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Abstract

Chokeberry, Aronia melanocarpa, is an indigenous fruit from North America used as food 

and to prevent chronic disease by Indigenous Peoples. The objective of this study was to test 

anti-inflammatory effects of anthocyanin on palmitic acid (PA)-induced IL-6 gene expression, 

IL-6 DNA methylation, and histone (H3) acetylation. Additionally, we examined effects of 

anthocyanins Cyanidin-3-O-galactoside (C3Gal) and Cyanidin-3-glucoside (C3G) on IL-6 gene 

expression. Human primary pre-adipocytes were treated with chokeberry juice extract (CBE), 

C3Gal or C3G in the presence or absence of PA or lipopolysaccharide (LPS). CBE inhibited 

LPS- and PA-induced IL-6 mRNA expression (p < 0.0001), while C3G and C3Gal had smaller 

effects. Human IL-6 promoter DNA methylation was increased (p = 0.0256) in CBE treated cells 

compared to control. Histone H3 acetylations were not affected by CBE or PA treatment. These 

data indicate that CBE epigenetically reduced PA-induced inflammation by regulating IL-6 DNA 

methylation without affecting histone modifications in human preadipocyte cells.
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1. Introduction

Increased systemic and localized inflammation are associated with the development of 

insulin resistance (Rehman et al., 2017), type 2 diabetes mellitus (T2DM) (Raghav et al., 

2018), arthritis (Prasad et al., 2021), cardiovascular diseases (Cao et al., 2016), and cancer 

(Goh et al., 2016; Nost et al., 2021). Obesity (Kunz et al., 2021), excess adipose tissue 

(Greenberg and Obin, 2006), and excessive energy intake promote systemic inflammation. 

Dietary bioactive flavonoids reduce systemic inflammation and associated chronic disease 

prevalence (Zhang et al., 2020; Hang et al., 2018; Maleki et al., 2019), thereby making 

flavonoids potentially important food factors for preventing chronic disease. Chokeberry 

(Aronia melanocarpa) is one of the highest flavonoid-containing fruits exceeding that of 

both blueberries (Mendelova et al., 2022) and blackberries (Zapolska-Downar et al., 2012). 

Chokeberry has been historically distributed around the Great Lakes and the eastern regions 

of North America from Newfoundland, Canada to the southern portion of the Appalachian 

mountains (Hardin, 1973). Through careful observation and study Indigenous Peoples 

recognized and utilized chokeberry as both food and a means of preventing chronic diseases 

(Kokotkiewicz et al., 2010). On account of a high prevalence of chronic disease among 

Indigenous Peoples (Williams et al., 2019; O’Connell et al., 2021), attainable, culturally 

connected, and sustainable dietary solutions for disease prevention need to be determined.

Inflammation results from a lesion or factor (i.e., palmitic acid) (Roe, 2021) that activates 

an immune response. Immune cells and adipocyte/preadipocytes secrete proinflammatory 

cytokines and chemokines via an autocrine, paracrine, or endocrine manner to elicit local 

inflammation (Roe, 2021). Adipocytes respond to proinflammatory signaling molecules 

that act via cell surface receptors to promote systemic inflammation (Tanaka et al., 2014). 

It is known that adipose tissue and white adipocytes are one of the major tissue and 

cell type sources of pro-inflammatory cytokine IL-6 (Tanaka et al., 2014) that stimulates 

the inflammatory and auto-immune processes in type 2 diabetes mellitus (Rehman et al., 

2017), atherosclerosis (Zheng et al., 2022) and rheumatoid arthritis (Larsson et al., 2023). 

Chokeberry extract reduces inflammation as measured by IL-6 and IL-8 concentrations 

(Naruszewicz et al., 2007; Iwashima et al., 2019; Appel et al., 2015). Furthermore, 

consumption of whole chokeberry (Pei et al., 2019), chokeberry juice (Appel et al., 2015) 

and isolated bioactive compounds (e.g., anthocyanin) found in chokeberry (Goh et al., 2016) 

all have anti-inflammatory effects in vivo and in vitro.

Chokeberry contains procyanidins and anthocyanins (Kokotkiewicz et al., 2010). 

Anthocyanins make up 25–57% of the polyphenols in chokeberry with cyanidin-3-

galactoside (C3Gal) being the most abundant and cyanidin-3-glucosicde (C3G) being the 

least abundant (Oszmianski and Wojdylo, 2005; Tian et al., 2017). These polyphenols 

and other bioactive compounds have anti-inflammatory effects via regulation of epigenetic 

pathways that are known to generally affect epigenetic modification of genes, and gene 

expression (Kim et al., 2017; Guo et al., 2015; Zhao et al., 2018). Epigenetics changes 

are reversable and heritable modifications that control gene expression through alterations 

of DNA, histones, chromatin, and RNAi without changing the DNA sequence (Perkins 

et al., 2016). Understanding the epigenetic mechanisms that regulate chronic low-grade 

inflammation is important for reducing development of metabolic diseases (Russo et al., 
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2017). Although there has been ample research in understanding the physiological pathways 

associated with inflammation, there is still much to be elucidated about role of epigenetic 

effect on those pathways. Additionally understanding how dietary foods as a whole or 

individual bioactive compounds can epigenetically affect gene expression provides insight 

on how our foods can reduce inflammation and inflammation induced chronic illnesses 

(Russo et al., 2017).

Inflammatory cytokine synthesis, including IL-6, is epigenetically regulated (Cai et al., 

2020; Takahashi et al., 2015). Increased methylation at the IL-6 promoter coincided 

with increased expression of IL-6 mRNA in obese women (Na et al., 2015). IL-6 gene 

expression increases when induced by LPS via increased DNA methylation at the IL-6 

promoter in bovine endometrial cells (Wang et al., 2018). Alpinetin, a flavonoid found in 

Alpinia katsumadai Hayata plant, inhibited IL-6 gene expression in murine macrophages 

by increasing methylation at CpG islands in the IL-6 promoter region (Hu et al., 2020). 

Therefore, IL-6 is epigenetically regulated in the promoter region and by flavonoid 

treatments.

The current study extends previous research in this area by testing the anti-inflammatory 

effects of flavonoids found in chokeberry extract on human primary pre-adipocyte cells 

epigenetically regulated. Previous work has shown that flavonoids and foods with high 

flavonoid content affect inflammation pathways in human tissues and that isolated 

flavonoids (i.e., fisetin and C3G) regulate transcription factors (NF-kB) (Peng et al., 

2018) and decrease inflammatory genes expression (IL-6) (Sun and Li, 2018). Cell culture 

research utilizing chokeberry extract per se has found reductions in expression of IL-1B, 

IL-6 and IL-8 mRNA in human endothelial cells (Iwashima et al., 2019). A clinical 

trial utilizing another flavonoid-rich extract demonstrated that consuming tart cherry juice 

reduced inflammation markers chemokine MCP-1 and cytokine TNF-alpha monocytes 

(Martin et al., 2018). Research has also examined flavonoid effects on epigenetic regulation 

of inflammation in human cell lines. In human monocytes (−)-epicatechin reduced 

inflammation by epigenetic regulation of H3K9 and dimethylation of H3K4 (Cordero-

Herrera et al., 2017), while Genistein reduced inflammation in human umbilical vein 

endothelial cells by repression of the NF-kB signaling pathway through microRNA-155/

SOCS1 (Zhang et al., 2017).

Thus, the objective of this study was to determine the effects of whole fruit chokeberry 

juice extract (CBE) on IL-6 DNA methylation, histone (H3) acetylation, and IL-6 mRNA 

expression in primary human pre-adipocyte cells (HPA) in the presence and absence of 

PA induced inflammation. Additionally, we examined C3Gal and C3G effects on IL-6 

expression in HPA in order to determine whether anti-inflammatory potential differs 

between CBE and isolated polyphenolic compounds, C3G and C3Gal. We hypothesized that 

CBE increases H3 acetylation to decrease IL-6 mRNA expression. We further hypothesized 

that CBE would decrease methylation in the IL-6 promoter region resulting in decreased 

IL-6 mRNA expression. In this study new evidence is presented that CBE reduces IL-6 

mRNA expression induced by palmitic acid via regulating IL-6 promotor DNA methylation 

without affecting global histone H3 acetylation of lysine residues K9, K14, and K18 in 

human preadipocyte cells.
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2. Material and methods

2.1. Cell Treatment: Chokeberry extract and palmitic acid

Experiment 1 reported in Results 3.1, 3.6 and 3.7, primary subcutaneous human 

preadipocytes (American Type Culture Collection (ATCC), Manassas VA, PCS-210-010) 

were seeded at density of 150,000 cells/well in complete fibroblast medium (cFBM, ATCC, 

PCS-201-030) with fibroblast growth kit-low serum (ATCC, PCS-201-401), gentamicin, and 

phenol red. The cells were pre-treated with CBE (4 μl/ml equivalent of 2 μM C3G) for three 

hours, washed, and treated for additional three hours with one of four treatments: 0.17 mM 

bovine serum albumin (BSA) for control; 2 μM CBE; 1.0 mM PA + 2 μM CBE; and 1.0 

mM PA. Experiments 2–5, reported in Results 3.2 to 3.5 with C3G, C3Gal or CBE; and 

PA or lipopolysaccharide (LPS; 1 mg/ml) were done seeded in 12 well plates, at a density 

of 80,000 cells per well. Cells were harvested and stored at −80C° freezer for isolation of 

genomic DNA, total RNA and protein using AllPrep DNA/RNA/Protein Mini Kit (Qiagen, 

Valencia, CA).

2.2. Chokeberry extract, C3G, and C3Gal

Frozen fresh Chokeberry was purchased from Northwest Wild Foods (Burlington, 

Washington) and stored at −20C°. Extract from the frozen berries was attained from 100 

g of berries, blended, and centrifuged at 15,000 RPM, 5 min at 4C°. The juice extract 

was aliquoted and stored at −80C° freezer. Based on quantitative data published in a study 

(Olivas-Aguirre et al., 2016), we estimated that 20 mg of C3G was contained in 100 

g of chokeberry. A dose study was conducted to determine an optimal CBE treatment 

concentration (e.g., 2 μM C3G equivalent or 4 μl/ml) used for treatments. Similarly, 2 μM 

concentration for both C3G and C3Gal (Sigma-Aldrich, Burlington, MA, USA) were used.

2.3. Conjugation of fatty acid

68.5 mg sodium palmitate (PA) (Sigma, Burlington, MA) was dissolved in 10 ml 

Dulbexxo’s phosphate buffered saline (dPBS) (ATCC, Manassas, VA) in a 70C° water bath. 

4.534 g of fatty acid free bovine serum albumin (FAFBSA) (Sigma, Burlington, MA) was 

dissolved in 17 ml (37C°) dPBS and placed inside a 37C° incubator. dPBS was added to 

FAFBSA to bring to a volume of 20 ml. Ten milliliters of FAFBSA were transferred to a 

flask inside the 37C° incubator, and 6 ml PA was added. After 20 min of conjugation, an 

additional 2 ml PA were added and conjugated for 40 min. The conjugated solution was 

brought up to a 20 ml volume with dPBS for a concentration of 1.7 mM FAFBSA 1.0 mM 

PA. The remaining 10 ml FAFBSA was diluted with 10 ml dPBS for a concentration of 

1.7 mM FAFBSA. Phenol red was added to FAFBSA:PA and FAFBSA solutions. Solutions 

were filtered with a Luer-Lok 20 ml syringe (Becton, Dickenson and Co., Franklin Lakes, 

NJ) and Acrodisc 0.2 μM Supor membrane, low protein binding, non-pyrogenic filter (Paul 

Corp., Ann Arbor, MI) in a safety cabinet, aliquoted, and stored at −20C°.

2.4. RNA, DNA and protein isolation

Experiment 1 cells were homogenized (Retsch MM200 homogenizer, Retsch, Newtown, PA) 

and total RNA, DNA and protein were isolated using AllPrep DNA/RNA/Protein Mini Kit 
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(Cat No 80004, Qiagen, Valencia, CA, USA). Total RNA extraction for experiments 2–5 

from human pre-adipocytes was done according to the protocol of Qiagen’s RNeasy lipid 

tissue mini kit (Qiagen, Valencia, CA, USA) and using Qiacube (Qiagen, Valencia, CA, 

USA).

2.5. RT-qPCR analysis

RT-qPCR analysis was performed using methods from our previously published study 

(Claycombe-Larson et al., 2022). cDNA was synthesized using the Quantitect Reverse 

Transcriptase kit (Qiagen, Valencia, CA, USA). Gene expression was measured by qPCR 

(ABI Prism 7500 PCR System, Applied Biosystems, Foster City, CA USA) using Rox 

FastStart Universal Probe Master mix (Roche, Indianapolis, IN, USA), Hs-IL6 primers 

were purchased from Integrated DNA Technology (IDT, Coralville, IA, USA): forward, 

5′-GCAGATGAGTACAAAAGTCCTGA-3′; reverse, 5-TTCTGTGCCTGCAGCTTC-3′; 
and probe, 5′-56-FAM/CAACCACAA/ZEN/ATGCCAGCCTGCT/3IABkFQ/-3′. The 

endogenous control (18S rRNA) was purchased from Applied Biosystems (Foster City, CA, 

USA). The mRNA expression was normalized to 18S rRNA. The ΔΔCT method was used to 

calculate fold changes in IL-6 mRNA expression.

2.6. DNA methylation analysis

200 ng of DNA extracted from experiment 1 was treated with sodium bisulfite using 

Bisulphite Kit (Qiagen, Valencia, CA, USA). Pyro-sequencing of the DNA was conducted 

using 20 ng of bisulphite treated DNA using PyroMark Q48 (Qiagen, Valencia, CA, USA). 

IL-6 primers (Qiagen Valencia, CA, USA) (GenBank AF372214.2) were:

Forward (position −268 to −243): 5′-GGGAAAAAAGAAAGTAAAGGAAGAGT-3′

Reverse (position −81 to −54): (Biotin)5′-AAAACTCATAAAAAAATCCCACATTTAA-3′

Sequencing Primer (position −255 to −240): 5′-GTAAAGGAAGAGTGGTT-3′

The target CpG island containing region of the IL-6 promoter includes:

2.7. Western Blot

Western Blot was analyzed on protein extracted from experiment 1 using method from our 

previously published study (Claycombe-Larson et al., 2022). Proteins (25 μg) were resolved 

on Novex WedgeWell 4–20 % Tris-Glycine Gel (Invitrogen, Thermo Fisher Scientific, 

Carlsbad, CA, USA) and then transferred to a 0.45 μM Immobilon-FL transfer membrane 

(Millipore, Burlington, MA, USA) and incubated in Li-Cor Intercept Blocking Buffer 

(Li-Cor Biosciences, Lincoln, NE, USA) with primary antibodies anti-Histone H3 (acetyl 

K9) antibody ab10812 (Abcam, Cambridge, MA, USA), anti-acetyl-Histone H3 (Lys14) 

antibody 07–353 (Millipore, Burlington, MA, USA), and anti-acetyl-Histone H3 (Lys18) 

antibody 07–354 (Millipore, Burlington, MA, USA) with anti-histone H3 antibody ab10799 

(Abcam, Cambridge, MA, USA) as an endogenous control. Images were developed with 
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the Odyssey M (Li-Cor Biosciences, Lincoln, NE, USA) and analyzed with Empiria Studio 

Software (Li-Cor Biosciences, Lincoln, NE, USA).

2.8. Statistical analysis

GraphPad Prism 9 was used to determine significance of the difference between conditions 

using one-way ANOVA for the qPCR, Western Blot and DNA methylation data followed 

by a Tukey’s Post-hoc test to determine which conditions were significantly different at p < 

0.05. The qPCR data are presented as the mean ± standard error of the mean (SEM) with the 

control group acting as the unit of measure and the expression of treatments relative to the 

control group as fold-change. The Western Blot and DNA methylation data are presented as 

mean ± SEM.

3. Results

3.1. Effect of PA, CBE and anthocyanins on IL-6 mRNA expression

As shown in Fig. 1, IL-6 expression is presented as fold change ± SEM with values for 

Control 1.00 ± 0.92 fold, CBE 1.06 ± 0.94 fold, CBE + PA 21.57 ± 0.91 fold and PA 

627.71 ± 1.17-fold. No increase (p = 0.9998) in IL-6 mRNA expression was detected in 

HPA cells treated with CBE (FAFBSA + CBE) compared to the control group. Treatment 

of HPA cells with PA resulted in an increase of IL-6 mRNA expression compared to the 

Control (FAFBSA) (p < 0.0001), CBE (p < 0.0001) and CBE + PA (p = 0.0004) conditions. 

Treatment of HPA cells with CBE + PA increased IL-6 expression compared to the Control 

(p = 0.0011) and CBE (p = 0.002) conditions; but showed a decrease (p = 0.0004) in 

expression compared to PA treatment.

3.2. Effects of LPS, and cyanidin 3-glucoside on IL-6 mRNA expression

As shown in Fig. 2A, IL-6 expression is presented as fold change ± SEM with values for 

Control 1 ± 0.33 fold, C3G 0.06 ± 1.05 fold, C3G + LPS 6.43 ± 0.59 fold and LPS 16.28 ± 

0.52 fold. The control had greater (p = 0.0006) expression than C3G and lower expression 

than C3G + LPS (p = 0.0258) and LPS (p = 0.005). The C3G condition was also lower in 

expression than the C3G + LPS (p < 0.0001) and LPS (p < 0.0001) conditions. There was no 

difference (p = 0.4537) between C3G + LPS and LPS conditions.

3.3. Effect of LPS, CBE and anthocyanins on IL-6 mRNA expression

As shown in Fig. 2B, IL-6 expression is presented as fold change ± SEM with values for 

Control 1.00 ± 0.50 fold, CBE 0.61 ± 0.42 fold, CBE + LPS 0.28 ± 0.61 fold and LPS 11.66 

± 0.44 fold. The control group was not significantly different than CBE (p = 0.5732) and 

significantly higher than CBE + LPS (p = 0.0053) and lower than LPS (p < 0.0001). CBE 

treatment is not significantly different than the CBE + LPS (p = 0.2211), but significantly 

lower than LPS (p < 0.0001). CBE + LPS treatment was significantly lower than LPS (p < 

0.0001).
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3.4. Effect of PA, and cyanidin 3-galactocide on IL-6 mRNA expression

As shown in Fig. 2C, IL-6 expression is presented as fold change ± SEM with values for 

Control 1 ± 1.29 fold, C3Gal 1.85 ± 0.96 fold, C3Gal + PA 19.66 ± 1.03 fold and PA 43.01 

± 1.09 fold. The control condition did not differ (p = 0.7116) from C3Gal and was lower 

than C3Gal + PA (p = 0.0001) and PA (p < 0.0001) conditions. C3Gal condition was also 

lower than the C3Gal + PA (p = 0.0007) and PA (p < 0.0001) conditions. There was no 

difference (p = 0.4657) between the C3Gal + PA and PA conditions.

3.5. Effect of PA, CBE and anthocyanins on IL-6 mRNA expression

As shown in Fig. 2D, IL-6 expression is presented as fold change ± SEM with values for 

Control 1 ± 01.29 fold, CBE 0.02 ± 1.09 fold, CBE + PA 0.28 ± 1.04 fold and PA 50.68 ± 

1.36 fold. The control condition was greater (p < 0.0001) than CBE and lower (p = 0.0008) 

than PA, but not different (p = 0.3608) than CBE + PA. CBE was lower than the CBE + PA 

(p = 0.0085), and PA (p < 0.0001) conditions. CBE + PA was lower (p < 0.0001) than the PA 

condition.

3.6. Effects of PA, CBE, and anthocyanins on IL-6 DNA methylation

As shown in Fig. 3, DNA methylation in four CpG sites in the promoter region of IL-6 

were analyzed and are reported as overall percentage methylation calculated as percentage 

methylated CpG divided by percentage methylated CpG and unmethylated CpG. Fig. 3A, 

IL-6 promoter CpG site percent methylation at position 1 (−227 cytosine) were 7.00 ± 1.2 

for Control, 8.14 ± 1.64 for CBE, 5.78 ± 0.94 for CBE + PA, and for 8.78 ± 0.66 for 

PA treatments. Fig. 3B, IL-6 promoter CpG site percent methylation at position 2 (−212 

cytosine) were 5.88 ± 0.97 for Control, 6.43 ± 1.40 for CBE, 4.22 ± 0.10 for CBE + PA, 

and 5.22 ± 0.80 for PA treatments. Fig. 3C, IL-6 promoter CpG site percent methylation at 

position 3 (−162 cytosine) were 14.13 ± 1.46 for Control, 14.86 ± 3.50 for CBE, 11.89 ± 

2.31 for CBE + PA, and 14.11 ± 1.45 for PA treatments. Fig. 4C, IL-6 promoter CpG site 

percent methylation at position 4 (−118 cytosine) were 9.63 ± 2.23 for Control, 18.29 ± 2.88 

for CBE, 10.44 ± 1.32 for CBE + PA, and 13.11 ± 1.39 for PA treatments. ANOVA showed 

no differences between treatments for methylation of the DNA at CpG position 1–3: Position 

1 (p = 0.2196), Position 2 (p = 0.4919), Position 3 (p = 0.7916). Position 4 ANOVA showed 

a difference (p = 0.0229) which is attributed to the CBE treatment. The IL-6 promoter region 

for CpG position 4 was more methylated than the control (p = 0.0256) and CBE + PA (p = 

0.0418), but not PA (p = 0.2710) conditions.

3.7. Effects of PA, CBE and anthocyanins on histone H3 acetylation

Treatment with CBE, CBE + PA or PA did not show a difference in acetylation in 

comparison to the control or each other. The ANOVA indicated that there were no 

differences between treatments for acetylation of H3K9 (p = 0.5001), H3K14 (p = 0.9163) 

and H3K18 (p = 0.9658).

4. Discussion

Chokeberry is an indigenous fruit that grows in North America which was used in pemmican 

and as tea by Indigenous Peoples who benefited from the high flavonoid content that is 
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known to alleviate symptoms of diet related disease (Kokotkiewicz et al., 2010). Chronic 

systemic inflammation is associated with diseases such as obesity, cancer, diabetes, and 

arthritis (Rehman et al., 2017; Prasad et al., 2021; Nost et al., 2021; Kunz et al., 2021) 

with a greater prevalence in Indigenous Peoples of North America (Williams et al., 

2019). Reducing chronic inflammation may be key for preventing onset of these chronic 

diseases. Understanding the physiologic, genetic, and epigenetic mechanisms that regulate 

chronic low-grade inflammation may shed an important light on reducing chronic disease 

risk in venerable/at risk populations. The current study demonstrated, for the first time, 

that chokeberry juice extract reduces PA-induced inflammation by regulating IL-6 DNA 

methylation without affecting histone modifications in human pre-adipocyte cells.

In our current study, hypermethylation of Position 4 CpG −118 site (induced by CBE 

treatment; Fig. 3D) decreased IL-6 gene expression when compared to the control. Although 

not observed in the experiment in which the DNA methylation was analyzed (Fig. 1), 

treatment with CBE reduced IL-6 expression in the two other experiments (Fig. 2B and 

D). Our results agree with a human lung cancer cell model study in which the four CpG 

sites between −240 and −80 region of IL-6 gene were hypermethylated and lower IL-6 

expression compared to non-cancer cells (Tekpli et al., 2013). In addition, T-cells treated 

with 5-azacytidine from people with systemic lupus erythematosus (SLE) and from healthy 

adults showed an increase in IL-6 mRNA expression and a decrease in methylation at CpG 

islands between −419 and −115 (Mi and Zeng, 2008). SK-N-BE human neuroblastoma cells 

treated with alpha-lipoic acid, an anti-inflammatory molecule, resulted in a decrease in IL-6 

mRNA expression and hypermethylation of CpG cites in IL-6 gene regions 1446 to 1648; 

and upstream IL-6 promoter region of −245 to −43 (Dinicola et al., 2017). In toto, these 

findings indicate that CpGs in this region of the IL-6 promoter may suppress transcription 

when hypermethylated and that CBE, in this study, may be providing a protective effect 

against IL-6 expression.

This protective effect is observed in the difference of IL-6 mRNA expression between 

CBE and CBE + PA treatments (Fig. 1). Pre-treatment of CBE in both would result in the 

hypermethylation of Position 4. The subsequent treatment of CBE + PA results in the PA 

demethylating Position 4 to control levels (Fig. 3D) and significantly reducing IL-6 mRNA 

expression in comparison to PA treatment alone (Fig. 1).

However, CpG site in Position 4 was slightly methylated in the PA treatment, which may 

indicate that the increase in methylation increases transcription, and that CBE has a volatile 

constituent resulting in the increase methylation (Kokotkiewicz et al., 2010). Although as 

stated above, in the presence of PA, Position 4 is demethylated. Therefore, if increased 

methylation of Position 4 was the result of a volatile constituent in CBE, then there should 

be greater methylation percentage in the CBE + PA treatment compared to either CBE or 

PA instead of the decrease observed. The methylation caused by CBE may act on a different 

pathway than that of the PA.

For example, LPS induced IL-6 transcription by activating nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) pathway in RAW 264.7 macrophages, while 

subsequent treatment with chokeberry concentrate inhibited transcription factor NF-kB and 
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reduced IL-6 expression in a dose dependent manner (Appel et al., 2015). PA increase 

the IL-6 expression in 3T3-L1 adipocytes by activating the NF-kB pathway and that 

pretreatment with anthocyanin extract inhibited the PA induced NF-kB pathway (Muscara 

et al., 2019). Transcription factor p65 along with other transcription factors in the NF-kB 

pathway bind to the promoter region of IL-6 to increase expression (Kobayashi et al., 

2016). The activation of the nuclear factor E2-related factor (Nrf2) pathway decreases IL-6 

expression by Nrf2 binding in close proximity to IL-6 resulting in an inhibitory effect by 

interfering with P65 activation of IL-6 and also disrupting RNA Polymerase II recruitment, 

but its mechanisms haven’t been elucidated (Kobayashi et al., 2016). Chokeberry may 

activate the Nrf2 pathway with flavonoids C3G (Fratantonio et al., 2015; Ferrari et al., 

2016), and C3Gal (Cui et al., 2021) which have been reported to increase Nrf2 expression. 

Therefore, methylation of Position 4 may be one of the mechanisms that is used by Nrf2 

pathway to protect against PA induced IL-6 transcription by inhibiting transcription factors 

and possibly specificity protein 1(SP1), which binds between nucleotide −123 to −119 

(Tanaka et al., 2014).

The flavonoids C3G and C3Gal are among many found in CBE (Oszmianski and Wojdylo, 

2005) which may in combination with other flavonoids in CBE exert a significant inhibition 

on IL-6 expression of which our data supports. We determined that 2 μM C3G partially 

reduced IL-6 expression caused by LPS treatment (Fig. 2A). It was also determined that 

2 μM C3Gal partially reduced IL-6 expression caused by PA (Fig. 2C). Previous research 

has shown that 5 μM and 10 μM treatment of C3G showed a dose dependent inhibition of 

expression of IL-6 in 3T3-L1 adipocyte cells induced by PA with a reduction in expression 

of approximately 1.7 fold for 5 μM and 2.2 fold for 10uM than PA treatment (Molonia 

et al., 2020). Mouse macrophage cells exposed to particulate matter (<10 μM) induced 

IL-6 expression with a subsequent treatment of C3Gal resulting in a decrease in expression 

observed in the greater concentrations (200 and 400 μg/ml), but not lower concentration 

(100 μg/ml) (Cui et al., 2021). The result of no effect of 2uM doses of C3G and C3Gal 

on IL-6 mRNA expression in the current study aligns with the results of previous studies 

that there is a low threshold for effectiveness, but further research is necessary to determine 

this lower threshold. However, the expression of IL-6 in C3G + LPS was 2.5 fold lower in 

comparison to LPS alone and C3Gal + PA was 2.2 fold lower in comparison to PA alone, 

which are comparable to those reported for 5 μM (1.7 fold lower) and 10 μM (2.1 fold 

lower). This may be due to a greater variance in our data. It may be worth testing if C3G 

and C3Gal have an additive effect at reducing IL-6 expression in future research and in 

combination with other anthocyanins found in chokeberry.

Global histone H3K9 and H3K14 acetylation has been shown to be decreased by treatment 

with lipoteichoic acid and peptidoglycan in bovine mammary epithelial cells (MAC-T) (Wu 

et al., 2020). Global histone H3K18 hyperacetylation has been induced in human lymphoma 

cells (HBL-2) treated with alkylating agents. However, in this study the global acetylation 

of Histone H3 at lysine residues H3K9, H3K14, and H3K18 were not significantly different 

between treatments and a more specific analysis that targets the Histones specific to the 

IL-6 region (Fig. 4) may be needed. Research using Chromatin Immunoprecipitation (ChIP) 

has been used to determine acetylation of histone H3 specific to the IL-6 promoter (Wada 

et al., 2014; Hu et al., 2017; Zhang et al., 2015). In mouse macrophages treated with 
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LPS, ChIP analysis indicated H3 and H4 acetylation were positively correlated with IL-6 

expression (Zhang et al., 2015). In mouse macrophages treated with paraquot, ChIP-qPCR 

showed increase levels of H3K4me3 and H3K9ac at the IL-6 promoter coinciding with 

increased expression of IL-6 (Hu et al., 2017). And in human rheumatoid arthritis synovial 

fibroblasts treated with curcumin, a ChIP assay determined that increased acetylation of 

histone H3 results in increased IL-6 production (Wada et al., 2014). Therefore, in future 

research ChIP assay should be used to further determine the effects of chokeberry on histone 

H3 acetylation and methylation in correlation to IL-6 expression.

The results here support previous research that chokeberry reduces inflammation by 

lowering IL-6 mRNA expression (Iwashima et al., 2019; Appel et al., 2015). In addition, 

our results align with those reporting that alpinetin regulates IL-6 mRNA expression by 

DNA methylation of the IL-6 promoter region in RAW246.7 murine macrophages (Hu et al., 

2017). Alpinetin increased methylation at two CpG islands containing multiple CpG sites in 

the IL-6 promotor region −500 to −2500 (Hu et al., 2017), while our results indicated that 

chokeberry increase methylation at one CpG site −118 at Position 4 in human preadipocytes. 

Chokeberry effects on IL-6 promoter methylation and IL-6 mRNA expression in human 

preadipocytes build on our understanding of its anti-inflammatory properties.

A proposed mechanism (Fig. 5) for the interaction between CBE and PA on both CpG 

methylation of Position 4 (−118) and IL-6 mRNA expression involves the activation of 

both the Nrf2 and NF-kB pathways, respectively. During pretreatment with CBE, the Nrf2 

pathway is activated by flavonoids: C3G, C3Gal and/or by another flavonoid in the group 

of polyphenols. Nrf2 pathway activities increase methylation at Position 4 which then 

inhibits binding of SP1 transcription factor, as well as, disrupting RNA Polymerase II and 

other transcription factors as previously reported, resulting in a decrease in IL-6 expression 

(Kobayashi et al., 2016). We postulate that when PA is added during treatment it induces the 

NF-kB pathway and IL-6 transcription while reducing methylation at Position 4. When both 

CBE and PA are present, each compounds induce their pathways which both effect the IL-6 

methylation and mRNA expression antagonistically resulting in a reduction in methylation at 

Position 4 and decreased expression IL-6 compared to PA treatment alone.

There are some limitations to this study. This study was done in vitro and there may be 

different physiological factors affecting the interactions in vivo. Although methylation of 

IL-6 promoter was observed, the additional specific epigenetic regulators that induces those 

effects still needs to be elucidated. Additionally, the exact mechanism underlying CBE 

modulate both the NF-kB and Nrf2 pathways in human pre-adipocyte need to be further 

investigated.

In conclusion, the health benefits that chokeberry may have had on indigenous peoples in 

staving off chronic illness may be attributed to its anti-inflammatory effects. The epigenetic 

changes on inflammatory genes like IL-6 may maintain that protection between meals 

that include chokeberry. In this research we have demonstrated that Chokeberry extract is 

effective at alleviating inflammation caused by PA or LPS as indicated by IL-6 mRNA 

expression in primary human preadipocyte cells. However, C3G and C3Gal only partially 

inhibit IL-6 expression at the 2 μM concentration indicating other bioactive components in 
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CBE may be involved in reducing IL-6 gene expression. Also, global histone H3 acetylation 

of lysine residues K9, K14, and K18 does not indicate that either PA or CBE effect IL-6 

gene expression, and more specific analysis is needed. The data here indicate that CBE has 

epigenetic modifying effects of the IL-6 promoter region in human preadipocyte cells which 

may contribute to lowering PA induced IL-6 expression. Although, increased methylation 

at CpG −118 still needs to be further clarified as to how it is acting as a protective effect 

against PA treatment. The epigenetic effects of CBE and PA in relation to each other still 

needs further elucidation. As a result, increased consumption of chokeberry juice may be a 

feasible dietary solution to reducing inflammation that can cause chronic disease.
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Fig. 1. 
Effects of treatment of CBE on inflammation induced by PA as determined by IL-6 

expression from AllPrep extraction. RT-qPCR validation results for IL-6 expression in 

human primary preadipocytes presented as fold-change ± SEM. Fold-change is relative to 

the control. (A) PA and CBE treatment results. Significant (P < 0.05) effects identified 

through a one-way ANOVA and Tukey’s Post Hoc. RNA extracted from same source as 

Figs. 3 and 4.
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Fig. 2. Effects of treatments of C3G, C3Gal, and CBE on inflammation induced by PA or LPS as 
determined by IL-6 expression
RT-qPCR validation results for IL-6 expression in human primary preadipocytes presented 

as fold-change ± SEM. Fold-change is relative to the control. (A) LPS and C3G treatments 

results (B) LPS and CBE treatment results (C) PA and C3Gal treatment results (D) PA and 

CBE treatment results. Significant (P < 0.05) effects identified through a one-way ANOVA 

and Tukey’s Post Hoc.
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Fig. 3. 
Effects of treatment of CBE and PA on methylation of DNA in the IL-6 Promoter region 

from AllPrep extraction. Methylation analysis of four CpG islands from pyrosequenced 

DNA of IL-6 promoter region. (A) Position 1 (CpG −227); (B) Position 2 (CpG −212); (C) 

Position 3 (CpG −162); (D) Position 4 (CpG −118). Significant (P < 0.05) effects identified 

through a one-way ANOVA and Tukey’s Post Hoc. DNA extracted from same source as 

Figs. 1 and 4.
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Fig. 4. 
Effects of treatment of CBE and PA on Histone H3 acetylation from AllPrep extraction. 

Histone H3 acetylation of Lysine residues 9, 14, and 18 as determine by protein expression 

relative to the H3 Histone. (A) Acetylation of H3K9 (B) Acetylation of H3K14 (C) 

Acetylation of H3K18. Significant (P < 0.05) effects identified through a one-way ANOVA 

and Tukey’s Post Hoc. Protein extracted from same source as Figs. 1 and 3.
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Fig. 5. Chokeberry Extract and PA interaction
Chokeberry Extract treatment induces transcription of the Nrf2 pathway, hinders NF-kB 

pathway, and increases methylation of CpG Position 4. Methylation of Position 4 inhibits 

SP1 binding. PA treatment induces transcription of the IL-6 gene by the NF-kB pathway, but 

in the presence of CBE IL-6 expression is reduced.
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