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Abstract

Background: Inflammation in endothelial cells induces production of inflammatory cytokines and monocytes 
adhesion, which are crucial events in the initiation of atherosclerosis. Aronia berry (Aronia meranocalpa), also 
called black chokeberry, contains abundant anthocyanins that have received considerable interest for their 
possible relations to vascular health.
Objective: The aim of this study was to investigate whether an anthocyanin-rich extract obtained from aronia 
berry can attenuate inflammatory responses in vascular endothelial cells.
Methods: As a model of  vascular endothelial inflammation, human umbilical vein endothelial cells 
(HUVECs) pretreated with aronia berry extract were stimulated with tumor necrosis factor-alpha (TNF-α). 
The expression levels of  cytokines and adhesion molecules were analyzed. To investigate the effects of  aro-
nia berry extract on the adhesion of  THP-1 monocytic cell, the static adhesion assay was carried out. The 
possible molecular mechanisms by which aronia berry extract regulated vascular inflammatory responses 
were explored.
Results: The mRNA expressions of interleukins (IL-1β, IL-6, and IL-8) and monocyte chemoattractant 
protein-1 (MCP-1) upregulated by TNF-α were significantly suppressed by pretreatment with aronia berry 
extract. Aronia berry extract decreased TNF-α-induced monocyte/endothelial adhesion and suppressed vas-
cular cell adhesion molecule-1 (VCAM-1) expression, but did not affect intercellular adhesion molecule-1 
(ICAM-1) expression. Moreover, aronia berry extract decreased the phosphorylation of signal transducer and 
activator of transcription 3 (STAT3) and the nuclear levels of STAT3 and interferon regulatory transcription 
factor-1 (IRF1). The nuclear translocation of nuclear factor-kappa B (NF-κB) was not inhibited by aronia 
berry extract.
Conclusion: Aronia berry extract could exert anti-atherosclerotic effects on TNF-α-induced inflammation 
through inhibition of STAT3/IRF1 pathway in vascular endothelial cells.
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Popular scientific summary
• Aronia berry contains abundant anthocyanins and recently its functionality attracts attention.
•  The effect of aronia berry extract on vascular endothelial inflammation was investigated in the 

 cultured human endothelial cells stimulated with TNF-α.
•  Aronia berry extract attenuated the expressions of inflammatory cytokines and cell adhesion 

 molecules through the inhibition of STAT3/IRF1 pathway. 
•  Anti-inflammatory effect of aronia berry extract may be useful to reduce risk factors for 

atherosclerosis.
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Vascular endothelial inflammation is well known to 
be an initial step in atherosclerosis (1, 2). Vascu-
lar cells regulate the inflammatory process through 

the expression of cytokines (e.g. tumor necrosis factor- 
alpha [TNF-α], interleukin [IL]-1β, IL-6), chemokines, 
growth factors, and adhesion molecules. When vascular 
endothelial cells undergo inflammatory activation, the 
activated endothelial cells further increase their expres-
sion of chemokines/chemoattractants such as IL-8 (also 
known as CXCL8) and monocyte chemoattractant pro-
tein-1 (MCP-1) which are involved in attracting leukocytes, 
and cell adhesion molecules (CAMs) such as vascular cell 
 adhesion molecule-1 (VCAM-1) and intercellular adhesion 
molecule-1 (ICAM-1). This promotes the adherence of 
the inflammatory cells, including monocytes, neutrophils, 
lymphocytes, and macrophages and the induction of addi-
tional cytokines. Adherent inflammatory cells invade under 
the endothelium to form atheromatous plaques, and their 
effector molecules promote the progression of plaques 
(3,  4). Thus, medications or nutraceuticals that suppress 
the expression of inflammatory cytokines/chemokines and 
adhesion molecules are promising candidates for the treat-
ment and prevention of atherosclerotic diseases.

Regarding the mechanisms underlying the regulation 
of  the expression of  inflammatory cytokines and adhesion 
molecules, the involvement of  the nuclear factor-kappa 
B (NF-κB) pathway and the Janus kinase (JAK)/signal 
transducer and activator of  transcription (STAT) path-
way is well known (5). These pathways are activated by 
stimulation such as that by TNF-α, IL-1β, or IL-6. The 
activation of  NF-κB signaling has been established at 
different stages of  atherosclerosis, beginning from plaque 
formation and on to the destabilization and rupture of 
plaques. The NF-κB pathway also mediates angiogenic, 
apoptotic, and neoplastic processes (6). It was reported 
that the abnormal activation of  STAT and interferon 
regulatory transcription factor (IRF) signaling pathways 
is involved in various human diseases (including cardio-
vascular diseases), consequently attracting attention as 
highly interesting therapeutic targets (7, 8). IRFs are a 
family of  transcription factors that play important roles 
in inflammatory regulation, antiviral responses, cytokine 
signaling, and cell death, growth, and differentiation (9). 
The JAK/STAT3 pathway is upstream in the regulation 
of  IRF1 (10). Notably, it was reported that the inhibition 
of  the JAK/STAT pathway reduced atherogenesis (11), 
and that STAT3 tyrosine phosphorylation is critical for 
IL-1β and IL-6 production in response to inflammatory 
stimuli (12).

Epidemiological, clinical, and basic studies indicate 
that anthocyanins, one class of flavonoids widely available 
in berries, exert protective effects against atherosclerotic 
diseases by acting on multiple targets in the vascular sys-
tem (13, 14). Aronia berry (Aronia meranocalpa), known 

as black chokeberry, is a shrub native to North America 
and is commonly consumed as juice, wine, and jam (15). 
Aronia berry contains abundant polyphenols, mainly 
anthocyanins, and also quercetin and chlorogenic acid 
(16). Aronia berry is reported to contain three times as 
much anthocyanins as blueberry (17). The functionality 
of  aronia berry has attracted attention; antioxidative, an-
ti-inflammatory, antimutagenic, antidiabetic, and hepa-
toprotective activities have been demonstrated (15, 18). 
It was reported that aronia berry extract showed a greater 
effect on endothelium-dependent relaxation in porcine 
coronary arteries compared with extracts of  other ber-
ries (19). Moreover, aronia berry extract has been shown 
to reduce blood cardiovascular risk markers such as 
 oxidized-low-density lipoproteins (LDL), C-reactive pro-
tein (CRP), IL-6, soluble-ICAM-1, soluble-VCAM-1, 
and MCP-1 in patients after myocardial infarction (20). 
However, the mechanisms by which aronia berry pro-
tects against vascular inflammation remain to be fully 
elucidate.

In the present study, we explored the effects of aronia 
berry extract on inflammation in vascular endothelial 
cells, which are closely involved in the progression of ar-
teriosclerosis. We conducted in vitro experiments using 
human umbilical vein endothelial cells (HUVECs) under 
stimulation with TNF-α as a model of vascular endothe-
lial inflammation.

Materials and methods

Materials
A concentrated ethanol extract of aronia berry was pro-
vided by POLA Chemical Industries Inc. (Kanagawa, 
Japan). According to a high-performance liquid chro-
matography (HPLC) analysis conducted by the manu-
facturer, the total anthocyanins content of the aronia 
berry extract powder was 36.49%, which consisted of 
23.52% cyanidin-3-O-galactoside, 10.48% cyanidin-3-
O- arabinoside, 1.36% cyanidin-3-O-xyloside, and 1.13% 
cyanidin-3-O-glucoside. The powder extract was dis-
solved in deionized water at 5 mg/mL and used in the 
experiments. RPMI-1640 medium, Hank’s balanced 
salts solution (HBSS), and 2’,7’-bis(2-carboxyethyl)-5(6)- 
carboxyfluorescein (BCECF) were purchased from Sig-
ma-Aldrich (St.  Louis, MO, USA). Fetal bovine serum 
(FBS), penicillin/streptomycin, novoheparin, and recom-
binant human fibroblast growth factor (hFGF) basic were 
obtained from Biowest (Nuaillé, France), GIBCO (Grand 
Island, NY), Mochida Pharmaceutical (Tokyo), and 
R&D  Systems (Minneapolis, MN), respectively.

Cell culture and treatment
HUVECs were obtained from Lonza (Basel,  Switzerland), 
grown in RPMI-1640 medium supplemented with 
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20%  FBS, 1% penicillin/streptomycin, 0.5% novohep-
arin, and 0.05% recombinant hFGF basic at 37°C and 
5% CO2. HUVECs were pretreated with aronia berry 
 extract (0–25  μg/mL) and then stimulated with TNF-α 
(10  ng/mL). The concentration of aronia berry extract 
added to the cells was set within the range of noncyto-
toxic based on the results of MTT assay (data not shown).

Real-time RT-PCR analysis
RNA was extracted from cells with the total RNA 
 extract reagent RNAiso Plus (Takara Bio, Shiga, Japan). 
We synthesized complementary DNAs from 2 μg of  the 
total RNA by using a High Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific, Rockford, 
IL). A  real-time polymerase chain reaction (PCR) was 
performed on an ABI 7300 cycler (Applied Biosystems, 
 Foster City,  CA) with Power SYBR Green PCR mix 
(Thermo Fisher Scientific). We used r18s rRNA as the 
endogenous control. For all samples, the quantity was 
determined from the relative standard curve and normal-
ized with an endogenous control. The primer sequences 
are as follows: for r18s, forward 5’-ACT CAA CAC GGG 
AAA CCT CAC-3’ and reverse 5’-CAG ACA AAT CGC 
TCC ACC AA-3’; for IL-1β (IL1B), forward 5’-CTG 
TAC GAT CAC TGA ACT GC-3’ and reverse 5’-CAC 
CAC TTG TTG CTC CAT ATC-3’; for IL-6 (IL6), for-
ward 5’-GGT ACA TCC TCG ACG GCA TC-3’ and 
reverse 5’-GCC TCT TTG CTG CTT TCA CAC-3’; for 
gp130 (IL6ST), forward 5’-CTG GGA GTG CTG TTC 
TGC TTT-3’ and reverse 5’-GCC TTG GAG GAG TGT 
GAG GT-3’; for IL-8 (CXCL8), forward 5’-AAA CTG 
GGT GCA GAG GGT TG-3’ and reverse 5’-TGG CAT 
CTT CAC TGA TTC TTG G-3’; for MCP-1 (CCL2), 
forward 5’-ATC ACC AGC AGC AAG TGT CC-3’ and 
reverse 5’-CAA GTC TTC GGA GTT TGG GTT T-3’; 
for VCAM-1 (VCAM1), forward 5’-CAT GGA ATT 
CGA ACC CAA ACA-3’ and reverse 5’-GAC CAA 
GAC GGT TGT ATC TCT GG-3’; and for ICAM-1 
(ICAM1), forward 5’-GGG CAG TCA ACA GCT AAA 
ACC TT-3’ and reverse 5’-CAC CTG GCA GCG TAG 
GGT AA-3’.

Western blot analysis
We isolated total cell and nuclear extract lysates by using 
a protein extraction reagent and NE-PER  Nuclear and 
 Cytoplasmic Extraction Reagents (Thermo Fisher Scien-
tific) containing protease inhibitor cocktail ( NacalaiTesque, 
Kyoto, Japan). Aliquots of protein were separated byso-
dium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (10%) and transferred to an Immobilon-P 
membrane (Millipore, Bedford, MA). After blocking, 
the membranes were incubated with primary antibodies: 
 anti-gp130, anti-NF-κB,  anti-VCAM-1,  anti-ICAM-1, 
 anti-LaminB (Santa Cruz Biotechnology, Santa Cruz, CA), 

anti-stat3, anti- phospho-stat3,  anti-IRF-1,  anti-β-actin, and 
anti-GAPDH (Cell Signaling Technology, Danvers,  MA). 
Each bound antibody was then detected with a horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG sec-
ondary antibody. Chemiluminescent detection of specific 
proteins was developed with the use of ECL Select West-
ern Blotting Detection Reagent (GE Healthcare, Little 
Chalfont, UK). All signals were captured by the LAS-4000 
 system (Fujifilm, Tokyo).

Adhesion assay
We obtained the human monocytic cell line THP-1 from 
the RIKEN Cell Bank (Ibaraki, Japan). THP-1 cells were 
incubated with the fluorescent dye BCECF for 20 min at 
37°C. The fluorescently labeled THP-1 cells were added 
to the HUVECs and incubated for10 min. The unbound 
THP-1 cells were washed away, and fluorescent im-
ages were obtained with a fluorescence microscope. The 
 fluorescent intensity of the adherent THP-1 cells was also 
measured at Ex.482 nm/Em.528 nm by a PowerScan-HT 
(BioTek Instruments, Tokyo).

Statistical analysis
Values are presented as the mean ± SD. We performed 
a one-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test to compare treatment groups. P val-
ues < 0.05 were accepted as significant. All results were 
analyzed with the GraphPad Prism 5 software package 
(GraphPad Software, La Jolla, CA).

Results

Aronia berry extract reduced the expression of inflammatory 
cytokines and chemokines
As mentioned above, IL-1β, IL-6, IL-8, and MCP-1 
are important factors in the development of  athero-
sclerosis. As shown in Fig. 1A, B, the enhanced ex-
pression of  mRNA for IL1B and IL6 by the addition 
of  TNF-α was significantly suppressed by aronia berry 
extract. Moreover, IL6ST (gp130), a signaling mole-
cule of  IL-6, was suppressed by aronia berry extract at 
both the mRNA and protein levels (Fig. 1C, D). Aronia 
berry extract also suppressed the increases in the mRNA 
 expressions of  CXCL8 (IL-8) and CCL2 (MCP-1) 
(Fig. 1E, F).

Aronia berry extract decreased the expression of VCAM-1 but 
not ICAM-1
CAMs are greatly involved in plaque formation by me-
diating leukocyte migration. Here we observed that aro-
nia berry extract concentration-dependently reduced 
TNF-α-stimulated VCAM-1 induction at both the mRNA 
and protein levels (Fig. 2A, C). However, the expression 
of ICAM-1 was unchanged (Fig. 2B, D).
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Aronia berry extract inhibited THP-1 cells’ adhesion to HUVECs
To investigate the effect of aronia berry extract on mono-
cyte-endothelial interactions, we performed an adhesion 
assay under static (no shear stress) conditions. The stimu-
lation with TNF-α significantly increased the adhesion of 
THP-1 cells to HUVECs. In contrast, pretreatment with 
aronia berry extract (≥12.5 μg/mL) significantly reduced 
the adherent cells to HUVECs (Fig. 3A, B).

Aronia berry extract downregulated STAT3/IRF1, but not NF-κB
Inflammatory molecules are known to be regulated by 
the nuclear transcription factors NF-κB and STAT3. To in-
vestigate the mechanism underlying the anti-inflammatory 

effects of aronia berry extract, we examined the nuclear 
translocation of NF-κB and STAT3. The aronia berry 
 extract inhibited the TNF-α-induced STAT3 phosphoryla-
tion and suppressed the nuclear expression (Fig. 4A, B), but 
it did not affect the nuclear expression of NF-κB (Fig. 4C). 
Moreover, the TNF-α-induced nuclear translocation of 
IRF1, a transcription regulatory factor downstream of 
STAT3, was reduced by aronia berry extract (Fig. 4D).

Discussion
The results of our present experiments revealed that aro-
nia berry extract attenuated TNF-α-induced proinflam-
matory changes in endothelial cells, which are involved in 

Fig. 1. Effects of aronia berry extract on inflammation-related factors. HUVECs were pretreated with extract (0–25 µg/mL) 
for 24 h and then stimulated with or without TNF-α (10 ng/mL) for 3 h. The mRNA expressions for IL1B (A), IL6 (B), IL6ST 
(gp130) (C), CXCL8 (IL-8) (E), and CCL2 (MCP-1) (F) were measured by real-time RT-PCR. Values are mean ± SD (n = 3). 
Different letters indicate a significant difference between groups (Tukey’s test after one-way ANOVA, p < 0.05). (D) The gp130 
protein expression was analyzed by western blotting. Representative blots are shown.
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the upregulation of inflammatory cytokines and chemo-
kines (IL-1β, IL-6, IL-8, and MCP-1) and an adhesion 
 molecule (VCAM-1) and an increase in endothelial-mono-
cyte  adhesion. Aronia berry extract also decreased the 

expression of gp130, a signaling molecule of IL-6. Inter-
estingly, aronia berry extract downregulated the TNF-α-
induced VCAM-1 expression but not ICAM-1 expression, 
and it decreased the nuclear expressions of STAT3 and 

Fig. 2. Effects of aronia berry extract on cell adhesion molecules. HUVECs were pretreated with aronia berry extract (0–25 µg/mL) 
for 24 h and then stimulated with TNF-α (10 ng/mL) or not stimulated for 3 h. The mRNA expression for VCAM1 (A) and 
ICAM1 (B) was measured by real-time RT-PCR. Values are mean ± SD (n = 3). Different letters indicate a significant difference 
between groups (Tukey’s test after one-way ANOVA, p < 0.05). (C, D) The protein expression was analyzed by western blotting. 
Representative blots are shown.

Fig. 3. Effect of aronia berry extract on THP-1 cells’  adhesion to HUVECs. HUVECs were pretreated with aronia berry extract 
(0–25 µg/mL) for 24 h and then stimulated with TNF-α (10 ng/mL) or not stimulated for 3 h. The fluorescence-labeled THP-1 
cells were added to the HUVECs and allowed to adhere for 10 min. (A) The fluorescent intensity of the adherent THP-1 cells 
was measured using BCECF dye (excitation 485 nm/emission 528 nm). Values are means ± SD (n = 3). Different letters indicate 
a significant difference  between groups (Tukey’s test after one-way ANOVA, p <0.05). (B) The fluorescent images were obtained 
using a fluorescence microscope.
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IRF1. Our data indicate that the anti-inflammatory effects 
of aronia berry extract are exerted, at least in part, through 
a suppression of STAT3 activation.

An overexpression of inflammatory cytokines/chemo-
kines, such as IL-1β, -6, -8, and MCP-1, induces cell 
migration and adhesion, angiogenesis, and vascular 
 permeability to exacerbate atherosclerosis (21–25). In the 
present study, the pretreatment with aronia berry extract 
significantly decreased the mRNA expressions of IL-1β, 
-6, -8, and MCP-1 in TNF-α-stimulated HUVECs. It is 
known that IL-6 production is enhanced by IL-1 in vascu-
lar endothelial cells (26). Sawada et al. (27) reported that a 
synergistic effect of IL-1β and IL-6 may regulate the pro-
gression of inflammation through the induction of IL-6 
signal transducer gp130 expression. We also  observed 
herein that aronia berry extract downregulated the TNF-
α-induced VCAM-1 protein and mRNA expression in a 
concentration-dependent manner, whereas it had no effect 
on ICAM-1 expression. The effect of aronia berry extract 
on the expression of adhesion molecules was confirmed 
at the functional level by our THP-1/HUVEC adhesion 
assay, which demonstrated that aronia berry extract 
 reduces the monocyte adhesion induced by TNF-α.

Aronia berry extract contains a rich amount of an-
thocyanins, mainly cyanidin-3-O-galactoside and cyani-
din-3-O-arabinoside, which we suspect contributed to our 
present findings. Earlier studies have demonstrated that 
several anthocyanins or anthocyanin-rich plant  extracts 
inhibited the expression of inflammatory cytokines/
chemokines and adhesion molecules and the adhesion 
of monocytes to vascular endothelial cells (28–31). As 
we noted earlier, regarding the mechanisms underlying 
the regulation of these inflammatory mediators’ expres-
sion, the involvement of the NF-κB pathway and JAK/
STAT pathway are well established (5). Speciale et al. 
reported that cyanidin-3-O-glucoside downregulated the 
TNF-α-stimulated NF-κB signal transduction pathway, 
which responds to oxidative signals, and thus inhibited 
both VCAM-1 and ICAM-1 induction in HUVECs (32). 
Luo et al. reported that cyanidin-3-O-glucoside dimin-
ished the activation of STAT3 (33). In contrast to Spe-
ciale et al.’s study, our present results showed that aronia 
berry extract downregulated TNF-α-induced VCAM-1 
but not ICAM-1 expression and that the NF-κB path-
way was not affected. Similar results were shown in stud-
ies using Edelweiss extract or proanthocyanidins from 

Fig. 4. Effects of aronia berry extract on STAT3, NF-κB, and IRF1. HUVECs were pretreated with aronia berry extract 
(0–25 µg/mL) for 24 h and then stimulated with TNF-α (10 ng/mL) or not stimulated for 15 min (for B), 30 min (for D), 1 h 
(for A) or 2 h (for C). The nuclear levels of STAT3 (A), NF-κB (C), and IRF1 (D), and the phosphorylation of STAT3 (B) were 
analyzed by western blotting. Representative blots are shown.
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grape seeds (34, 35). VCAM-1 and ICAM-1 have similar 
structures (36), but they are regulated by different mech-
anisms and show different functions at the initiation of 
lesions of atherosclerosis (37). Although some expression 
of ICAM-1 protein and mRNA is found in unstimulated 
cells, VCAM-1 expression is absent in unstimulated cells 
but is rapidly induced by cytokines. It has been reported 
that the VCAM-1 promoter region contains several tran-
scription factor-binding motifs, including NF-κB, activa-
tor protein-1 (AP-1), IRF1, and transcription factor genes 
binding to DNA sequence GATA (GATAs) (38–43). On 
the contrary, the IRF1 and GATAs binding motifs are not 
present in the ICAM-1 promoter.

Our present results showed that aronia berry extract 
had no effect on the NF-κB pathway, but it suppressed the 
STAT3/IRF1 pathway through an inhibition of the phos-
phorylation of STAT3. As a result, the expression of in-
flammatory cytokines such as IL-1β and IL-6 decreased, 
and the expression of VCAM-1 (which is regulated by 
IRF1) was suppressed by aronia berry extract. The aro-
nia berry extract used in this study at 25 μg/mL contained 
approximately 20 μmol/L of cyanidin glycosides. Similar 
concentrations were used in the studies of anthocyanins 
(1–100 μmol/L) (28–30, 32, 33). Taken together, the an-
thocyanin-rich aronia berry extract may attenuate the 
expressions of inflammatory cytokines and cell adhesion 
molecules through the inhibition of the activation of 
STAT3 in TNF-α-stimulated HUVECs. Recently, Warner 
et al. investigated the activity of physiologically relevant 
anthocyanin metabolite signatures, derived from a previ-
ous pharmacokinetics study of 500 mg 13C-labeledcyan-
idin-3-glucoside, on TNF-α-induced VCAM-1 and IL-6 
production. They found that the greatest inhibition of 
VCAM-1 was observed in response to the 24 h metabolite 
signature, suggesting the metabolites of lower intestinal 
microbial origin are responsible for anti-inflammatory ef-
fects (44). It should be important to investigate whether 
metabolites of aronia berry extract will have differential 
biological activities to their precursor structures and that 
metabolites in combination may have additive or syner-
gistic effects.

In conclusion, we observed that aronia berry extract 
could regulate the expressions of inflammatory cytokines 
and cell adhesion molecules through the inhibition of 
STAT3 activation in TNF-α-induced vascular endothelial 
cells. Our results indicate that aronia berry extract may be 
effective in the reduction of risk factors associated with 
atherosclerosis, but further investigations of the detailed 
molecular mechanisms and the in vivo efficacy of aronia 
berry extract are needed.
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