
O R I G I N A L  R E S E A R C H

Nanocurcumin Reduces High Glucose and 
Particulate Matter-Induced Endothelial 
Inflammation: Mitochondrial Function and 
Involvement of miR-221/222
Tsai-Chun Lai 1–3, Chiang-Wen Lee4–6, Mei-Hsiang Hsu1, Yu-Chen Chen1,7, Shu-Rung Lin8,9, Shu-Wha Lin10, 
Tzu-Lin Lee1, Shin-Yu Lin11,12, Shu-Hao Hsu1, Jaw-Shiun Tsai 13,14, Yuh-Lien Chen1

1Department of Anatomy and Cell Biology, College of Medicine, National Taiwan University, Taipei, Taiwan, Republic of China; 2Department of Life 
Sciences, College of Life Sciences, National Chung Hsing University, Taichung, Taiwan, Republic of China; 3The iEGG and Animal Biotechnology 
Center, National Chung Hsing University, Taichung, Taiwan, Republic of China; 4Department of Orthopaedic Surgery, Chang Gung Memorial Hospital, 
Puzi City, Chiayi County, Taiwan, Republic of China; 5Department of Nursing, Division of Basic Medical Sciences, and Chronic Diseases and Health 
Promotion Research Center, Chang Gung University of Science and Technology, Puzi City, Chiayi County, Taiwan, Republic of China; 6Research 
Center for Industry of Human Ecology and Research Center for Chinese Herbal Medicine, Chang Gung University of Science and Technology, 
Taoyuan City, Taiwan, Republic of China; 7Department of Medicine, Mackay Medical College, New Taipei City, Taiwan, Republic of China; 8Department 
of Bioscience Technology, College of Science, Chung-Yuan Christian University, Taoyuan, Taiwan, Republic of China; 9Center for Nanotechnology and 
Center for Biomedical Technology, Chung-Yuan Christian University, Taoyuan, Taiwan, Republic of China; 10Department of Clinical Laboratory 
Sciences and Medical Biotechnology, College of Medicine, National Taiwan University, Taipei, Taiwan, Republic of China; 11Department of Obstetrics 
and Gynecology, National Taiwan University Hospital, Taipei, Taiwan; 12Department of Obstetrics and Gynecology, National Taiwan University 
College of Medicine, Taipei, Taiwan, Republic of China; 13Department of Family Medicine, National Taiwan University Hospital, Taipei, Taiwan, 
Republic of China; 14Center for Complementary and Integrated Medicine, National Taiwan University Hospital, Taipei, Taiwan, Republic of China

Correspondence: Yuh-Lien Chen, Department of Anatomy and Cell Biology, College of Medicine, National Taiwan University, No. 1, Sec. 1, Jen Ai Road, 
Taipei, 10051, Taiwan, Republic of China, Tel +886-2-23123456-288176, Fax +886-2-33931713, Email ylchenv@ntu.edu.tw; Jaw-Shiun Tsai, Department 
of Family Medicine, National Taiwan University Hospital, No. 1, Changde Street, Taipei, 10048, Taiwan, Republic of China, Tel +886-2-23123456-265147, 
Fax +886-2-23118674, Email jawshiun@ntu.edu.tw

Purpose: Particulate matter (PM) 2.5, harmful air pollutants, and diabetes are associated with high morbidity and mortality from cardiovas-
cular disease (CVD). However, the molecular mechanisms underlying the combined effects of PM and diabetes on CVD remain unclear.
Methods: Endothelial cells (ECs) treated with high glucose (HG) and PM mimic hyperglycemia and air pollutant exposure in CVD. 
Endothelial inflammation was evaluated by Western blot and immunofluorescence of ICAM-1 expression and monocyte adhesion. The 
mechanisms underlying endothelial inflammation were elucidated through MitoSOX Red analysis, JC-1 staining, MitoTracker 
analysis, and Western blot analysis of mitochondrial fission-related, autophagy-related, and mitophagy-related proteins. 
Furthermore. nanocurcumin (NCur) pretreatment was used to test if it has a protective effect.
Results: ECs under co-exposure to HG and PM increased ICAM-1 expression and monocyte adhesion, whereas NCur pretreatment 
attenuated these changes and improved endothelial inflammation. PM exposure increased mitochondrial ROS levels, worsened 
mitochondrial membrane potential, promoted mitochondrial fission, induced mitophagy, and aggravated inflammation in HG-treated 
ECs, while NCur reversed these changes. Also, HG and PM-induced endothelial inflammation is through the JNK signaling pathway 
and miR-221/222 specifically targeting ICAM-1 and BNIP3. PM exposure also aggravated mitochondrial ROS levels, mitochondrial 
fission, mitophagy, and endothelial inflammation in STZ-induced hyperglycemic mice, whereas NCur attenuated these changes.
Conclusion: This study elucidated the mechanisms underlying HG and PM-induced endothelial inflammation in vitro and in vivo. HG 
and PM treatment increased mitochondrial ROS, mitochondrial fission, and mitophagy in ECs, whereas NCur reversed these conditions. 
In addition, miR-221/222 plays a role in the amelioration of endothelial inflammation through targeting Bnip3 and ICAM-1, and NCur 
pretreatment can modulate miR-221/222 levels. Therefore, NCur may be a promising approach to intervene in diabetes and air pollution- 
induced CVD.
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Introduction
Air pollution is strongly associated with high morbidity and mortality from cardiovascular disease (CVD).1 Particulate 
matter 2.5 (PM2.5) is the primary harmful component of air pollution, causing complications detrimental to human health 
worldwide.2 An epidemiological study showed that exposure to ambient air pollutants was associated with a higher 
incidence of heart failure.3 Meanwhile, hyperglycemia is a symptom of diabetes, a chronic metabolic disease, and 
vascular complications of diabetes lead to high cardiovascular mortality.4 Epidemiological analyses have shown an 
association between diabetes and exposure to ambient air pollutants.5,6 Furthermore, diabetes enhanced susceptibility to 
air pollution-related impaired vascular reactivity and endothelial function.7 However, the mechanisms of endothelial 
injury caused by the combination of air pollutants and diabetes remain poorly understood.

Endothelial inflammation is critical for the development and progression of CVD.8 Endothelial inflammation 
mediated by PM2.5 or high glucose has been demonstrated in previous reports.9,10 However, the underlying mechanisms 
of endothelial inflammation may involve oxidative stress, mitochondrial dynamics, and autophagy in endothelial cells. 
PM2.5 or high glucose treatment alone is associated with oxidative stress,11,12 mitochondrial fission,13,14 and 
autophagy15,16 and further enhances endothelial inflammation. A cohort study suggested that the intake of antioxidant- 
rich foods may reduce the risk of CVD mortality associated with long-term air pollution exposure,17 suggesting that 
oxidative stress is a major contributor to air pollution exacerbating CVD. In addition, mitochondrial oxidative stress is 
associated with mitochondrial fission, further promoting CVD progression.18 Moreover, emerging evidence suggests that 
autophagy, a cellular pathway responsible for the degradation of proteins and organelles, plays a key role in maintaining 
health and preventing diseases.19,20 Especially, mitophagy, a macroautophagic response specifically targeting dysfunc-
tional or cytotoxic mitochondria, represents a key bioenergetic role in the cardiovascular system and is therefore critical 
for cardiovascular homeostasis in health and disease.21,22 Recent studies have shown that PM2.5 exposure induces aortic 
fibrosis through PINK1/Parkin-mediated mitophagy,23 and endothelial dysfunction in diabetic patients is associated with 
mitophagy activation.24 Two major mitophagy pathways are the NIX/BNIP3 pathway and the PINK1/Parkin pathway.22 

However, the precise mechanisms underlying the effects of PM on HG-treated ECs, including the roles of oxidative 
stress, mitochondrial dynamics, and mitophagy, as well as the complex relationships between them, remain to be 
elucidated. Further research is essential to fully understand these processes and their impact on cardiovascular health.

Aberrant microRNA (miR) expression is associated with CVD, and these miRNAs are transported in the blood 
circulation by carrier molecules, such as high-density lipoprotein (HDL), argonaute-2, and exosomes,25 making them 
highly stable and suitable as disease biomarkers, such as cancer, diabetes mellitus, and CVD.26–28 miR-221/222 is one of 
them.29 miR-221/222 are clustered miRs sharing the same seed sequence, and their role in CVD is controversial. Some 
studies have linked miR-221/222 to cardiac hypertrophy.30,31 In contrast, others have attributed cardioprotective effects 
to miR-221/222.32,33 Furthermore, our previous reports showed that miR-221/222 is involved in TNF-α-induced ICAM-1 
expression and inflammation, highlighting its role in inflammatory processes.34,35 However, the role of miR-221/222 on 
endothelial function in terms of mitophagy and inflammation remains largely unknown. Further studies are critical to 
unravel the intricate relationship between miR-221/222, endothelial function, mitophagy, and inflammation in the context 
of CVD.

Curcumin, an active polyphenol compound in turmeric derived from Curcuma longa, has great potential for health 
benefits. However, its utility has been limited due to poor pharmacokinetic profile and low bioavailability, and nanocurcumin 
(NCur) was developed to overcome these obstacles.36 Previous studies have shown that NCur can enhance glucose uptake and 
improve glucose metabolism in animal models of diabetes,37,38 suggesting its effectiveness in improving diabetes. However, 
little is known about the protective mechanism of NCur against ECs simultaneously exposed to hyperglycemia and PM. This 
study aimed to explore the protective mechanism of NCur on ECs exposed simultaneously to HG and PM. The findings 
revealed that PM exacerbates the production of mitochondrial reactive oxygen species (ROS), mitochondrial fission, 
mitophagy, and inflammation in ECs treated with HG. Importantly, NCur attenuated HG and PM-induced mitochondrial 
fission, mitophagy, and inflammation by scavenging mitochondrial ROS.
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Materials and Methods
PM Preparation
The PM used in this study is a standard reference material (SRM 2786) with an average particle size of <4 μm. It was 
collected from Prague, Czech Republic, in 2005 and bought from the National Institute of Standards and Technology 
(NIST, USA). The certificate and compositional analysis of SRM 2786 has been presented in a previous report.39 To 
prepare SRM2786 stock solution, they were dissolved in cell culture medium and sonicated three times for 10 min in 
cold water to a final concentration of 10 mg/mL, then stored frozen at −20°C. To disperse PM particles, they were 
vigorously vortexed for 1 min before applying to subsequent experiments.

Preparation and Characterization of Curcumin Nanoparticles
Curcumin was purchased from Sigma Chemical Company (MO, USA). Nano-curcumin (NCur) was prepared by 
modifying a previous report.40 To synthesize NCur, prepare a solution (0.018 M) by dissolving 198 mg curcumin in 
30 mL of dichloromethane. After that, 1 mL of the stock solution was added dropwise to 50 mL of boiling water at a rate 
of 0.2 mL/min under sonication (Hielscher Ultrasonic Processor-UP100H, Germany). A stable droplet flow is important 
for nanoparticle formation and maintaining size uniformity. After sonication, stir the contents at 250 rpm for approxi-
mately 20 min at 90°C to obtain a clear orange solution. It was then concentrated and freeze-dried to get a powder. To 
observe NCur particles by transmission electron microscopy and measure their average particle size, 1 mg of lyophilized 
NCur powder was dissolved in 10 mL distilled water, and then a drop of aqueous curcumin nanoparticles was transferred 
onto a formvar-coated copper grid and air dried.

Culture and Application of Human Umbilical Vein Endothelial Cells (HUVECs)
HUVECs were purchased from the American Type Culture Collection (ATCC, MD, USA). They were maintained in 
M199 medium (Gibco, MA, USA) containing 10% fetal bovine serum (FBS, Gibco) at 37°C in 95% humidified air and 
5% CO2. Cells at passages 2–5 were used for subsequent experiments. At the beginning of the experiment, HUVECs 
were seeded in a 12-well plate/dish to reach 80% confluence and then cultured in low-serum medium (M199 medium 
containing 2% FBS) for 24 hr. The next day, HUVECs were incubated with 30 mM glucose (high glucose, HG) for 24 hr, 
followed by 10 μg/mL PM for 8 hr to simulate exposure to hyperglycemia and air pollution. Cells were randomly 
assigned to the following experimental groups: (1) control group (5.5 mM glucose), (2) PM group (10 μg/mL), (3) HG 
group (30mM glucose), (4) HG +PM group to assess whether PM causes severe endothelial dysfunction under 
hyperglycemic conditions (ie, diabetic patients). To examine the role of NCur, ROS, mitochondrial dynamics, and 
mitophagy in HG+PM-induced inflammation, HUVECs were pretreated with NCur (2 μM) for 12 hr or MitoQ (1 μM, 
Cayman, MI, USA), Mdivi-1(10 Μm, Cayman) and bafilomycin A1 (10 nM, Baf A1, Santa Cruz, TX, USA) for 1 hr.

Cell Viability Assay Using by 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 
Bromide (MTT)
To examine whether PM has the potential to enhance cytotoxicity under hyperglycemic conditions mimicking diabetes, 
HUVECs were incubated with HG for 24 hr and followed by treatment with 10 μg/mL PM for 8 hr to mimic 
hyperglycemia and air pollution. The cytotoxicity of PM and HG on HUVEC was determined by MTT assay (Sigma). 
1×104 cells per well were seeded in 96-well plates. After different treatments, the cells were added with MTT reagent 
(0.5 mg/mL sterile PBS solution) and incubated at 37°C in the dark for 2 hr. Then, the medium was removed and 
supplemented with 50 μL of dimethyl sulfoxide (DMSO) to dissolve formazan for 30 min at 37 °C. Absorbance was 
measured at 570 nm by a SpctraMax ABS microplate reader (Molecular Devices, CA, USA).
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Adhesion Assay of Monocytes
HUVECs were processed in the experimental method described above. THP-1 cells, derived from human acute monocytic 
leukemia, were purchased from ATCC. For this experiment, THP-1 cells were labeled with 10 mM BCECF/AM (Thermo, MA, 
USA) for 1 hr at 37°C and then co-cultured with HUVECs for 1 hr at 37°C. Photographs of THP-1 cells adhered to HUVECs 
were visualized using the FLoid™ Cell Imaging Station (Thermo), and attached cells were counted using five images selected at 
random.

Nitric Oxide (NO) Measurement
HUVECs were subjected to the above treatments. Cells were harvested by trypsinization and incubated in RIPA buffer 
[50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate] on ice 
for 20 min. Samples were centrifuged at 13,000 rpm at 4°C for 20 min, and the supernatant was subjected to a NO Assay 
Kit (Abcam, MA, USA). NO levels were expressed as fold changes compared to the control.

Measurement of Mitochondrial ROS Levels
Mitochondrial ROS levels were examined by MitoSOX Red (Invitrogen, MA, USA). Cells were treated for 15 min at 
37°C in a medium containing 5 μM MitoSOX Red. After excitation at 510 nm, red fluorescence at 580 nm was observed 
by a fluorescence microscope (Leica, Wetzlar, Germany). It was also quantified by LSRFortessa flow cytometry (BD, 
NJ, USA).

Analysis of Mitochondrial Membrane Potential (Δψm)
JC-1 (Cayman) staining and MitoStatus TMRE (BD) staining were used to examine fluctuations in ΔΨm. Cells were treated 
in media containing 2 μg/mL of JC-1 in the dark for 30 min at 37°C. Green fluorescence represents the JC-1 monomer with 
low ΔΨm, whereas red fluorescence reflects the aggregated form with intact ΔΨm. Images were captured with a fluorescence 
microscope and analyzed with an LSRFortessa flow cytometer. Additionally, cells were incubated at 37°C for 15 min in 
media containing 100 nM MitoStatus TMRE. ΔΨm was then analyzed by LSRFortessa flow cytometry.

ATP Determination
HUVECs were processed as described above. Cells were trypsinized and lysed in RIPA buffer on ice for 20 min. Samples 
were centrifuged at 13,000 rpm for 20 min at 4°C, and ATP levels in the supernatant were examined by an ATP assay kit 
(Thermo, MA, USA). ATP levels are expressed as the fold change compared with the control.

Western Blot Analysis
The procedure for Western blot was conducted and modified as described in the previous report.41 Cells and aortic tissues 
were lysed in RIPA buffer. After electrophoresis of equal amounts of protein samples (30 μg) on SDS- polyacrylamide 
gel, the proteins separated in the gels were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore). 
These membranes were immersed in 1 × TBST (10 mM Tris/150 mM NaCl/0.05% Tween-20, pH 7.5) containing 5% 
milk at room temperature for 1 hr to block non-specific proteins. These membranes were incubated overnight at 4°C with 
the following primary antibodies: ICAM-1 (1:1000, sc-8439, Santa Cruz), p-DRP1 (1:1000, 3455S, Cell Signaling, MA, 
USA), FIS1 (1:1000, Proteintech, IL, USA), LC3B (1:2000, 2775S, Cell Signaling), SQSTM1/p62 (1:2000, 5114S, Cell 
Signaling), BNIP3 (1:1000, 44060S, Cell Signaling), phospho-ERK (1:2000, sc-7383, Santa Cruz), phospho-SAPK/JNK 
(1:2000, 9251S, Cell Signaling), phospho-p38 MAP kinase (1:2000, 9211S, Cell Signaling), Bnip3 (rodent specific, 
1:1000, 3769S, Cell Signaling), and GAPDH (1:5000, 60004-1-Ig, Proteintech). These membranes were then soaked in 
horseradish peroxidase-conjugated goat anti-rabbit or mouse IgG (1:5000, 111-035-144 or 115-035-003, Jackson 
ImmunoResearch, MA, USA) for 1 hr at RT. Immunoreactive bands were developed using LuminataTM crescendo 
ECL (Millipore). A Biospectrum Imaging System (UVP, CA, USA) was used to obtain images. ImageJ software (NIH, 
USA) was used for the densitometric analysis of Western blots. Relative levels of proteins were determined and 
normalized to the housekeeping protein GAPDH.
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MitoTracker Staining
HUVECs were seeded at 80% confluence in 35 mm µ-Dish with 4-well culture inserts (ibidi GmbH, Gräfelfing, 
Germany). To measure mitochondrial length, HUVECs were treated as indicated and stained with a medium containing 
400 nM MitoTracker (Thermo) for 30 min in a 37°C incubator with 5% CO2. Images were captured by a spinning disc 
confocal microscope (Zeiss, Oberkochen, Germany). The mitochondrial length was calculated by measuring the average 
of 15 mitochondrial measurements in 10 cells per group using ImageJ software.

DRP siRNA Knockdown
HUVECs were seeded at 70% confluency in 12-well plates. Cells were then transfected with 25 nM SMARTPool siRNA 
targeting DRP1 (siDRP1) or scrambled siRNA (siScr) (Horizon Discovery, CO, USA) using Lipofectamine 3000 
(Thermo) according to the manufacturer’s instructions. The next day, cells were transferred to M199 medium containing 
low serum. After 24 hr, cells were transferred to M199 medium containing HG and incubated for another 24 hr. Then, 
cells were treated with PM (10 μg/mL) for 8 hr. After the above treatments, HUVECs were used for subsequent analysis.

Acridine Orange Staining
Acridine orange (AO, Invitrogen) solution can identify lysosomes, autolysosomes, and acidic organelles. The presence of 
orange-fluorescent AO in acidic vesicles can be used to observe autophagy. Cells with different treatments were 
incubated with media containing AO (1 μg/mL) for 30 min at 37°C. The fluorescence was assessed under 
a fluorescence microscope (Leica).

RNA Extraction and Quantitative Reverse Transcription PCR (RT-qPCR)
Total RNA was extracted from HUVECs or mouse aortas using TRIzol reagent (Thermo) per the manufacturer’s instruc-
tions. The cDNA templates were synthesized using TaqMan MicroRNA Reverse Transcription Kit (Invitrogen). To 
examine the expression levels of miR-221/222, RT-qPCR was performed by using the TaqMan Universal PCR Master 
Mix (Applied Biosystems, CA, USA) in a QuantStudio 3 Real-Time PCR System (Thermo). TaqMan microRNA detection 
kits for miR-221 (000524), miR-222 (002276), and RNU6B (001973) were bought from Thermo. All reactions were 
performed in at least triplicate. Quantification of miR-221/222 expression levels was normalized by RNU6B expression.

Animal Model
C57BL/6 male mice, 6 weeks old, weighing 20 g, were purchased from the Experimental Animal Center of National 
Taiwan University and this mouse strain was obtained from The Jackson Laboratory (Stock No: 000664, Bar Harbor, 
ME, USA). MiR-221/222 knockout (KO) mice were generated by deleting the X-linked miR-221/222 gene and were 
backcrossed on a C57BL/6J background for 10 generations.35 Mice were housed on a 12-hr light/dark cycle and provided 
water and food ad libitum. All animal experiments were conducted in accordance with the guidelines for the National 
Taiwan University College of Medicine Institutional Animal Care and Use Committee (IACUC approval no: 20180426) 
and followed the 3R concept. Mice were randomly divided into control, PM exposure (PM), diabetes (STZ), STZ+PM, 
and STZ+PM+NCur groups (7 mice in each). After mice were fasted overnight, an intraperitoneal injection of 55 mg/kg 
streptozotocin (STZ in 0.1 M sodium citrate buffer, pH 4.5, Sigma) induced a hyperglycemia animal model for 5 
consecutive days. Mice were anesthetized with 2% isoflurane and blood samples were collected from the submandibular 
region, fasting blood glucose levels above 280 mg/dL were considered diabetic, and the mice were subjected to 
subsequent experiments. However, mice with fasting blood glucose values below 280 mg/dL required euthanasia to 
achieve humane endpoints. At the same time, mice of the control group and the PM group were intraperitoneally injected 
with sodium citrate buffer as vehicle treatment.

NCur is administered orally at a dose of 15 mg/kg every two days for two weeks. To simulate air pollution, mice were 
injected intratracheally with PM dissolved in PBS at 10 mg/kg under anesthesia on the first and eighth days of two 
weeks. First, mice were anesthetized with 2% isoflurane inhalation. The trachea was exposed, and PM was injected into 
the anterior wall of the trachea with an insulin syringe at a 45° angle to avoid puncturing the posterior wall. After the PM 
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injection, the trachea and neck were sutured, and the mice were put back into the cage after waking up. Control and STZ 
groups received the intratracheal injection of PBS as vehicle treatment. Mice injected intratracheally with PM did not die, 
and all mice survived until the end of the experiment. Serum was collected at the end of the experimental period to 
measure blood glucose, serum alanine aminotransferase (ALT), and creatinine levels. In addition, a portion of thoracic 
aortic tissue was fixed with 4% paraformaldehyde in PBS, embedded in paraffin, and subjected to immunofluorescent 
staining. Another part of the tissue was flash-frozen in liquid nitrogen to isolate proteins to measure expression levels of 
ICAM-1, p-DRP1, FIS1, LC3B, and BNIP3 or for RNA extraction to quantify miR-221/222 levels using RT-qPCR.

Immunofluorescence Staining
5 μm-thick sections from paraffin blocks of thoracic aortas were deparaffinized in an oven at 60°C for 1 hr and then 
rehydrated with graded alcohols. Antigen retrieval was used with 10 mM sodium citrate. Sections were first stained with 
ICAM-1 (diluted 1:100, sc-8439, Santa Cruz) antibody at 4°C overnight and then stained with CD31 (endothelial cell 
marker, 1:200, ab28364, Abcam) antibody at 4°C overnight to determine if ICAM-1 is expressed by ECs. Subsequently, 
sections were immersed in Alexa Fluor 488-conjugated secondary antibody (1:200 dilution, A-11001, Thermo) and 
Alexa Fluor 594-conjugated secondary antibody (1:200 dilution, A-11012, Thermo) at room temperature for 1 hr, the 
expression of ICAM-1 and CD31 were detected respectively. Slides were then counterstained with DAPI, and images 
were captured by an ApoTome fluorescence microscope (Zeiss).

Detection of Mitochondrial ROS Production in the Aorta
Mouse aortas were immersed with OCT (Fisher Scientific, MA, USA), and 10 μm cryosections were cut using a cryostat 
(Leica). The sections were incubated with 5 μM MitoSOX Red for 15 min at 37°C. Nuclei were counterstained with 
DAPI. The images were visualized and captured using a fluorescence microscope.

Transmission Electron Microscopy
Mouse thoracic aorta tissue was fixed overnight at 4°C with 2% glutaraldehyde and 2% paraformaldehyde fixative. After 
washing with PBS, samples were postfixed with 1% osmium tetroxide (OsO4), dehydrated in graded alcohols, and 
embedded in Epon. Uranyl acetate and lead citrate were used to stain ultrathin sections. The ultrastructure was observed 
by an H-7500 transmission electron microscope (Hitachi, Japan), and photographs were acquired by AMT Image Capture 
Engine V5.4.2 (Advanced Microscopy Techniques, MA, USA).

Statistical Analysis
Each in vitro experimental group contained five independent biological replicates. In vivo studies used seven animals per 
group. Data are expressed as mean ± S.E.M. Statistical analysis was performed using SPSS software (version 17.0; IBM, 
New York, USA). Data were checked for homogeneity and normality using Bartlett’s test and Shapiro–Wilk test, 
respectively, before performing one-way analysis of variation (ANOVA). ANOVA with Dunnett’s post hoc test was 
used for multiple comparisons. Differences between the two groups were determined using Student’s t-test. P<0.05 
represents statistical significance.

Results
PM Impaired Cell Viability and Induced Inflammation on HG-Treated ECs and NCur 
Reversed These Effects
ECs treated with 10, 20, or 30 mM glucose alone for 32 hr did not induce marked cytotoxicity (Figure 1A). ECs treated 
with 10 μg/mL of PM alone for 8 hr decreased cell viability compared to control cells. Furthermore, ECs were pretreated 
with 30 mM glucose (high glucose, HG) for 24 hr and then treated with 10 μg/mL PM for 8 hr (HG+PM); a marked 
reduction in cell viability was detected compared to the cells treated with HG or PM alone (Figure 1A and B). After that, 
cells were incubated with HG for 24 hr, followed by 10 μg/mL PM treatment for 8 hr, and then applied to Western blot to 
examine the inflammation of HUVECs under different treatments. ECs incubated with HG and PM alone significantly 
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Figure 1 PM impaired cell viability and induced ICAM-1 expression in HG-treated ECs, whereas NCur reversed these effects. 
Notes: (A) HUVECs were pretreated with different concentrations of glucose for 24 hr, and then treated with or without 10 μg/mL PM for 8 hr. The cell viability was assessed by MTT 
assay. (B) HUVECs were pretreated with or without HG (30 mM) for 24 hr, and then treated with or without different concentrations of PM for 8 hr. MTT assay was used to assess the 
cell viability. (C and D) HUVECs were pretreated with HG for 24 hr, and then treated with or without PM for 8 hr. The level of ICAM-1 expression was detected by Western blot and by 
immunofluorescent staining (nuclei: blue; bar=25 μm). (E) Representative fluorescent images showing the attachment of fluorescein-labeled THP-1 cells to HUVECs. ICAM-1 antibody 
was pretreated 12 hr before PM exposure. (F) HUVECs were treated with different concentrations of nanocurcumin (NCur) for 24 hr, and then the cell viability was assessed by MTT 
assay. (G) HUVECs were pretreated without or with different concentrations of curcumin (Cur) or with NCur for 24 hr, pretreated with HG for 24 hr, and then treated with PM for 8 
hr. The cell viability was assessed by MTT assay. (H) The effects of Cur and NCur on the level of ICAM-1 expression were detected by Western blot. (I) Effect of NCur on the 
fluorescein-labeled THP-1 cells adhering to HG+PM-treated HUVECs. (J) Effect of NCur on NO production in HG+PM-treated HUVECs. N=5. *P <0.05 compared with the glucose 
5.5, 10, 20, and 30 mM group, control group or NCur 0 μM group; †P <0.05 compared with the HG group or HG 5.5 mM+PM group; #P <0.05 compared with the PM group or HG 10 
mM+PM group; ‡P <0.05 compared with the HG 20 mM+PM group, HG+PM group or HG+PM+DMSO group.
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increased the ICAM-1 expression. The level of ICAM-1 was also significantly elevated in the HG+PM group when 
compared with HG or with PM alone (Figure 1C). Consistent with the Western blot results, the ICAM-1 expression was 
more robust in the HG+PM group when compared with HG or with PM alone by immunofluorescent staining 
(Figure 1D). Since cell adhesion molecules are critical for monocyte adhesion, the effects of HG and PM on this 
adhesion were studied. Treatment with HG or PM alone increased the number of monocytes adhered to HUVECs, and 
HG+PM treatment together resulted in a significant increase in monocyte binding compared to a single treatment 
(Figure 1E). Furthermore, ICAM-1 neutralizing antibody pretreatment significantly decreased the number of monocytes 
attaching to HG+PM-treated ECs (Figure 1E). We also evaluated the effects of curcumin (Cur) and nanocurcumin (NCur) 
on cell viability and inflammation of HG and PM-treated ECs. We found that NCur at 2 μM increased cell viability and 
decreased ICAM-1 expression by HG and PM treatment, while Cur had no effect (Figures 1F–H). We also found that 
NCur decreased the monocytes adhered to ECs by HG and PM treatment (Figure 1I). NCur increased nitric oxide (NO) 
production, a hallmark of endothelial function, in HG+PM-treated ECs (Figure 1J). These results suggested that PM 
aggravated the effects of HG on the endothelial viability and inflammation.

PM Exacerbated Mitochondrial ROS Production in HG-Treated ECs, and NCur 
Reversed the Effect
ROS production, mainly generated from mitochondria, is a crucial step in developing numerous inflammatory 
disorders.42 The levels of mitochondrial ROS were assessed by the MitoSOX Red assay. As shown in Figure 2A, HG 
or 10 μg/mL PM alone caused a slight fluorescence. Cells were incubated with HG for 24 hr, followed by 10 μg/mL PM 
exposure for 8 hr, and MitoSOX Red staining showed a significant increase in mitochondrial ROS fluorescence. 
Consistent with the results, the HG+PM group showed a considerable fluorescence value compared with the groups 
that received HG or PM alone by flow cytometry (Figure 2B). HG+PM-induced mitochondrial ROS expression was 
inhibited by the mitochondrial-targeted antioxidant mitoquinol (MitoQ) (Figure 2A and B). Next, we assessed whether 
the level of ICAM-1 expression in HG+PM-treated ECs was triggered by the upregulation of mitochondrial ROS. The 
data exhibited that MitoQ pretreatment decreased the ICAM-1 expression level and the number of monocyte adhesion in 
HG+PM-treated ECs (Figure 2C and D). As shown in Figure 2E, pretreatment with NCur significantly reduced HG+PM- 
induced mitochondrial ROS production via fluorescence microscopy. Moreover, flow cytometry analysis was consistent 
with them (Figure 2F). Thus, these data show that mitochondrial ROS production is indispensable for HG+PM-induced 
ICAM-1 expression in ECs and that NCur reduced this effect.

HG and PM Significantly Reduced Δψm and Increased Mitochondrial Fission, Whereas 
NCur Reversed These Effects
Mitochondria utilize cycles of fusion and fission for dynamic membrane remodeling under normal physiological 
conditions. Dysregulation of mitochondrial fission and fusion plays a key role in the pathogenesis of many diseases.43 

As a result of mitochondrial ROS production in HG+PM-treated cells, we assessed several mitochondrial functions, 
including changes in mitochondrial membrane potential (ΔΨm), ATP production, and levels of mitochondrial fission- 
related proteins. ΔΨm and ATP levels are important factors of mitochondrial and cellular function. The JC-1 assay 
showed a significant shift in fluorescence emission from red to green in ECs treated with HG+PM, a shift indicative of 
a decrease in ΔΨm (Figure 3A). In addition, analysis of JC-1 result using flow cytometry showed that HG+PM treatment 
decreased the ratio of red to green MFI (mean fluorescence intensity) (Figure 3B). MitoStatus TMRE is a positively 
charged dye that binds to negatively charged mitochondria and fluoresces red. From the MitoStatus TMRE flow 
cytometry results, we found that the ΔΨm was significantly decreased in the HG or PM alone treatment group compared 
with the control group. ΔΨm was also significantly lower in the HG+PM group than in the PM alone or the HG alone 
groups (Figure 3C). Furthermore, ATP content remarkably decreased after HG+PM treatment (Figure 3D).

MitoTracker was used to specifically stain and examine changes in mitochondrial morphology. We observed that 
mitochondrial length was significantly decreased in HG+PM-treated cells compared to cells treated with HG or PM alone 
(Figure 3E). The expression of p-DRP1 and FIS1, mitochondria fission-related proteins, was remarkably increased after 
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Figure 2 PM exacerbates ROS production in ECs treated with HG, and NCur pretreatment reduces the effect. 
Notes: HUVECs were pretreated with HG (30 mM) for 24 hr, and then treated with PM (10 μg/mL) for 8 hr. Before exposure to PM, HUVECs were pretreated with 1 μM 
MitoQ or with 2 μM NCur for 1 hr or 12 hr, respectively. (A and B) Mitochondrial ROS was detected by MitoSOX Red staining under a fluorescence microscope and 
analyzed using flow cytometry. (C) The effect of MitoQ pretreatment on the level of ICAM-1 expression was determined using Western blot. (D) The effect of MitoQ 
pretreatment on the adhesion of fluorescein dye-labeled THP-1 monocytes to HG+PM-treated HUVECs. (E and F) HUVECs were pre-treated with HG for 24 hr, and then 
incubated with 2 μM NCur for 12 hr before exposure to PM. The effect of NCur on mitochondrial ROS was detected by MitoSOX Red under fluorescence microscopy and 
flow cytometry. Bar=50 μm. N=5. *P <0.05 compared with the control group; †P <0.05 compared with the HG group; #P <0.05 compared with the PM group; ‡P <0.05 
compared with the HG+PM group.
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Figure 3 Continued.
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Figure 3 PM aggravated mitochondrial injury and mitochondrial fission in ECs treated with HG, and NCur pretreatment reduced this change. 
Notes: HUVECs were pretreated with HG for 24 hr and then treated with PM for 8 hr. Some HUVECs were pretreated with 10 μM Mdivi-1 or 2 μM NCur for 1 hr or 12 
hr, respectively before PM exposure. (A and B) JC-1 assay was used to examine mitochondrial membrane potential (ΔΨm) by fluorescence microscopy and by flow 
cytometry. The JC-1 ratio (aggregate/monomer ratio) was used for quantitative analysis of ΔΨm. Bar= 50 μm. (C) MitoStatus TMRE dye was used for the quantitative 
analysis of ΔΨm with flow cytometry. (D) ATP level was determined by the ATP assay. (E) Mitochondrial length was determined using MitoTracker staining. Bar= 50 μm. (F) 
The expression of mitochondrial fission-related proteins, phosphorylated DRP1 (Ser 616) and FIS1, was assessed by Western blot. (G) The effect of Mdivi-1 pretreatment 
on mitochondrial length in HG+PM-treated cells was analyzed by MitoTracker staining. (H) The effect of Mdivi-1 on ICAM-1 expression was evaluated using Western blot. 
(I) The effect of Mdivi-1 pretreatment on adhesion of fluorescein-labeled THP-1 monocytes to HUVECs. (J) The efficiency of DRP1 knockdown was determined using 
Western blot. (K) Western blot was used to examine the effect of DRP1 knockdown on the expression of ICAM-1, p-DRP1 and DRP1. (L) The effect of DRP1 knockdown 
on the adhesion of fluorescein-labeled THP-1 monocytes to HUVECs. (M) The effect of NCur on ΔΨm in HG+PM-treated HUVECs. (N) The effect of NCur on ATP 
production in HG+PM-treated HUVECs. (O) The effect of NCur on mitochondrial length in HG+PM-treated HUVECs. (P) The effect of NCur on the expression of 
mitochondrial fission-related proteins p-DRP1 and FIS1 was determined using Western blot. N=5. *P <0.05 compared with the control group; †P <0.05 compared with the 
HG group; #P <0.05 compared with the PM group; ‡P <0.05 compared with the HG+PM group.
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HG+PM stimulation (Figure 3F). Mdivi-1, a mitochondrial fission inhibitor, was applied to explore whether the 
inflammatory responses are triggered by HG+PM-induced mitochondrial fission. Pretreatment with Mdivi-1 significantly 
increased mitochondrial length (Figure 3G). Mdivi-1 pretreatment also reduced ICAM-1 expression and the number of 
adherent monocytes increased by HG+PM treatment (Figures 3H and I). Western blot showed that DRP1 siRNA 
efficiently reduced endogenous levels of DRP1 (Figure 3J). DRP1 knockdown significantly decreased HG+PM- 
induced ICAM-1 expression (Figure 3K) and monocyte adhesion (Figure 3L).

NCur treatment augmented ΔΨm when compared with the HG+PM group by JC-1 staining (Figure 3M). Moreover, 
NCur treatment significantly increased the ATP level compared to the HG+PM group (Figure 3N). NCur treatment 
significantly increased the length of HG+PM-reduced mitochondrial length by MitoTracker staining (Figure 3O). HG 
+PM-induced expression of p-DRP1 and FIS1 was significantly decreased by NCur treatment (Figure 3P). These results 
suggested that HG+PM induced ICAM-1 expression by increasing mitochondrial fission in ECs. Conversely, NCur 
attenuated this effect.

PM Aggravated Mitophagy in HG-Treated ECs, Whereas NCur Reversed the Effect
Mitochondrial ROS production leads to mitochondrial damage. Damaged mitochondria are selectively encapsulated 
in autophagosomes, which subsequently fuse with nearby lysosomes to form autolysosomes. These processes are 
called mitophagy.44 Autolysosomes exhibit red fluorescence via the AO staining. We found that the combined 
exposure of HG and PM treatments increased red fluorescence (Figure 4A). PM treatment increased the expression 
of autophagy-related proteins p62 and LC3B, and mitophagy-related protein BNIP3, and the co-exposure to PM and 
HG has an additive effect on the levels of p62, LC3B, and BNIP3 expression (Figure 4B). MitoQ or Mdivi-1 
treatment suppressed red fluorescence by AO staining (Figure 4C). Here, MitoQ or Mdivi-1 attenuated the increase of 
these autophagy-related and mitophagy-related proteins upregulated by HG and PM treatment (Figure 4D). NCur 
treatment significantly decreased autolysosomes when compared with the HG+PM group by AO staining (Figure 4C). 
Moreover, HG+PM-induced expression of p62, LC3B, and BNIP3 was significantly decreased by NCur treatment 
(Figure 4D). Next, we used bafilomycin A1 (Baf. A1) to study whether NCur reduces inflammation via repression of 
HG+PM-induced mitophagy. Baf. A1 inhibits fusion between autophagosomes and lysosomes and blocks vacuolar 
H+-ATPase, thereby inhibiting autolysosome formation.45 Baf. A1 pretreatment significantly increased HG+PM- 
induced ICAM-1 expression and monocyte adhesion (Figure 4E and F). These results suggested that HG+PM 
induced ICAM-1 expression by increasing mitophagy in ECs. In contrast, NCur attenuated ICAM-1 expression by 
reducing HG+PM-induced mitophagy.

Co-Exposure of PM and HG Induced Inflammation and Mitophagy via JNK Signaling 
Pathways, and NCur Reversed These Effects
We investigated whether cells treated with HG and PM lead to inflammation and mitophagy induced by the MAPK 
signaling pathway. HUVECs were incubated with PM under HG conditions for the indicated duration (0, 0.5, 1, 2 hr). We 
found that under HG conditions, the levels of p-JNK, p-ERK, and p-p38 expression were significantly upregulated after 
0.5, 1, and 2 hr of PM exposure, respectively (Figure 5A). NCur decreased HG+PM-induced p-JNK expression. Then, 
HUVECs were pretreated with specific inhibitors of ERK (PD98059), JNK (SP600125), and p38 (SB203580) for 1 hr 
before exposure to PM. SP600125 reduced mitochondrial ROS by MitoSOX staining (Figure 5B), attenuated ΔΨm 
collapse by JC-1 staining (Figure 5C), and significantly increased the mitochondrial length in HG+PM-treated ECs by 
MitoTracker staining (Figure 5D). However, pretreatment with PD98059 and SB203580 did not affect these changes 
induced by HG+PM. Furthermore, SP600125 suppressed red fluorescence by AO staining (Figure 5E). Next, ICAM-1 
expression levels were reduced under the pretreatment of SP600125 but not changed under the pretreatment of PD98059 
and SB203580 (Figure 5F). The levels of p-DRP-1, p62, LC3B, and BNIP3 were decreased under SP600125 pretreat-
ment. In contrast, the levels of these proteins were unchanged under PD98059 and SB203580 pretreatment (Figure 5F). 
SP600125 significantly reduced the number of monocytes adhered to ECs with HG and PM treatment (Figure 5G). These 
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Figure 4 PM aggravated mitophagy in ECs treated with HG, and NCur reversed the effect. 
Notes: HUVECs were pretreated with HG (30 mM) for 24 hr and then treated with PM (10 μg/mL) for 8 hr. Before exposure to PM, HUVECs were pretreated with 1 μM 
MitoQ, 10 μM Mdivi-1, 100 nM Bafilomycin A1 (Baf. A1) for 1 hr or 2 μM NCur for 12 hr, respectively, before PM exposure. (A) AO staining detects the formation of 
autolysosomes, which appear red fluorescence under a fluorescence microscope. Bar=50 μm. (B) Western blot was used to detect the expression levels of p62, LC3B and 
BNIP3. (C) The effects of NCur, MitoQ and Mdivi-1 on the formation of autolysosome were determined by AO staining. Bar=50 μm. (D) The effects of NCur, MitoQ and 
Mdivi-1 on the expression of autophagy-related and mitophagy-related proteins were determined by using Western blot. (E) The effect of Baf. A1 on ICAM-1 expression in 
HG+PM-treated HUVECs was determined by Western blot. (F) The effect of Baf. A1 pretreatment on adhesion of fluorescein-labeled THP-1 monocytes to HG+PM-treated 
HUVECs. N=5. *P <0.05 compared with the control group; †P <0.05 compared with the HG group; #P <0.05 compared with the PM group; ‡P <0.05 compared with the HG 
+PM group.
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Figure 5 Co-exposure to PM and HG induced inflammation and mitophagy via JNK signaling pathway, and NCur reversed these effects. 
Notes: HUVECs were pretreated with HG (30 mM) for 24 hr and then treated with PM (10 μg/mL) for 8 hr. HUVECs were pretreated with 10 μM PD98059, 10 μM 
SP600125, and 10 μM SB203580 for 1 hr or with 2 μM NCur for 12 hr before PM exposure. (A) Expression levels of p-ERK, p-p38, and p-JNK were examined at different 
time points (0, 0.5, 1, and 2 hr) by Western blot. (B) The effect of MAPK inhibitors on mitochondrial ROS in HG+PM-treated HUVECs were detected by MitoSOX Red 
staining under a fluorescence microscope. Bar=50 μm. (C) The effect of MAPK inhibitors on ΔΨm in HG+PM-treated HUVECs were detected by JC-1 staining under 
a fluorescence microscope. Bar=50 μm. (D) The effect of MAPK inhibitors on mitochondrial length in HG+PM-treated HUVECs were determined by MitoTracker staining 
under a spinning disc confocal microscope. Bar=50 μm. (E) The effect of MAPK inhibitors on the autolysosome formation in HG+PM-treated HUVECs. Bar=50 μm. (F) The 
effects of MAPK inhibitors on the levels of mitochondrial fission-related proteins, p-DRP and FIS1, autophagy-related proteins p62 and LC3B-II and mitophagy-related 
protein BNIP3, and inflammation-related protein, ICAM-1 expression were examined using Western blot. (G) The effect of MAPK inhibitors on fluorescein dye-labeled 
THP-1 monocytes adhered to HG+PM-treated HUVECs. N=5. *P <0.05 compared with the control group; ‡P <0.05 compared with the corresponding time point of HG+PM 
group or the HG+PM group.
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results suggest that HG and PM can promote endothelial inflammation and mitophagy by the JNK signaling pathway. 
NCur reduced this effect.

PM and HG Induced ICAM-1 Expression in ECs Involves miR-221/miR-222 
Downregulation, and NCur Reversed These Effects
High expression levels of miR-221/222 have been demonstrated using miRNA expression profiles in ECs, including 
HUVECs and EA.hy.926 cells.46 In addition, previous studies have shown that ICAM-1 is a target of miR-221/222, and 
they are involved in regulating ICAM-1 expression.35,47 MiR-221 and miR-222 are encoded in tandem on 
X chromosomes and are highly homologous conserved miRNAs. Based on TargetScan.org (http://www.targetscan.org), 
miR-221 and miR-222 are complementary to the ICAM-1 3′UTR flanking between 413 and 418. In addition, we found 
that miR-221 and miR-222 are also complementary to BNIP3 3′UTR flanking between 1832 and 1837 (Figure 6A). 
Furthermore, we checked whether posttranscriptional regulation by miR-221/222 was necessary for the levels of ICAM-1 
and BNIP3 expression in ECs treated with HG+PM and NCur. HG+PM significantly decreased the levels of both miR- 
221 and miR-222 expression in ECs, while NCur treatment increased the levels of miR-221/222 expression (Figure 6B). 
To evaluate the effect of miR-221/222 on mitochondrial ROS, mitochondrial functions, and mitophagy, ECs were 
transfected with miR-221/222 precursors (miR-221/222 mimics) for 24 hr, followed by incubation with HG for 24 hr 
and exposure to PM for 8 hr. Transfection of cells with miR-221/222 mimics reduced the mitochondrial ROS by 
MitoSOX Red staining (Figure 6C), reversed the collapse of ΔΨ by JC-1 staining (Figure 6D), increased the ATP 
production by ATP assay (Figure 6E), and increased the mitochondrial length by MitoTracker staining in HG+PM-treated 
HUVECs (Figure 6F). Moreover, miR-221/222 mimics decreased the red fluorescence by AO staining (Figure 6G). 
Transfection of cells with miR-221/222 mimics reduced HG+PM-induced ICAM-1 and BNIP3 expression (Figure 6H). 
We also found that miR-221/222 mimics reduced the number of monocytes adhering to HG+PM-treated HUVECs 
(Figure 6I). These results showed that miR-221/222 are involved in HG+PM-induced endothelial inflammation.

NCur Reduced ROS Production, Mitophagy, and Inflammation in the Aortas of 
PM-Exposed Diabetic Mice
Diabetic mice were established by intraperitoneal injection of STZ and intratracheal injection of PM to mimic mice 
exposed to air pollution. The PM exposure experimental procedure has been widely used to establish in mouse models 
and extrapolate air pollution to humans.48,49 Blood glucose levels were significantly higher in the STZ+PM group than in 
the STZ or PM alone treatment group. NCur significantly reduced blood glucose levels in STZ-induced diabetic mice 
exposed to PM (STZ+PM+NCur) compared with the STZ+PM group, indicating that NCur ameliorated hyperglycemia in 
diabetic mice. (Figure 7A). Furthermore, serum alanine aminotransferase (ALT, as an indicator of liver function) levels 
were higher in the STZ+PM group than in the STZ or PM groups, and NCur treatment significantly reduced ALT levels 
compared to the STZ+PM group. The level of creatinine, a marker of renal function, was significantly higher in the STZ 
group than in the control group and also higher in the STZ+PM group than in the PM group; however, there was no 
significant difference between the STZ+PM group and the STZ+PM+NCur group. To verify whether NCur affects the 
ROS production in the aortas of PM-exposed diabetic mice, mitochondrial superoxide anion (O2

•-) in the aorta was 
detected using MitoSOX Red. The results showed increased red fluorescence in the STZ, PM, and STZ+PM groups. 
Under NCur treatment, red fluorescence was reduced (Figure 7B), suggesting that NCur can inhibit mitochondrial O2

•- 

production in the m ouse aorta. Moreover, we checked the effects of NCur on inflammation, mitochondrial fission, and 
autophagy-related and mitophagy-related proteins in diabetic mice exposed to PM by Western blot. The expression levels 
of ICAM-1, p-DRP1, FIS1, BNIP3, and LC3B were increased in the STZ+PM group. In contrast, NCur treatment 
significantly decreased the levels of these proteins (Figure 7C), suggesting that NCur attenuated inflammation, mito-
chondrial fission, autophagy, and mitophagy in the aortas of PM-treated diabetic mice. Furthermore, ICAM-1 and CD31 
immunofluorescence revealed that STZ+PM induced aortic endothelial inflammation, whereas NCur treatment attenuated 
these changes (Figure 7D). Ultrastructural observation of mouse aortic endothelium by transmission electron microscopy 
(TEM) revealed that mice exposed to STZ+PM had increased autophagosome-like structures in aortic endothelial cells, 
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Figure 6 PM and HG-induced inflammation and mitophagy in ECs involves miR-221/miR-222 downregulation, and NCur reversed these effects. 
Notes: HUVECs were transfected with miR-221/222 mimics (mimic) or scramble mimic (Scr) for 24 hr, and cells were pretreated with HG (30 mM) for 24 hr and then 
treated with PM (10 μg/mL) for 8 hr. (A) Graphical illustration of miR-221/222 targeting ICAM-1 and BNIP3 3’ UTR, respectively. (B) The effects of HG, PM, and NCur 
treatment on miR-221/222 levels in HUVECs. (C) The effect of miR-221/222 mimics on mitochondrial ROS in HG+PM-treated HUVECs were detected by MitoSOX Red 
staining under a fluorescence microscope. Bar=50 μm. (D) The effect of miR-221/222 mimics on ΔΨm in HG+PM-treated HUVECs were detected by JC-1 staining under 
a fluorescence microscope. Bar=50 μm. (E) The effect of miR-221/222 mimics on ATP levels in HG+PM-treated HUVECs. (F) The effect of miR-221/222 mimics on 
mitochondrial length in HG+PM-treated HUVECs were determined by MitoTracker staining under a spinning disc confocal microscope. Bar=50 μm. (G) The effect of miR- 
221/222 mimics on the autolysosome formation in HG+PM-treated HUVECs. Bar=50 μm. (H) The effects of miR-221/222 mimics on the levels of ICAM-1 and BNIP3 
expression in HG+PM-treated HUVECs by Western blot. (I) The effects of the transfection of miR-221/222 mimics on fluorescein-labeled THP-1 monocytes adherent to 
HUVECs. N=5. *P <0.05 compared with the control group; †P <0.05 compared with the HG group; #P <0.05 compared with the PM group; ‡P <0.05 compared with the HG 
+PM+DMSO group or the HG+PM+Scramble group.
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Figure 7 The effects of NCur on mouse aortas under STZ and PM conditions. 
Notes: Diabetes was established in mice by intraperitoneal injection of STZ (55 mg/kg) for consecutive five days and overnight fasting. PM (10 mg/kg) was injected 
intratracheally into mice under anesthesia to simulate air pollution (PM) exposure. NCur was administered orally at a dose of 15 mg/kg once every two days for two weeks. 
(A) The effects of NCur on the levels of blood glucose, creatinine and ALT were analyzed by biochemical kits. (B) Oxidative stress levels in cryosections of mouse aorta 
were detected by MitoSOX Red staining. Red fluorescence in MitoSOX Red-stained sections indicates oxidative stress; blue fluorescence in DAPI-stained sections indicates 
nuclei. Bar=50 μm. (C) The levels of ICAM-1, p-DRP1, FIS1, BNIP3, and LC3B expression were detected using Western blot. (D) Immunofluorescence staining indicated the 
ICAM-1 (green) co-localized with CD31 (red, endothelial cell marker) in STZ+PM-treated aorta. DAPI, blue, nuclear counterstain. White arrows indicated endothelial cells. 
Bar=25 or 10 μm as the panel indicated. (E) Ultrastructure of aortic endothelium examined by TEM. Autophagosomes were indicated by red arrowheads. Bar=1 μm. (F) 
miR-221/222 levels determined by TaqMan qPCR. (G) The effects of NCur on the expression of ICAM-1 and BNIP3 in STZ+PM-treated miR-221/222 KO mice were 
detected by Western blot. *P <0.05 compared with the control group; †P <0.05 compared with the STZ group; #P <0.05 compared with the PM group; ‡P <0.05 compared 
with the STZ+PM group.
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whereas NCur attenuated these changes (Figure 7E). To assess the role of miR-221/222 on aortic endothelial inflamma-
tion, we performed miR-221/222 TaqMan qPCR. The levels of miR-221/222 expression were significantly reduced in 
STZ+PM-treated aortas, while NCur reversed the downregulation of miR-221/222 (Figure 7F). To elucidate the role of 
miR-221/222 on STZ+PM-induced endothelial inflammation, miR-221/222 KO mice were used in this study. STZ+PM 
treatment increased the levels of ICAM-1 and BNIP3 expression in miR-221/222 KO mice, whereas NCur decreased the 
expression (Figure 7G). Based on these results, it was suggested that NCur could protect the aortas of PM-exposed 
diabetic mice by reducing mitochondrial ROS production, mitochondrial fission, mitophagy, and inflammation. MiR-221/ 
222 plays an important role in endothelial inflammation induced by hyperglycemia and air pollutant, and NCur exerts 
a protective effect by regulating miR-221/222.

Discussion
The main results of this study demonstrated that concurrent exposure to HG and PM exacerbated endothelial inflamma-
tion through increased mitochondrial oxidative stress, mitochondrial fission, and mitophagy. The JNK signaling pathway 
primarily mediated this process. In addition, miR-221/222 participated in mitophagy and inflammation by specifically 
targeting BNIP3 and ICAM-1, respectively. Notably, NCur treatment attenuated the detrimental effects of combined 
exposure to HG and PM. Moreover, PM treatment increased mitochondrial oxidative stress, mitochondrial fission, 
mitophagy, and inflammation in STZ-induced hyperglycemic mice, while NCur effectively alleviated endothelial injury. 
NCur demonstrated its antioxidant properties to ameliorate endothelial dysfunction induced by exposure to air pollution 
under hyperglycemia conditions. These findings highlight the potential therapeutic benefits of NCur in protecting ECs 
from the adverse effects of air pollution and hyperglycemia.

Air pollution is a concern now and in the future, because it not only worsens diabetes but also promotes the 
development of CVD.1 Endothelial inflammation is an important factor in CVD dysfunction,8 and is associated with 
HG or PM-induced inflammation in previous reports.10,50 PM2.5 promotes endothelial inflammation by upregulating 
ICAM-1 expression.11,51 Similarly, HG-induced inflammation is mediated through the upregulation of ICAM-1 in 
ECs.52,53 Furthermore, previously reported studies showed that HG or PM alone increased ICAM-1 in ECs and promoted 
monocyte adhesion to ECs.11,54 Few studies have examined the relationship between PM exposure and the progression of 
diabetes-induced CVD. A previous study showed that PM2.5-induced metabolic disorders were via activation of NLRP3 
inflammasome in diabetic model mice, but not in wild-type mice,55 which means that inflammation caused by PM and 
HG plays a role in metabolic diseases. Our recent findings showed that HUVEC treated with 50 μg/mL PM under HG 
conditions exerted a synergistic effect on endothelial inflammation, which was attenuated by vitamin D treatment.56 In 
this study, we further revealed that simultaneous exposure to low doses of PM (10 μg/mL) and HG synergistically 
affected endothelial inflammation. The detailed mechanisms included mitochondrial fission and the action of miR-221/ 
222, which target BNIP3 and ICAM-1, respectively. Notably, NCur treatment effectively reduced inflammation in this 
condition.

Cur or NCur has been recognized as a potential treatment for diabetic patients.57 Previous studies and meta-analyses 
have highlighted their beneficial effects in reducing CVD risk by improving glycemic and lipid profiles and 
inflammation.58 In particular, Cur supplementation has been shown to attenuate PM2.5-induced oxLDL-mediated 
oxidative stress and inflammation in human microvascular endothelial cells.59 In addition, NCur has been shown to 
mitigate STZ-induced pancreatic β cell inflammation and apoptosis and attenuate copper sulfate-induced cardiac injury, 
oxidative stress, and inflammation.60,61 Moreover, co-supplementation with omega-3 fatty acids and NCur reduced 
ICAM-1 gene expression and serum levels in migraineurs.62 In this study, the effectiveness of NCur in treating 
endothelial dysfunction following combined exposure to HG and PM was investigated. The results showed that 2 μM 
NCur treatment significantly increased cell viability and decreased ICAM-1 expression in ECs co-treated with HG and 
PM, while the same dose of Cur had no such effect. We demonstrated that NCur is more efficient than Cur in sustaining 
cell viability in HG- and PM-treated ECs. Interestingly, NCur was superior to Cur in promoting insulin levels, 
antioxidant enzyme activities (SOD, GSH) and PDX1 expression while reducing pancreatic caspase 3 in the STZ- 
induced diabetic rat model.63 In the present study, we further demonstrated that NCur significantly suppressed mitochon-
drial ROS production, mitochondrial fission, mitophagy, and inflammation in ECs exposed to HG and PM. Furthermore, 
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animal experiments using STZ-induced diabetic mice exposed to PM confirmed the cell-based findings. Such animal 
models of PM administration have been established and commonly used.64,65 In this study, NCur treatment reduced 
mitochondrial ROS, mitochondrial fission, mitophagy, and inflammation in the aortas of PM-treated diabetic mice.

ROS generated by HG treatment alone or exposure to PM alone was associated with endothelial damage.11,66 

Mitochondria control the primary generation of ROS and superoxide is the proximal mitochondrial ROS.67 In this 
study, we observed a significant increase in mitochondrial ROS levels after HG and PM treatment. MitoQ or NCur 
treatment effectively reduced mitochondrial ROS levels in HG+PM-treated ECs. These findings are consistent with 
previous reports demonstrating the efficacy of NCur in reducing ROS levels in various contexts, such as lowering low- 
level laser therapy-induced enhancement of ROS in mouse embryonic fibroblasts and decreasing the levels of 8-oxo-2’- 
deoxyguanosine, which is a sensitive biomarker of ROS-induced DNA damage in an STZ-induced rat model.60,68 

Additionally, the overproduction of mitochondrial ROS can lead to mitochondrial fission when exposed to HG or PM 
alone,69,70 and it has been linked to mitophagy and inflammation in acute kidney injury and ischemia-reperfusion- 
induced acute kidney injury, respectively.71,72 Previous studies have shown that biomass-derived PM2.5 can induce 
mitochondrial fission by upregulating p-DRP1 in human airway epithelial cells and airborne PM2.5 induces mitochon-
drial dysfunction by increasing the mitochondrial fission protein FIS1 in ECs.14,73 Furthermore, our experiments 
demonstrated that PM deteriorates mitochondrial membrane potential, reduces ATP production, and increases mitochon-
drial fission under HG conditions due to the accumulation of mitochondrial ROS.

Autophagy is critical for regulating normal endothelial function.74 Previous studies have shown that resveratrol and 
vitamin D protect ECs from inflammation and cell death, respectively, by modulating autophagy.75,76 Autophagy can be 
monitored by autophagic flux indicators such as LC3B-II and p62.77 In this study, we investigated whether PM affects the 
autophagic events of ECs under HG conditions. Previous reports showed that both PM and HG treatment activates 
autophagy in ECs.78,79 Here, we demonstrated that PM aggravates autophagy in HG-treated HUVECs, suggesting that air 
pollutants further enhance autophagic flux under HG conditions. Furthermore, mitochondrial ROS production results in 
mitochondrial dysfunction, and these damaged mitochondria are then engulfed by mitochondria-specific macroauto-
phagy, termed mitophagy.21 BNIP3, a mitophagy-related protein, is related to the induction of mitophagy.80 Previous 
studies have linked HG or PM exposure to mitophagy-induced endothelial damage or epithelial damage.81,82 Our results 
revealed that PM significantly enhanced autophagy under HG conditions by upregulating autophagy-related proteins 
LC3B-II and p62, as well as mitophagy-related protein BNIP3. Simultaneous exposure of cells to PM and HG also 
increased the formation of autophagosome as observed via AO staining. Furthermore, although curcumin has been shown 
to promote mitophagy in other contexts, such as attenuating osteoarthritis or intestinal barrier damage,83,84 the role of 
NCur in mitophagy was previously unknown. This study demonstrated that increases in mitochondrial ROS and 
inflammation under HG and PM conditions are associated with increased autophagy and mitophagy, as evidenced by 
upregulation of p62, LC3B, and BNIP3 expression levels. Importantly, NCur treatment reduced these effects, indicating 
that NCur attenuates HG- and PM-induced mitophagy, thereby alleviating endothelial injury.

The MAPK pathway has been implicated in inflammation or endothelial damage induced by HG or PM alone.85,86 

However, little information is available on the role of MAPK pathways in ECs exposed to both HG and PM. The current 
study investigated this phenomenon and revealed that the JNK inhibitor SP600125 significantly attenuated the increased 
ICAM-1 levels after HG and PM treatment, suggesting JNK pathway plays a role in HG and PM-induced endothelial 
inflammation. In addition, the JNK signaling pathway has been validated to induce defense mechanisms to protect 
organisms against oxidative or foreign substances by regulating autophagy.87 Specifically, the JNK pathway is associated 
with the activation of DUSP1-mediated BNIP3 phosphorylation in ischemia/reperfusion cardiac injury.88 Another study 
showed that Mst1 deletion attenuated hyperglycemia-induced vascular dysfunction by reducing mitochondrial fission and 
regulating JNK signaling.89 Furthermore, previous reports showed that NCur treatment attenuated cardiac injury in 
copper sulfate-intoxicated rats through MAPK pathway and reduced bisphenol A-induced cardiotoxicity through p38 and 
JNK pathway.61,90

Differentially expressed microRNAs under pathological or physiological stress have been associated with 
CVD.31,91,92 Our previous research showed that exosomes carrying miR-221/222 from adipose-derived stem cells 
protected against cardiac damage induced by ischemia/reperfusion.93 In addition, miR-221/222 have been shown to 
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regulate ICAM-1 expression in TNF-α-induced inflammation in lung epithelial and ECs, respectively, in our previous 
reports.34,35 Studies have demonstrated that miR-221/222 play crucial roles in regulating lipid metabolism, inflammation, 
fibrosis in the liver, and improving inflammation in viral myocarditis.32,94 Moreover, miR-221/222 promotes insulin 
intolerance by inhibiting insulin production by pancreatic β cells in mice.95 These findings make them a significant player 
in the development of diabetes. In this study, HG and PM treatment decreased the miR-221/222 levels in ECs. However, 
NCur treatment reversed this decrease. A previous report showed that miRNAs are the novel targets of curcumin in 
cancer therapy.96 In addition, curcumin is related to the transcriptional activation of microRNA such as miR-21 through 
AP-1 (activator protein-1).97 Moreover, curcumin has been shown to selectively inhibit NF-κB, a regulator of miR-21, 
thereby reducing its expression.98,99 Therefore, NCur may regulate miR-221/222 expression through transcriptional 
regulation or by modulating miR-221/222 degradation via RNase.100 In this study, cells transfected with miR-221/222 
mimics exhibited reduced ROS production and autophagosomes induced by HG and PM. Moreover, these cells displayed 
improved ΔΨm and mitochondrial length. Furthermore, cells transfected with miR-221/222 mimics reduced ICAM and 
BNIP3 expression and inhibited monocyte adhesion. These findings suggest that NCur increases the expression of miR- 
221/222, thereby mitigating ICAM-1-mediated endothelial inflammation.

In this study, NCur has been shown to be effective as a therapeutic agent in ameliorating HG- and PM-induced 
endothelial inflammation. Its protective role involves the regulation of miR-221/222 and the clearance of mitochon-
drial ROS. However, the underlying mechanism by which NCur upregulates miR-221/222 remains unclear. Previous 
studies have suggested that Cur affects miRNA regulation in cancer therapy,96 and plays a key role in miRNA 
transcription and post-transcriptional degradation.98,100 Therefore, NCur may exert the above-mentioned effects by 
promoting the expression of miR-221/222, and the specific mechanism deserves further study. Furthermore, it’s 
worth noting that the PM doses used in in vivo studies are widely used in toxicological testing.64 However, 
limitations of this study regarding these doses may extend beyond real-world exposures. These issues require 
further investigation to elucidate the molecular mechanism of NCur and to fully understand the actual effect of 
PM on organisms.

Conclusion
In this study, the combined exposure to PM and HG exacerbated mitochondrial oxidative stress and mitochondrial 
fission, mitophagy, and inflammation in ECs. The JNK pathway played a pivotal role in these processes. However, NCur 
pretreatment effectively attenuated endothelial injury both in vitro and in vivo. These findings highlight the potential of 
NCur as a therapeutic intervention to counteract the detrimental effects of simultaneous exposure to diabetes and air 
pollutants on endothelial cells. This research provides the importance of investigating new approaches, such as NCur, to 
protect people with diabetes from the adverse effects of environmental pollutants, raising hope for improved strategies to 
manage diabetes-related cardiovascular complications exacerbated by air pollution.
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