under diabetic conditions.

Hsp90 is a highly abundant and ubiquitous molecular chaperone
mediating cellular responses. Hsp90 is required for the correct ma-
turation and activation of a number of key cellular proteins and protein
complexes, which are collectively called “clients”. Many of the Hsp90
clients are either kinases or transcription factors involved in the reg-
ulation of ER stress [47]. In fact, the molecular chaperone Hsp90 reg-
ulates stability and function of multiple protein kinases. It is demon-
strated that Hsp90 combines with and stabilizes IRE1α, and thus
prevents ER stress via limiting IRE1α phosphorylation [48]. In the
present study, we identified Hsp90 as a Peli1 binding protein by LC/
MS-MS. In addition, we found that Peli1 interacts with Hsp90 via the
Ring domain. Molecular dynamics simulation analysis revealed five
amino acids (ARG279, ARG222, ARG326, LYS229 and LYS374) within
the Ring domain of Peli1 contributing to the combination of free
binding energy during the Hsp90-Peli1 interaction. Our study also in-
dicated that Peli1 deficiency in CMECs prevents Hsp90 dissociating
from IRE1α to reduce IRE1α phosphorylation.Hsp90 is located in the
endoplasmic reticulum, and therefore, we speculated that the Ring
domain of Peli1 binds to Hsp90 to free IRE1α for activation, mediating
ER stress-associated endothelial dysfunction under diabetic conditions.

In summary, our results reveal an unrecognized role of Peli1 in
diabetes-induced cardiac microvascular injury and demonstrate that
Peli1 in endothelium could aggravate cardiac microvascular dysfunc-
tion by directly binding to Hsp90 to activate IRE1α. These findings raise
the possibility that Peli1 could be a novel target in the treatment of
diabetes-induced cardiac microvascular dysfunction.
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