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A B S T R A C T   

Hyperglycemia-induced endothelial endoplasmic reticulum (ER) stress is implicated in the pathophysiology of 
diabetes and its vascular complications. Procyanidins are enriched in many plant foods and have been demon
strated to exert several beneficial effects on diabetes, cardiovascular and other metabolic diseases. In the present 
study, we investigated the effect of procyanidin B2 (PCB2), the most widely distributed natural procyanidin, on 
ER stress evoked by high glucose in endothelial cells (ECs) and the underlying mechanisms. We showed that 
PCB2 mitigated the high glucose-activated ER stress pathways (PERK, IRE1α and ATF6) in human vascular ECs. 
In addition, we found that PCB2 attenuated endothelial ER stress via the activation of peroxisome proliferator- 
activated receptor δ (PPARδ). We demonstrated that PCB2 directly bound to and activated PPARδ. Conversely, 
GSK0660, a selective PPARδ antagonist, attenuated the suppressive effect of PCB2 on the ER stress signal 
pathway. Functionally, PCB2 ameliorated the high glucose-impaired endothelium-dependent relaxation in mouse 
aortas. The protective effect of PCB2 on vasodilation was abolished in the aortas pretreated with GSK0660 or 
those from the EC-specific PPARδ knockout mice. Moreover, the protective effects of PCB2 on ER stress and 
endothelial dysfunction required the inter-dependent actions of PPARδ and AMPK. Collectively, we demon
strated that PCB2 mitigated ER stress and ameliorated vasodilation via a PPARδ-mediated mechanism beyond its 
classic action as a scavenger of free radicals. These findings further highlighted the novel roles of procyanidins in 
intervening the ER stress and metabolic disorders related to endothelial dysfunction.   

1. Introduction 

Endoplasmic reticulum (ER) is an important eukaryotic organelle 
responsible for protein translation, modifications and folding. Increased 
demands or pathophysiological perturbations result in accumulation 
and aggregation of unfolded or misfolded proteins within ER, a state 
known as “ER stress” [1]. An intrinsic machinery has evolved to sense 
the ER stress and initiate the unfolded protein response (UPR). The UPR 

pathways involve three ER transmembrane proteins: protein kinase 
RNA-like endoplasmic reticulum kinase (PERK), inositol requiring 
enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) [2]. Under 
ER stress causes the dissociation of an ER chaperon protein the 78 kDa 
glucose-regulated protein (GRP78) from and activates the UPR path
ways, leading to downstream transcriptional activation of UPR target 
genes to regulate the protein synthesis, degradation, oxidative stress, 
inflammation and apoptosis [3]. Aberrant ER stress is implicated in the 
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pathogeneses of various metabolic and pro-inflammatory diseases 
including diabetes and cardiovascular diseases [4]. The markers for ER 
stress were observed at athero-prone areas in the arteries from diabetic 
obese mice [5]. On the other hand, many diabetogenic and atherogenic 
risk factors such as high levels of glucose [6], free fatty acid [7] and 
modified LDL [8] are known to instigate ER stress which, in turn, results 
in endothelial dysfunction [9]. 

Epidemiological studies suggested that fruit and vegetable con
sumptions are significantly correlated with the reduced risks of meta
bolic disorders such as type 2 diabetes, obesity and cardiovascular 
diseases [10]. These beneficial effects are thought to be partly attributed 
to the anti-oxidative and free radical scavenging properties of the 
polyphenols that are enriched in such diets [11]. Procyanidins, a sub
class of polyphenolic compounds, are widely distributed in plants 
including fruits, vegetables, nuts, beans, and tea and are integral part of 
the human diet [12]. Their anti-oxidative ability makes them potentially 
important compounds in the prevention or treatment of metabolic dis
orders although the in vivo metabolism, distribution and bio
availabilities could be limiting factors [13]. B-type procyanidin (PCB2) 
is the most ubiquitous proanthocyanidin enriched in apple, cherries, 
cocoa and grape seeds. It is a dimer formed between 2 flavan-3-ol 
(− )-epicatechins. PCB2 could be readily detected in human circulation 
after dietary consumption [14]. In addition, tissue distribution of PCB2 
and its metabolites had also been recently profiled [15]. Therefore, we 
investigated whether PCB2 could mitigate ER stress in ECs and 
diabetes-related endothelial dysfunction and elucidated the underlying 
molecular mechanisms. 

2. Methods 

2.1. Reagents 

PCB2, phenylephrine (Phe), acetylcholine (ACh), sodium nitroprusside 
(SNP), 1H-Oxadiazolo [ [3,4],-a] quinoxalin-1-one (ODQ), indomethacin, 
compound C (CC), GW501516, mannitol, palmitate acid (PA), D-glucose, 
dihydroethidium (DHE), A23187 and tunicamycin (TM) were from 
Sigma-Aldrich (St. Louis, MO, USA). NG-nitro-L-arginine methyl ester 
(L-NAME), 1400W and GSK0660 were from Tocris Bioscience (Bristol, UK). 
L-012 was from Wako Pure Chemical Industries (Osaka, Japan). Recom
binant human PPARδ protein and anti-phosphorylated IRE1α (Ser724) 
antibody were obtained from Abcam (Cambridge, MA, USA). Antibodies 
against adenosine monophosphate-activated protein kinase (AMPK), 
phospho-AMPK (Thr172), activating transcription factor 4 (ATF4), ATF6, 
GRP78, protein-disulfide isomerase (PDI), IRE1α and Griess reagent nitrite 
measurement kit were from Cell Signaling Technology (Danvers, MA, 
USA). Antibodies against PERK and phospho-PERK (Thr981), 4-Amino-5-
methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA) were from 
ThermoFisher Scientific (Waltham, MA, USA). Antibody against β-actin 
and horseradish peroxidase (HRP)-conjugated secondary antibodies were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

2.2. Animals 

Male C57BL/6J mice, endothelium-specific PPARδ knockout mice 
(PPARδflox/flox, Cre+; PPARδEC-/-) and their wild-type littermates 
(PPARδflox/flox, Cre-; WT) aged 8–10 weeks and weighing 20–25 g were 
used for this study. PPARδEC-/- mice were generated by crossing the 
PPARδflox/flox mice, which harbored the loxP sites flanking exon 4 of the 
murine Ppard gene, with the Tie2-Cre mice (Jackson Laboratory, Bar 
Harbor, ME, USA) as previously described [16]. The mice were housed 
in a temperature-controlled holding room (22–23 ◦C) with a 12-h 
light/dark cycle and fed standard chow and water. All animal care 
and experimental procedures were conducted in accordance with the 
National Institutes of Health Guide for the Care and Use of Laboratory 
Animals with the approval by the Animal Research Committee of Xi’an 
Jiaotong University (No. XJTULAC2017-729). Mice were euthanized 

using CO2 method following 2013 AVMA guidelines [17]. 

2.3. Cell culture 

Human umbilical vein endothelial cells (HUVECs) were maintained 
in M199 containing 20% fetal bovine serum (FBS), streptomycin (100 
U/ml), penicillin (0.1 mg/ml), fibroblast growth factor (FGF, 10 ng/ml), 
heparin (0.1 mg/ml) and L-glutamine (2 mM). HUVECs within 3 pas
sages were used unless otherwise indicated. Bovine aortic endothelial 
cells (BAECs) were cultured in DMEM with 10% FBS and antibiotics. 

2.4. Vascular reactivity 

After mice were sacrificed, thoracic aortas were removed and 
cleaned of adhesive tissues in oxygenated ice-cold sterile Krebs solution. 
Aortic rings (2-mm in length) were incubated in DMEM supplemented 
with 10% FBS, plus 100 U/ml penicillin and 0.1 mg/ml streptomycin, in 
a CO2 incubator with 95% O2 plus 5% CO2 [16]. The aortic rings were 
incubated with high glucose (HG, 30 mM) in the presence or absence of 
PCB2 (10 μM) and/or GSK0660 (1 μM), CC (20 μM). Mannitol was used 
as the osmolarity control for the HG treatment. The relaxation capacity 
of aortic rings to ACh was largely preserved after the ex vivo organ 
culture under the basal condition. After incubation, the aortic rings were 
transferred to fresh Krebs solution for functional studies in Myograph 
system (Danish Myo Technology, Aarhus, Denmark) to measure vaso
relaxation. The changes of isometric tension were recorded using Pow
erLab Data Acquisition System (Harvard Apparatus, Holliston, MA, 
USA). All rings were stretched to an optimal baseline tension (3 mN) and 
equilibrated for 1 h before the contraction by phenylephrine (Phe, 10 
μM). We also detected the relaxation in response to SNP for 
endothelium-independent relaxation. 

2.5. Surface plasmon resonance (SPR) analysis 

SPR analysis was used to measure the binding interactions of PCB2 
and PPARδ as previously described [18]. Briefly, recombinant PPARδ 
protein was immobilized on CM5 sensor chip (Biacore-GE Healthcare, 
Piscataway, NJ, USA) by amine coupling reaction with final response at 
5000 response units. The surface was blocked with ethanolamine (pH 
8.5, 1 M). A two-fold variable concentration dilution series of PCB2 were 
injected into the chip at a flow rate of 30 μl/min for 90 s and followed by 
dissociation (120 s). All binding analyses were performed in PBS with 
0.05% tween-20 and 1% DMSO at 25 ◦C (pH 7.4). We calculated the 
equilibrium dissociation constant (Kd) based on 1:1 Langmuir binding 
model using Biacore evaluation software. 

2.6. Luciferase reporter assay 

The plasmids expressing PPARδ or vector control (pcDNA3.1) were 
co-transfected with the plasmid expressing the PPARδ-responsive 
element (PPRE)-TK-driven luciferase reporter (pPPRE-TK-luc) into 
BAECs with the use of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). Cell lysates were harvested to measure the luciferase activity by 
using the luciferase reporter assay system (Promega, Madison, WI, USA) 
[19]. The β-galactosidase plasmid (pRSV-gal) was also transfected to 
normalize the transfection efficiency. 

2.7. Quantitative reverse-transcriptase-PCR (qRT-PCR) 

Total RNA was isolated from HUVECs with Trizol Reagent 
(Life Technologies) and used for cDNA synthesis by using iScript cDNA 
synthesis kit (Bio-rad, Hercules, CA, USA). qRT-PCR was performed 
with the GoTaq qPCR Master Mix (Promega) and a 7500 qPCR 
System (Applied Biosystems, Foster City, CA, USA). The mRNA 
expressions wereexamined using specific primers: C/EBP homologous 
protein (CHOP), 5′-GGAAACAGAGTGGTCATTCCC-3’ (forward) 
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and 5′-GGAAACAGAGTGGTCATTCCC-3’ (reverse); GRP78, 
5′- TCTGCTTGATGTGTGTCCTCTT-3’ (forward) and 5′- 
GTCGTTCACCTTCGTAGACCT-3’ (reverse); ATF4, 5′-CTCCGGGA 
CAGATTGGATGTT-3’ (forward) and 5′-GGCTGCTTATTAGTCTCCTG
GAC-3’ (reverse); ATF3, 5′- CTCTGCCTCGGAAGTGAGTG-3’ (forward) 
and 5′-CTTCTTCAGGGGCTACCTCG-3’ (reverse); adipose different 
iation-related protein (ADRP), 5′-TCAGCTCCATTCTACTGTTCACC-3’ 
(forward) and 5′-TCAGCTCCATTCTACTGTTCACC-3’ (reverse); 
pyruvate dehydrogenase kinase 4 (PDK4), 5′-AGGTC
GAGCTGTTCTCCCGCT-3’ (forward) and 5′-GCGGTCAGGCAG 
GATGTCAAT-3’ (reverse); angiopoietin-like 4 (ANGPTL4), 5′-AAA
GAGGCTGCCCGAGAT-3’ (forward) and 5′- GCGCCTCTGAAT
TACTGTCC-3’ (reverse); glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), 5′-ACCACAGTCCATGCCATCAC-3’ (forward) and 5′-TCCAC
CACCCTGTTGCTGTA-3’ (reverse). Fold changes of gene expression 
were calculated using the 2− ΔΔCt method. GAPDH was used as an in
ternal control. 

2.8. Western blotting 

Cellular proteins were extracted with lysis buffer (50 mM Tris-HCl, 
pH 7.5, 15 mM EGTA, 100 mM NaCl, 0.1% Triton X-100 and complete 
protease and phosphatase inhibitor cocktail). Protein extracts were 
resolved on 10% SDS-PAGE. PVDF blots were reacted with specific an
tibodies and HRP-labeled secondary antibodies, followed by enhanced 
chemiluminescence (ECL) detection. The intensities of the bands were 
quantified by using Image J software from NIH Image. 

2.9. Measurement of NO production 

Intracellular NO production was detected using a NO-sensitive 
fluorescent dye DAF-FM DA as previously described [16]. The cells 
were washed with ice-cold PBS and incubated with 5 μM DAF-FM DA for 
30 min in the dark at 37 ◦C. NO production in response to A23187 (1 μM, 
calcium ionophore) was evaluated by measuring the fluorescence in
tensity with a confocal microscope (Ex/Em: ~495/515 nm). Results 
were presented as a ratio of the fluorescence intensities before and after 
the addition of A23187 (F1/F0). 

Release of NO was also indirectly assessed by measuring the con
centration of nitrite (NO2

–), a stable oxidization product of NO, in the 
supernatants of HUVECs. Using a Griess Reagent System kit according to 
the manufacturer’s instructions, the nitrite concentration was deter
mined spectrophotometrically at 550 nm [20]. The results were 
expressed as μM nitrite/105 cells. 

2.10. Measurement of reactive oxygen species (ROS) 

Intracellular ROS level was determined by using the luminol deriv
ative L-012 [8-amino-5-chloro-7-phenylpyridol [ [3,4],-d] pyridazine-1, 
4 (2H, 3H) dione] [16]. ECs were plated and incubated with L-012 (100 
μM) at 37 ◦C in dark for 30 min. The chemiluminescence was measured 
on a VICTOR TM X2 luminescence microplate reader (PerkinElmer, 
Seattle, WA, USA). ROS was also measured by using DHE (a 
superoxide-sensitive dye) staining. ECs were incubated with DHE (5 μM, 
30 min, 37 ◦C). DHE fluorescence was examined under fluorescence 
microscopy (Ex/Em: ~510/580 nm). 

2.11. Preparation of palmitic acid 

BSA-conjugated palmitic acid (PA, 16:0) was prepared as described 
previously [16]. Briefly, PA was dissolved in 50% ethanol at 65 ◦C for 15 
min to obtain a stock solution, concentration of 150 mM. Aliquots of 
stock solution were emulsified with fatty acid-free BSA (Sigma) by in
cubation for 1 h at 37 ◦C. The final molar ratio of PA/BSA was 5:1. The 
control condition included a solution of vehicle (ethanol/water, 1:1, 
vol/vol) mixed with BSA at the same concentration as the PA solution. 

2.12. Statistical analysis 

Results were expressed as mean ± SEM. The statistical differences 
between two groups were analyzed using Student t-test. One-way 
ANOVA with post hoc tests was performed for those among multiple 

Fig. 1. PCB2 attenuated high glucose-triggered ER stress in ECs. HUVECs 
were pretreated with or without PCB2 (10 μM, 12 h) before the exposure to 
high glucose (HG, 30 mM) or mannitol for 24 h. (A) Protein levels of p-PERK, 
PERK, ATF4, GRP78 and PDI were detected by using western blotting. (B) 
Quantification of p-PERK/PERK, ATF4, GRP78 and PDI levels as in (A) (n = 3). 
(C) HUVECs were pretreated with or without PCB2 (10 μM, 12 h) before the 
exposure to tunicamycin (TM, 2 μg/ml) for 16 h. Protein levels of p-PERK, 
PERK, ATF4, GRP78 and PDI were detected. (D) Quantification of p-PERK/ 
PERK, ATF4, GRP78 and PDI levels as in (C) (n = 3). (E, G) Protein levels of p- 
IRE1α, IRE1α and ATF6 were assessed, *, deglycosylated ATF6. (F, H) Quan
tification of p-IRE1α/IRE1α and ATF6 levels as in (E) and (G) (n = 3). (I, J) The 
mRNA levels of CHOP, GRP78, ATF4 and ATF3 were assessed by using qRT-PCR 
(n = 3). All data were expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs. 
Vehicle; #P < 0.05, ##P < 0.01 vs. HG or TM. 
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groups. The vascular reactivity experiments were analyzed by using 
two-way ANOVA followed by Bonferroni post-tests. Values of P < 0.05 
was considered statistically significant. All data was analyzed by using 
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). 

3. Results 

3.1. PCB2 attenuated high glucose-triggered ER stress in ECs 

To investigate whether PCB2 attenuated ER stress in ECs, HUVECs 
were incubated with PCB2 (10 μM) or DMSO as the vehicle control for 
12 h before the exposure to high glucose (HG, 30 mM) or tunicamycin 
(TM, 2 μg/ml) in the presence or absence of PCB2 for 24 h. As shown in 
Fig. 1A–D, the PERK arm of the UPR, including PERK phosphorylation, 
and protein levels of ATF4, GRP78 and PDI were increased in ECs after 
the treatments with HG or TM. PCB2 significantly attenuated the ER 
stress induced by HG or TM. In addition, we examined the other two 
arms of the UPR, i.e., IRE1α and ATF6 pathways. Our results showed 
that PCB2 also significantly mitigated the activation of IRE1α and ATF6 
provoked by HG or TM (Fig. 1E–H). Furthermore, PCB2 also decreased 
the mRNA levels of the ER stress response genes including CHOP, 
GRP78, ATF4 and ATF3 induced by HG or TM (Fig. 1I–J). 

Increased levels of circulating free fatty acids are among the most 
relevant risk factors in obesity, metabolic syndrome and type 2 diabetes. 

PA accounts for nearly 30% of saturated fatty acids in human and is 
known to stimulate ER stress and impair the endothelial dysfunction [3]. 
Thus, we examined the effects of PCB2 on the PA-induced ER stress in 
ECs. As shown in Figs. S1A–D, PCB2 also significantly inhibited the 
activation of PERK, IRE1α and ATF6 pathways induced by PA. Thus, we 
demonstrated that PCB2 effectively prevent ECs from aberrant UPR 
activated by high glucose and PA, two major metabolic insults in 
diabetes. 

3.2. PCB2 activated PPARδ in ECs 

We recently reported that nuclear receptor PPARδ alleviated ER 
stress and subsequent endothelial dysfunction in diabetic mice [21]. 
Thus, we hypothesized that PCB2 might mitigate ER stress via activation 
of PPARδ. Firstly, the AutoDock binding energy calculation indicated 
that PCB2 might favorably bind to PPARδ (binding energy -8.9 kcal/
mol) (Fig. 2A). We next performed SPR-based Biacore assay to detect the 
physical binding of PCB2 to PPARδ. As shown in Fig. 2B, PCB2 bound 
PPARδ with a relatively high affinity. Further, we performed luciferase 
reporter assay to functionally evaluate the ability of PCB2 to activate the 
PPARδ-driven gene transactivation. BAECs were transfected with 
pPPRE-TK-luc, together with pcDNA-PPARδ or pcDNA 3.1 as a negative 
control and then were exposed to PCB2 (10 μM) or a synthetic PPARδ 
ligand GW501516 (1 μM, as a positive control). As shown in Fig. 2C, 

Fig. 2. PCB2 activated PPARδ in ECs. (A) Model 
structures showing the complex formed by the PPARδ 
ligand-binding pocket and PCB2 based on molecular 
docking. PCB2 is shown in green. (B) Binding affinity 
of PCB2 to PPARδ. (C) BAECs were co-transfected 
with pPPRE-TK-luc with either pcDNA-PPARδ or 
pcDNA3.1 and treated with DMSO, PCB2 (10 μM) or 
GW501516 (1 μM) for 24 h. The luciferase activities 
were shown as fold changes in relation to the control 
(n = 4). (D) BAECs were transfected with pPPRE-TK- 
luc and PPARδ plasmids and then pretreated with or 
without GSK0660 (1 μM, 1 h) before the exposure to 
PCB2 (10 μM, 24 h) (n = 4). (E) HUVECs were pre
treated with or without GSK0660 (1 μM, 1 h) before 
the exposure to PCB2 (10 μM) for 24 h. The mRNA 
levels of PDK4, ADRP and ANGPTL4 were assessed (n 
= 6). All data were expressed as mean ± SEM. *P <
0.05, **P < 0.01 vs. Vehicle; #P < 0.05, ##P < 0.01 
vs. PCB2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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promoter reporter assays showed that PCB2 activated PPARδ-luciferase 
gene expression. Importantly, GSK0660, a selective PPARδ antagonist, 
abrogated the activation by PCB2 (Fig. 2D). Moreover, qRT-PCR showed 
that the gene expressions of endogenous PPARδ target genes ADRP, 
PDK4 and ANGPTL4 were increased by PCB2 and the inductions were 
antagonized by GSK0660 (Fig. 2E). Taken together, these results sug
gested that PCB2 might function as a phytochemical ligand to activate 
PPARδ in ECs. 

3.3. PPARδ antagonist abrogated the PCB2 effects on ER stress 

To determine whether PPARδ mediated the PCB2 effects on ER 
stress, HUVECs were pretreated with GSK0660 (1 μM, 1 h) and then with 
PCB2 (10 μM, 12 h) before the exposure to HG (30 mM) in the presence 
or absence of PCB2 for 24 h. As shown in Fig. 3A–E, in the presence of 
GSK0660, PCB2 failed to inhibit the activation of the PERK, IRE1α and 
ATF6 pathways induced by HG both at mRNA and protein levels. These 
results indicated that PCB2 attenuated HG-activated ER stress response 
via a PPARδ-dependent mechanism. 

Next, we examined whether PCB2 could also mitigate the high 
glucose-induced ER stress in senescent ECs. To this end, we performed 

the experiments using HUVECs after 12 consecutive passages. As shown 
in Figs. S2A–D, all three arms of the UPR pathways were activated by 
high glucose in these cells. PCB2 also effectively attenuated the exces
sive ER stress in the senescent ECs in a PPARδ-dependent manner. 

3.4. PCB2 improved vascular relaxation impaired by high glucose 

ER stress is implicated in endothelial dysfunction and leads to 
impaired vasorelaxation [22]. Therefore, we investigated the effects of 
PCB2 on ACh-induced EDR using mouse aortas. As shown in Fig. 4A–B, 
HG impaired vascular relaxation response to ACh. Notably, 
pre-treatment with PCB2 significantly improved the vasorelaxation. In 
contrast, SNP (a NO donor)-induced vasorelaxation was neither affected 
by HG nor modified by PCB2 pretreatment (Fig. 4C). It was indicated 
that PCB2 improved the high glucose-impaired vasorelaxation though 
an endothelium-dependent action. 

Among the endothelium-derived factors regulating vascular relaxa
tion, NO is produced by endothelial NO synthase (eNOS) from L-arginine 
and acts in a paracrine manner on soluble guanylyl cyclase (sGC) in 
vascular smooth muscle cells to cause vasorelaxation [23]. Thus, we 
further treated the artery rings with different pharmacological inhibitors 

Fig. 3. Inhibition of PPARδ abrogated the sup
pressive effects of PCB2 on ER stress. (A) HUVECs 
were pretreated with or without GSK0660 (1 μM) for 
1 h, then incubated with PCB2 (10 μM, 12 h) before 
the exposure to HG (30 mM, 24 h). Protein levels of p- 
PERK, PERK, ATF4, GRP78 and PDI were assessed. 
(B) Quantification of p-PERK/PERK, ATF4, GRP78 
and PDI levels as in (A) (n = 3). (C) Protein levels of 
p-IRE1α, IRE1α and ATF6 were assessed. (D) Quan
tification of p-IRE1α/IRE1α and ATF6 levels as in (C) 
(n = 3). (E) The mRNA levels of CHOP, GRP78, ATF4 
and ATF3 were assessed (n = 3). All data were 
expressed as mean ± SEM. *P < 0.05, **P < 0.01 vs. 
Vehicle; #P < 0.05, ##P < 0.01 vs. HG; †P < 0.05, ††P 
< 0.01 vs. PCB2+HG.   
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before the exposure to PCB2. As showed in Fig. 4D–E, either ODQ (an 
inhibitor of sGC) or L-NAME (an inhibitor of eNOS) abolished the pro
tective effect of PCB2 on the HG-impaired vasorelaxation. However, 
neither indomethacin (Indo, an inhibitor of COX that synthesizes pros
tacyclin) nor 1400 W (an iNOS inhibitor) affected the PCB2 action. 
Taken together, these results demonstrated that the protective effect of 
PCB2 was dependent on eNOS-derived NO signaling. 

3.5. PCB2 enhanced endothelium-dependent vasodilatation via PPARδ 
activation 

To examine the role of PPARδ in the vasoprotective effect of PCB2, 
thoracic aortas from WT and PPARδEC-/- mice were treated with PCB2 
and then exposed to high glucose. While PCB2 ameliorated high glucose- 
triggered endothelial dysfunction in WT littermate mice, such a pro
tective effect was abrogated in the aortas from PPARδEC-/- mice 
(Fig. 5A–B). Similarly, the pharmacological antagonist of PPARδ, 
GSK0660, also abolished the PCB2 effect on EDR in the aortas from 
C57BL/6J mice (Fig. 5C). 

In addition, PCB2 also ameliorated the PA-impaired relaxation in the 
aortas from WT mice but not the EC-specific PPARδ-deficient mice 
(Figs. S3A–B). Thus, these results suggested that PCB2 may activate 
PPARδ to mitigate endothelial dysfunction induced by multiple risk 

factors associated with diabetes. 

3.6. Inhibition of PPARδ abrogated the effects of PCB2 on ROS and NO 
productions 

ER stress and oxidative stress may co-exist and instigate each other to 
perturb cellular homeostasis [24]. In ECs, excessive ROS production 
triggers eNOS uncoupling and reduces NO bioavailability, leading to 
endothelial dysfunction [25]. Thus, we further examined the effects of 
PCB2 on ROS and NO levels. As shown in Fig. 6A–C, HG-stimulated ROS 
production was attenuated by PCB2. Importantly, the anti-oxidative 
capacity of PCB2 was largely attenuated in the presence of GSK0660. 
Measurement of intracellular NO using a fluorescence dye showed that 
HG-reduced NO production was prevented by PCB2. However, GSK0660 
antagonized the effect of PCB2 on NO production (Fig. 6D). Since the 
level of nitrite, as a stable product of NO oxidization, indicated the 
production and release of unstable NO, we used the Griess reaction and 
determined the nitrite concentrations in the EC supernatants (Fig. 6E). 
These results suggested that PCB2 decreased ROS and increased NO 
production in ECs depending on PPARδ. 

Fig. 4. PCB2 improved vascular relaxation 
impaired by high glucose. C57BL/6J mouse 
thoracic aortic rings were pretreated with PCB2 (10 
μM, 12 h) or vehicle before the exposure to HG (30 
mM, 36 h) or mannitol. (A) Representative traces of 
the ACh-induced relaxation of the Phe-precontracted 
rings. The dots represented cumulative addition of 
increasing doses of ACh (5 × 10-10 to 10-5 M). (B) 
PCB2 ameliorated the ACh-induced relaxations which 
were impaired by HG. (C) SNP-induced relaxations 
were not affected by HG. (D) Alternatively, the aortic 
rings were treated with indomethacin (Indo, 1 μM), 
ODQ (3 μM) or (E) L-NAME (100 μM) or 1400 W (100 
nM) for 30 min before the Phe-contraction and ACh- 
induced relaxation. All data were expressed as 
mean ± SEM. n = 5, *P < 0.05 vs. Vehicle; #P < 0.05 
vs. HG; †P < 0.05 vs. PCB2+HG; NS, not significant 
vs. PCB2+HG.   
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Fig. 5. PCB2 enhanced endothelium-dependent 
vasodilatation via PPARδ activation. Thoracic 
aortic rings were isolated from PPARδ WT littermates 
(A) or PPARδEC-/- mice (B) and pretreated with PCB2 
(10 μM, 12 h) before the exposure to HG (30 mM, 36 
h). ACh-induced vasodilatory responses were 
measured (n = 5). (C) C57BL/6J mouse aortic rings 
were pretreated with GSK0660 (1 μM) for 1 h, then 
incubated with PCB2 (10 μM, 12 h) before the expo
sure to HG (30 mM, 36 h) (n = 5). All data were 
expressed as mean ± SEM. *P < 0.05 vs. Vehicle; #P 
< 0.05 vs. HG; †P < 0.05 vs. PCB2+HG.   

Fig. 6. Inhibition of PPARδ abrogated the effects 
of PCB2 on NO and ROS production. ECs were 
pretreated with GSK0660 (1 μM) for 1 h and then 
treated with PCB2 (10 μM) for 12 h before exposure 
to HG (30 mM) for 24 h. (A) Confocal microscopic 
detection of superoxide with DHE. (B) The mean 
fluorescence intensity was evaluated. Scale bar: 25 
μm (n = 3). (C) Production of ROS was measured with 
L-012 chemiluminescence (n = 5). (D) Summerized 
levels of intracellular NO production in ECs detected 
as DAF FM-DA signals before (F0) and after (F1) the 
addition of A23187 (n = 5). (E) Nitrite levels in EC 
supernatants was measured by using the Griess re
agent (n = 4). All data were expressed as mean ±
SEM. *P < 0.05, **P < 0.01 vs. vehicle; #P < 0.05, 
##P < 0.01 vs. HG; †P < 0.05, ††P < 0.01 vs. 
PCB2+HG.   
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3.7. AMPK mediated the PCB2/PPARδ action in ECs 

PPARδ and AMPK act synergistically to regulate metabolic programs 
[26]. We previously found that AMPK inhibited ER stress and the 
ensuing endothelial dysfunction [21]. Therefore, we examined the effect 
of PCB2 on AMPK phosphorylation in ECs. As shown in Fig. 7A–B, PCB2 
increased the AMPK phosphorylation (Thr 172 on AMPKα). Notably, 
GSK0660 prevented the effects of PCB2 on AMPK phosphorylation 
under both basal and high-glucose conditions (Fig. 7C–F). These results 
indicated that PPARδ was required for PCB2 to activate AMPK. 

In ECs, inhibition of AMPK with CC diminished the protective effects 
of PCB2 on ER stress (Fig. 8A–D). In mouse aortas, the effect of PCB2 on 
vasorelaxation was significantly attenuated when AMPK was inhibited 
by CC (Fig. 8E–F). These results indicated that the PPARδ-AMPK axis 
was required for the abilities of PCB2 in mitigating ER stress and 
endothelial dysfunction (Fig. 8G). 

4. Discussion 

In this study, we uncovered a novel mechanism by which PCB2 im
proves endothelial function. Our findings are as follows: 1) PCB2 
ameliorated high glucose-triggered ER stress and endothelial dysfunc
tion; 2) PCB2 activated PPARδ in ECs; 3) The suppressive effects of PCB2 
on the ER stress were mediated via the activation of PPARδ. 

Increased fruit and vegetable intake is associated with reduced risk of 

major cardiovascular diseases, diabetes and all-cause mortality in 
Europe, US as well as Asia [27–29]. Recent studies have demonstrated 
additional beneficial effects of procyanidins on endothelial function. 
Procyanidins improved endothelium-dependent vasorelaxation, sup
pressed the synthesis of endothelin-1 (ET-1), a vasoconstrictive factor, 
and inhibited endothelial inflammation [30–32]. There is compelling 
evidence that reduction of ER stress would be a promising strategy to 
treat diabetes and other vascular diseases [33]. In the present study, we 
showed that PCB2 attenuated the activation of UPR pathways PERK, 
IRE1α and ATF6 in ECs (Fig. 1). Thus, mitigation of ER stress may 
represent an important mechanism by which procyanidins exert their 
cardiovascular protection. 

Nuclear receptor PPARδ regulates many physiological processes such 
as cell growth and differentiation as well as wound healing [34]. PPARδ 
also has pivotal roles in endothelial homeostasis. Activation of PPARδ in 
ECs has a potent anti-inflammatory effect [19]. PPARδ improved the 
endothelial dysfunction in diabetic mice via the activation of 
PI3K/Akt/eNOS signaling pathways, suggesting the therapeutic poten
tial of PPARδ agonists for diabetic vascular complications [35]. PPARδ 
was also required for the benefits of physical exercise and metformin on 
vascular health by reducing ER stress and oxidative stress [22]. Here, 
PPARδ activation appeared to be a major mechanism by which PCB2 
suppressed the endothelial ER stress. This notion was supported by 
several lines of evidence: 1) molecular docking indicated that PCB2 fits 
into the ligand-binding pocket in PPARδ with a high affinity (Fig. 2A); 2) 

Fig. 7. PCB2 increased AMPK phosphorylation via 
PPARδ activation. (A) HUVECs were exposed to 
PCB2 (10 μM) for indicated time periods. 
Phosphorylated-AMPK and AMPK levels were detec
ted. (B) Quantification of p-AMPK/AMPK level as in 
(A) (n = 3). All data were expressed as mean ± SEM. 
**P < 0.01 vs. vehicle. (C) HUVECs were treated with 
GSK0660 (1 μM) for 1 h before the exposure to PCB2 
(10 μM) for 6 h, the levels of p-AMPK and AMPK were 
detected. (D) Quantification of p-AMPK/AMPK level 
as in (C) (n = 3). All data were expressed as mean ±
SEM. *P < 0.05 vs. vehicle; ##P < 0.01 vs. PCB2. (E) 
HUVECs were pretreated with GSK0660 (1 μM, 1 h) 
and, then, incubated with PCB2 (10 μM, 12 h) before 
the exposure to HG (30 mM, 24 h). Protein levels of p- 
AMPK and AMPK were measured. (F) Quantification 
of p-AMPK/AMPK level as in (E) (n = 3). All data 
were expressed as mean ± SEM. *P < 0.05, **P <
0.01 vs. vehicle; ##P < 0.01 vs. HG; †P < 0.05 vs. 
PCB2+HG.   
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a physical interaction between PCB2 and PPARδ was detected by using 
the SPR assay (Fig. 2B); 3) a selective antagonist GSK0660 could block 
the activation of PPARδ by PCB2 in the luciferase reporter assay and the 
induction of the target genes (Fig. 2C–E); 4) PPARδ activity was 

indispensable for PCB2 to protect ECs against ER stress (Fig. 3). As ex
pected, PCB2 significantly induced the expressions of the endogenous 
PPARδ target genes whereas the activity on the luciferase reporter was 
less robust compared to GW501516, which is a synthetic ligand 

Fig. 8. AMPK activation mediated the PCB2/ 
PPARδ improved endothelial function. (A) 
HUVECs were pretreated with compound C (CC, 20 
μM, 1 h) and then incubated with PCB2 (10 μM, 12 h) 
before the exposure to HG (30 mM, 24 h). Protein 
levels of p-PERK, PERK, ATF4, GRP78 and PDI were 
measured. (B) Quantification of p-PERK/PERK, ATF4, 
GRP78 and PDI levels as in (A) (n = 3). (C) Protein 
levels of p-IRE1α, IRE1α and ATF6 were assessed. (D) 
Quantification of p-IRE1α/IRE1α and ATF6 levels as 
in (C) (n = 3). C57BL/6J mouse thoracic aortic rings 
were pretreated with CC (20 μM, 1 h) and, then, 
incubated with PCB2 (10 μM, 12 h) before the expo
sure to HG (30 mM, 36 h). (E) ACh-induced endo
thelium-dependent and (F) SNP-induced 
endothelium-independent relaxations were measured 
(n = 5). All data were expressed as mean ± SEM. *P 
< 0.05, **P < 0.01 vs. vehicle; #P < 0.05, ##P < 0.01 
vs. HG; †P < 0.05, ††P < 0.01 vs. PCB2+HG. (G) The 
proposed mechanisms: PCB2 activated PPARδ-AMPK 
to prevent ER stress and ameliorated endothelial 
dysfunction against high glucose.   
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developed based on combinatorial chemistry and structure to acquire 
the full potency and selectivity [36]. 

A role of ER stress in endothelial dysfunction is highlighted by the 
results that suppression of ER stress with tauroursodeoxycholic acid 
(TUDCA) ameliorated endothelial dysfunction in the aortas and 
mesenteric arteries from diabetic db/db mice [37]. In fact, effects of 
TUDCA on endothelial function of T2DM patients are currently evalu
ated in a pilot clinical trial (NCT03462940). In our study, the 
PCB2-improved vasorelaxation was completely abolished by L-NAME or 
ODQ, but not indomethacin, indicating that the vasorelaxation effect of 
PCB2 is dependent on NO-cGMP pathway (Fig. 4). ER stress could 
decrease eNOS expression and NO bioavailability via ROS generation in 
ECs [38] and was involved in endothelial dysfunction [39]. Therefore, it 
is likely that the effect of PCB2 on ROS production and NO bioavail
ability may account for its protection against the ER stress-triggered 
endothelial dysfunction. 

AMPK is equally important player in the protective action of PCB2 
against ER stress in ECs. As a serine/threonine kinase and the key sensor 
and modulator of cellular energy homeostasis, AMPK also regulates 
many other cellular processes including inflammation, autophagy and 
proliferation [40]. Here, we found that PCB2, as a natural ligand, acti
vated PPARδ to mitigate endothelial ER stress. Yet, the inhibitor of 
AMPK also abrogated the PCB2 effects on the UPR pathways and 
HG-induced endothelial dysfunction. This could be explained by the 
previously recognized functional synergy between AMPK and PPARδ 
[26]. In terms of the ER stress and endothelial dysfunction, AMPK and 
PPARδ also appeared to be inter-dependent pathways [21,22]. Although 
the precise mechanism underlying the activation of AMPK by PCB2 re
mains to be explored, the roles of AMPK in the regulation of ER stress 
have been emerging. An early study using AMPKα-deficient mice 
established the critical role of AMPK in protecting ECs against ER stress 
by a mechanism involving sarco-endoplasmic reticulum calcium ATPase 
(SERCA) and intracellular Ca2+ homeostasis [41]. They also showed that 
the AMPK activation by metformin, statins or genetic manipulation 
inhibited endothelial ER stress in response to oxidized and glycated 
low-density lipoprotein via mitigating SERCA oxidization in high-fat fed 
ApoE/AMPKα2-deficent mice [8]. In addition, AMPK pathway also 
negate ER stress by inhibiting mTORC1 signaling to brake the protein 
synthesis and unfolding [42]. The inhibition of mTORC1 by AMPK could 
be achieved via the phosphorylation and activation of the mTOR sup
pressor TSC2 [43] or the phosphorylation and the ensuing inactivation 
of Raptor, a subunit of mTORC1 [44]. Moreover, AMPK might also 
mitigate ER stress by phosphorylating the downstream molecules such 
as CHOP [45]. 

Taken these interactive pathways into consideration, we proposed a 
putative mode for the actions of PCB2 (Fig. 8G). As a natural agonist, 
PCB2 binds to and activates the PPARδ, which interacts with AMPK to 
mitigate the high glucose-provoked UPR pathways (PERK, IRE1α and 
ATF6) and regulates ROS production and NO bioavailability, leading to 
improved endothelial function. 
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