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Abstract

Background—Glycosaminoglycan (GAG), a major component of the endothelial glycocalyx, is 

severely perturbed in diabetic vasculature leading to endothelial inflammation and vascular disease 

in diabetes. We tested the hypothesis that blueberry metabolites (BBM) ameliorate endothelial 

inflammation in diabetic endothelial cells (ECs) by restoring cell surface GAGs.

Methods—ECs isolated from healthy individuals [human aortic ECs (HAECs)] and diabetic 

patients (diabetic-HAECs) were treated with ± BBM (benzoic acid-4-sulfate, hippuric acid, 

hydroxyhippuric acid, isovanillic acid-3-sulfate, and vanillic acid-4-sulfate at concentrations 

known to circulate in human plasma following blueberry consumption) for 3 days and indices for 

endothelial inflammation were measured. To analyze GAGs, ECs were incubated with sulfate-free 

medium supplemented with [35S] Na2SO4 ± BBM. Total GAGs in ECs and medium were purified 

using DEAE-Sepharose column and were analyzed with high-pressure liquid chromatography 

coupled to an inline flow scintillation analyzer. Heparan sulfate/chondroitin sulfate ratio and 

disaccharide composition of GAGs from the medium were analyzed using DEAE-3SW column 

and Dionex CarboPac PA1 column, respectively.

Results—BBM suppressed diabetes-induced monocyte binding to ECs, and reduced the 

expression of inflammatory markers in diabetic-HAECs. Diabetic-HAECs displayed a decrease in 

[35S] sulfate incorporation into the cell surface GAGs indicating the dysregulation of sulfated 

GAGs. However, treatment with BBM restored the levels of GAGs in diabetic-HAECs. The 
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composition, heparan sulfate/chondroitin sulfate ratio, and disaccharide composition of GAGs 

from medium were similar among groups.

Conclusions—BBM restored cell surface GAGs and attenuated endothelial inflammation in 

diabetic-HAECs. Blueberry might complement conventional therapies to improve vascular 

complications in diabetes.
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1. Introduction

Diabetes greatly increases the risk of cardiovascular disease such as atherosclerosis that 

accounts for the largest number of deaths among diabetic patients [1]. In diabetes, high 

glucose induced endothelial inflammation, resulting in the binding of monocytes to vascular 

endothelial cells (ECs) and their transmigration into the sub-endothelial space, plays a 

pivotal role in the pathogenesis of vascular disease [1]. The glycocalyx is a carbohydrate-

rich layer that covers the luminal side of the vascular endothelium which is comprised of 

proteoglycans [core proteins with glycosaminoglycans (GAG) side chains], glycoproteins, 

and plasma proteins [2, 3]. An intact endothelial glycocalyx in healthy vasculature acts as a 

protective barrier by reducing vascular inflammation and maintaining a selectively 

permeable barrier [2]. The structure and function of the glycocalyx, particularly that of 

GAGs, are severely compromised in diabetes leading to enhanced sensitivity of the 

vasculature towards inflammatory stimuli [3, 4]. Hence, the preservation and restoration of 

GAGs may be a novel strategy to ameliorate vascular complications in diabetes.

Clinical studies support the vascular benefits of berry anthocyanins. For example, intake of 

blueberry anthocyanins increases vasodilation in healthy men and improves endothelial 

dysfunction in humans with metabolic syndrome [5, 6]. Anthocyanins are extensively 

metabolized by the intestinal microbiota and digestive enzymes in humans, suggesting that 

their vascular benefits may be mediated by their circulating metabolites [5, 7, 8]. 

Nevertheless, the bioactivities of anthocyanin metabolites remain poorly understood because 

many of these compounds are not commercially available. Recently we synthesized the key 

metabolites of blueberry anthocyanins and showed that blueberry metabolites (that circulate 

in human plasma at the time of the observed biological effect following blueberry 

consumption) attenuate palmitate-induced endothelial dysfunction in ECs and arteries [9]. 

However, it is unknown whether blueberry metabolites modulate GAGs and attenuate 

endothelial inflammation in diabetic vasculature. In the present study, we tested the 

hypothesis that blueberry metabolites improve endothelial inflammation by restoring the cell 

surface GAGs in diabetic human vascular endothelial cells.

2. Materials and Methods

2.1. Materials

ECs isolated from the aortae of healthy individuals [human aortic endothelial cells 

(HAECs)] and type 2 diabetic patients (diabetic-HAECs) were purchased from Lonza. The 
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radiochemical [35S]Na2SO4 was from PerkinElmer Life Sciences, sulfate-free DMEM/F12 

medium and Dionex CarboPac PA1 column were from Thermofisher.

2.2. Cell culture

HAECs and diabetic-HAECs were cultured in EBM-2 supplemented with EGM-2 growth 

supplements and 2% heat inactivated FBS (Lonza) [1, 9]. Human monocytic THP1 cells 

(American Type Culture Collection) were cultured in RPMI-1640 medium with 10% FBS 

[1, 9].

2.3. Blueberry metabolites

Benzoic acid-4-sulfate, isovanillic acid-3-sulfate, and vanillic acid-4-sulfate were 

synthesized as we described [9]. Hippuric acid and hydroxyhippuric acid were purchased 

from Sigma-Aldrich. Blueberry metabolites mixture used in the present study contained 75 

nM vanillic acid-4-sulfate, 75 nM isovanillic acid-3-sulfate, 700 nM benzoic acid-4-sulfate, 

3 μM hydroxyl hippuric acid, and 5 μM hippuric acid. The physiologically relevant dosage 

of metabolites was based on our previous study that closely represents the concentrations of 

metabolites that circulate in the human plasma at the time of the observed biological effect 

following the consumption of ~240 g of blueberries [9].

2.4. Monocyte adhesion assay and gene expression analysis

HAECs and diabetic-HAECs (passages 4–5) were incubated with ± blueberry metabolites 

mixture or the solubilizing vehicle DMSO for 3 days under physiological shear. Upon 

completing the treatments, monocyte binding to ECs, and mRNA expression of 

inflammatory markers [vascular adhesion molecule-1 (VCAM1), intercellular adhesion 

molecule-1 (ICAM1), E-selectin, interleukin-8 (IL8) and monocyte chemotactic protein-1 

(MCP1)] were assessed as we described [9].

2.5. Analysis of GAGs

HAECs and diabetic-HAECs (passage 4) were grown to 70% confluency in EGM-2 

complete medium in 150 cm2 cell culture flask. Then, medium was replaced with sulfate-

free DMEM/F12 medium supplemented with 200 μCi [35S] Na2SO4 ± blueberry metabolites 

mixture or DMSO. ECs were then incubated for 3 days under physiological shear to mimic 

the shear stress of blood flowing over ECs, which is a major regulator of glycocalyx [10, 

11]. Blueberry metabolites and additional medium were added each day. Upon completing 

the respective treatments, the medium was collected for the analysis of shed GAGs. 

Following one day of incubation with Pronase, EC components were collected and used to 

analyze cell surface GAGs. Total GAGs in ECs and medium were purified using DEAE-

Sepharose column and were analyzed with high-pressure liquid chromatography coupled to 

an inline flow scintillation analyzer as we described [12]. The amount of GAG chains was 

determined by quantifying the radioactivity [35S] incorporated in the purified GAGs and the 

counts were normalized with protein concentration. The relative amount of heparan sulfate 

(HS) and chondroitin sulfate (CS), and disaccharide composition of GAGs from the medium 

were analyzed using DEAE-3SW column and Dionex CarboPac PA1 column, respectively 

[12].
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2.6. Data analyses

Data are presented as mean ± SE, and P < 0.05 was considered significantly different. 

Comparison was made using one-way ANOVA with SPSS/10. Tukey post hoc tests were 

performed when significant main effects were obtained.

3. Results

3.1. Blueberry metabolites suppress diabetes-induced endothelial inflammation

We tested whether blueberry metabolites ameliorate endothelial inflammation in diabetic-

HAECs. As expected, there was an increased monocyte binding to diabetic-HAECs vs. 

HAECs (Fig. 1A and 1B). Further, diabetic-HAECs exhibited an increased mRNA 

expression of IL-8, VCAM1 and E-Selectin (Fig. 1C and 1D). In support to our hypothesis, 

blueberry metabolites suppressed monocyte binding and reduced IL8 and VCAM1 in 

diabetic-HAECs (Fig. 1A–D).

3.2. Blueberry metabolites restore cell surface GAGs in diabetic-HAEC

Next, we analyzed whether the effect of metabolites observed on endothelial inflammation 

might result from their ability to restore GAGs in diabetic-HAECs. Metabolic radiolabeling 

showed a decrease in [35S] sulfate incorporation into the cell surface GAGs produced by 

diabetic-HAECs vs. HAECs (Fig. 2A) indicating a reduced cell surface GAGs in diabetic 

ECs. However, blueberry metabolites restored the levels of sulfated GAGs in diabetic-

HAECs (Fig. 2A).

3.3. The composition, HS/CS ratio, and disaccharide composition in shed GAGs

The amount of GAGs in the medium (Fig. 2B), and the relative amount of HS and CS (the 

most prominent endothelial GAGs [2, 3]) in shed GAGs were similar among all groups (Fig. 

2C and 2D). HS function is known to be majorly dependent on the sulfation patterns and 

disaccharide compositions [13]. Hence we assessed the relative amounts of monosulfated- 

and disulfated- disaccharides within shed HS and no difference was observed among the 

groups (Fig. 2E).

4. Discussion

Cell surface GAGs act as a protective barrier by preventing endothelial inflammation and an 

impairment in GAGs lead to endothelial dysfunction in diabetes. Hence, counteracting the 

damage to GAGs is one of the novel strategies to improve vascular complications in 

diabetes. In this study, we investigated the hypothesis that blueberry metabolites ameliorate 

endothelial inflammation in diabetic ECs through the restoration of glycocalyx GAGs.

Evidence shows that the disruption of the endothelial glycocalyx exacerbates vascular 

inflammation and atherosclerosis [2, 14, 15]. A compromised endothelial glycocalyx in 

diabetic vasculature was reported in both type 1 and 2 diabetic patients [15, 16]. Specifically, 

the GAG components of the glycocalyx undergo remodeling during diabetes and these 

alterations in aortic GAGs negatively impact the vascular function [17]. Cell surface GAGs 

regulate leukocyte adhesion and the removal of glycocalyx enhances leucocyte adhesion to 
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ECs [18]. Consistent with these studies, we found a reduced amount of cell surface GAGs 

and increased monocyte adhesion in diabetic-HAECs. Interestingly, the factors that restore 

EC glycocalyx decrease leucocyte adhesion to ECs [18]. Similarly, in the present study, we 

demonstrate that blueberry metabolites restore the amount of cell surface GAGs and reduce 

monocyte adhesion in diabetic-HAECs. We further examined whether these metabolites 

have an influence on GAGs shedding from ECs. The amount, HS/CS ratio, and disaccharide 

composition of the shed GAGs were similar among all groups. This indicates that diabetes 

or metabolites have no influence on shed GAGs. Due to low counts in ECs (less than 20,000 

CPM, the amount insufficient for extensive analysis) we were unable to analyze the HS/CS 

ratio, and disaccharide composition of the cell surface GAGs.

Animal studies showed that dietary supplementation of blueberries modulate GAGs in the 

aortic vessels of Sprague-Dawley rats and spontaneously hypertensive rats [19, 20]. 

Blueberry anthocyanins are extensively metabolized in humans suggesting the bioactivities 

of blueberries are mediated through their circulating metabolites [5]. To our knowledge, this 

is the first study to show that blueberry metabolites suppress endothelial inflammation in 

diabetic ECs through the regulation of cell surface GAGs. In addition, blueberry metabolites 

reduced the expression of inflammatory markers in diabetic-HAECs indicating metabolites 

act on multiple targets to improve endothelial inflammation.

In conclusion, blueberry metabolites restore normal levels of GAGs and attenuate 

endothelial inflammation in diabetic ECs. These data indicate that the benefits of blueberry 

consumption in ameliorating endothelial inflammation, at least in part, are mediated through 

the effects of metabolites on GAGs. Blueberry consumption may be a potential adjunct 

therapy to prevent the severity of vascular complications in diabetes. However, future 

research is warranted to better understand and validate the bioactivities of blueberries. Our 

ongoing studies are focused on identifying the effect of blueberries on vascular GAGs in 

diabetic animals and elucidating the molecular mechanisms involved.
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Highlights

• Diabetic endothelial cells displayed an increased inflammation and reduced 

glycosaminoglycans

• Blueberry metabolites reduced diabetes-induced endothelial inflammation

• Blueberry metabolites restored cell surface glycosaminoglycans in diabetic 

endothelial cells
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Fig. 1. Blueberry metabolites suppress diabetes-induced endothelial inflammation
HAECs or diabetic-HAECs (D-HAEC) were treated ± blueberry metabolites (BBM) for 3 

days. (A) The binding of monocyte to HAECs was determined by using fluorescent labelled 

THP-1 human monocytic cells. Values are mean ± SEM, n=6 (means of triplicate). (B) 

Representative images for fluorescent labelled THP-1 human monocytic cells binding to 

ECs. mRNA expression of IL8 and MCP1 (C), and ICAM1, VCAM1 and E-selectin (D) 

were analyzed by qPCR using SYBR green. Values are mean ± SEM, n=6 (means of 

duplicate). Means without a common letter differ, P < 0.05, and NS – Non-significant.
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Fig. 2. Blueberry metabolites restore cell surface GAGs in diabetic-HAEC
HAECs or diabetic-HAECs were treated ± blueberry metabolites (BBM) for 3 days. The 

amount of GAG chains in cell surface (A) and medium (B) was determined by quantifying 

the radioactivity [35S] incorporated in the purified GAG solution. Values are mean ± SEM, 

n=6. Means without a common letter differ, P < 0.05, and NS – Non-significant. Heparan 
sulfate (HS)/chondroitin sulfate (CS) ratio, and disaccharide composition in shed 
GAGs. Purified radiolabeled GAGs from the cell culture medium was used to analyze 

relative amount of HS and CS (C and D) and the relative amounts of monosulfated- and 

disulfated- disaccharides within shed HS (E). Values are mean ± SEM, n=3. NS – Non-

significant.
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