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Abstract

Background—There is a significantly higher incidence of cardiovascular disease (CVD) among 

type 1 diabetic (T1D) patients than among non-diabetic subjects. T1D is associated with 

hyperketonemia, a condition with elevated blood levels of ketones, in addition to hyperglycemia. 

The biochemical mechanism by which vitamin D (VD) may reduce the risk of CVD is not known. 

This study examines whether VD can be beneficial in reducing hyperketonemia (acetoacetate, AA) 

induced oxidative stress in endothelial cells.

Methods—HUVEC were pretreated with 1,25(OH)2D3, and later exposed to the ketone body 

acetoacetate.

Results—The increases in ROS production, ICAM-1 expression, MCP-1 secretion, and 

monocyte adhesion in HUVEC treated with AA were significantly reduced following treatment 

with 1,25(OH)2D3. Interestingly, an increase in glutathione (GSH) levels was also observed with 

1,25(OH)2D3 in ketone treated cells. The effects of 1,25(OH)2D3 on GSH, ROS, and monocyte-

endothelial adhesion were prevented in GCLC knockdown HUVEC. This suggests that 

1,25(OH)2D3 inhibits ROS, MCP-1, ICAM-1, and adherence of monocytes mediated by the 

upregulation of GCLC and GSH.

Conclusion—This study provides evidence for the biochemical mechanism through which VD 

supplementation may reduce the excess monocyte adhesion to endothelium and inflammation 

associated with T1D.
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Introduction

Epidemiological studies have demonstrated that there is a prevalence of 25(OH)-vitamin D 

(VD) deficiency in the population worldwide [1–4]. Diabetic patients show a higher 

incidence of 25(OH)VD deficiency [5–7]. 25(OH)VD deficiency has been associated with 

an increased risk of all-cause and cardiovascular mortality [8–11]. Studies show that low 

levels of 25(OH)VD may detrimentally affect vascular function [12, 13], and that 

supplementation with VD can be beneficial in improving endothelial function [14–16]. 

Several in vitro and in vivo studies provide evidence to the beneficial role of VD in the 

vasculature. VD supplementation in VD-deficient diabetic patients was shown to improve 

endothelial function [17]. Similar improvement with VD was shown in stroke patients [18]. 

VD significantly downregulated platelet activating factor-induced intercellular adhesion 

molecule-1 (ICAM-1) expression in pulmonary microvascular endothelial cells isolated from 

Sprague Dawley rats; in addition, the adhesion rate of polymorphonuclear leukocytes to 

these cells was decreased [14]. LPS induced ICAM-1 expression was downregulated by VD 

in peripheral blood mononuclear cells isolated from patients as well as in HUVEC [19]. 

Tumor necrosis factor alpha (TNF-α) induced vascular cell adhesion molecule-1 (VCAM-1) 

and interleukin-8 (IL-8) upregulation was reported to be inhibited in coronary artery 

endothelial cells [20]. Additionally, the effects of VD in downregulating the pro-

inflammatory profile that includes the reduced expression of cytokines (IL-6, TNF-α) and 

chemokines (IL-8), cholesterol uptake, and endoplasmic reticular stress in monocytes from 

type 2 and type 1 diabetic patients were also shown [9, 21, 22]. The potential role of VD in 

reducing the level of oxidative stress and monocyte adhesion is not known.

Development of atherosclerosis is more frequently observed in children and adolescents with 

type 1 diabetes (T1D) than in healthy control subjects despite insulin treatment and 

controlled glycemia [23]. Diabetic patients have elevated levels of oxidative stress and 

inflammation that can increase their risk for atherosclerosis and CVD [24–28]. Oxidative 

stress and monocyte adhesion to the endothelium are considered important in the 

progression of atherosclerosis [29]. T1D is most commonly associated with hyperketonemia 

along with hyperglycemia. Previous studies have shown that hyperketonemia can bring 

about an increase in the lipid peroxidation in T1D patients [30]. In vitro data have provided 

evidence that ketones can upregulate oxygen radical generation [31] along with the 

expression of adhesion molecules such as ICAM-1 and the secretion of IL-8 and MCP-1 

cytokines [32, 33]. It has also been shown that ketone treatment increases monocyte-

endothelial adhesion, considered as an important and critical step in the initiation of 

atherosclerosis [32].

This study investigates the hypothesis that supplementation with 1,25(OH)2D3 can inhibit 

ketone induced ROS production due to the VDR mediated upregulation of GCLC (and 

GSH), thereby reducing ICAM-1 upregulation, and adhesion of monocytes in HUVEC.
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Materials and Methods

Human umbilical vein endothelial cells (HUVEC)

HUVEC were purchased from Lonza (Walkersville Inc., Walkersville, MD) and cultured in 

Endothelial Growth Medium-2 BulletKit (Lonza) as described previously [34]. Cells were 

pretreated with vitamin D (1,25(OH)2D3; 25 nM) for 24 h and then exposed to acetoacetate 

(AA; 4 mM) for 24 h.

Human THP-1 Monocytes

Human THP-1 monocytes were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA). Cells were cultured in RPMI 1640 medium as described previously 

[34]. Cells were pretreated with vitamin D (1,25(OH)2D3; 25 nM) and then with 

acetoacetate (AA; 4 mM). HUVEC and THP-1 cells were cultured in glucose conditions 

similar to that used in previous publications [35]. The concentration of 25 nM 1,25(OH)2D3 

was selected based on the consistency of our initial results and previous studies [36].

ROS assay

Cells grown to subconfluence were first pretreated with 1,25(OH)2D3 (25 nM) for 24 h and 

then exposed to AA for 24 h. The oxidant-sensitive probe dicholorodihydrofluorescein 

diacetate (H2DCFDA, Sigma Chemical Co., St. Louis, MO, USA) at a concentration of 

20μM was added, and the cells were incubated at 37°C for 30 minutes. Fluorescence was 

measured using the plate reader with the filter settings of excitation 485 nm and emission 

528 nm.

Western blotting

After treatment HUVEC were lysed in RIPA lysis buffer with protease and inhibitors 

purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Lysates were then centrifuged 

for 15 min at 13,000 rpm at 4°C. Supernatants were collected and the protein concentrations 

were determined using a BCA assay kit (Pierce/Thermo Scientific, Rockford, IL). An 

aliquot of 20 μg of protein from each sample lysate was prepared in sample buffer and run 

on 8% Tris-SDS acrylamide gels as described previously [34, 37]. ICAM-1 primary 

antibody was purchased from Santa Cruz Biotechnology, Inc. GCLC, p-NF-κB, NF-κB, β-

Actin, α-Tubulin, and VDR primary antibodies used in this study were purchased from 

Abcam, Inc. (Cambridge, MA).

Monocyte-HUVEC adhesion assay

HUVEC were plated and allowed to grow to confluent monolayers. They were pretreated 

with 1,25(OH)2D3 (25 nM) for 24 h and then exposed to AA (4 mM) for 24 h. Monocytes 

were labeled with 8 μM CellTracker Green (CMFDA; Invitrogen, Eugene, OR) and then 

treated with 1,25(OH)2D3 and AA at the same time as were the HUVEC. After 24 h 

monocytes were added to the endothelial monolayers and incubated. The fluorescent 

intensity of the monocytes added to the monolayer (input) and the nonadherent cells was 

measured at excitation 485 nm and emission 528 nm as previously described [32, 34, 37].
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Cytokine assays

MCP-1 levels were determined using ELISA method with commercially available ELISA kit 

purchased from R&D Systems, Inc. (Minneapolis, MN). The chemokine concentrations 

were determined by evaluating the supernatant from endothelial cells. All appropriate 

controls and standards as specified by the manufacturer’s kit were used. The data were 

expressed as picograms per milliliter of cell supernatant.

siRNA knockdown in HUVEC

GCLC and VDR siRNA were purchased from Santa Cruz Biotechnology. siRNA was 

diluted in serum free transfection medium (Santa Cruz) and mixed with lipofectamine 

(Invitrogen) and then plated into wells as described previously [34]. Confluent cells were 

used to perform ROS, Western blotting, or adhesion assays.

QPCR analysis

TRIzol reagent (Invitrogen) was used to extract RNA from HUVEC. The concentration of 

the extracted RNA was determined on a NanoDrop spectrophotometer (Thermo Scientific). 

High Capacity RNA-To-cDNA kit (Invitrogen) was used to synthesize cDNA. QPCR was 

performed on a 7900HT Real Time PCR system and software (Applied Biosystems) using 

the primer/probe set Hs00155249_m1 for GCLC, Hs00172113_m1 for VDR, and 

Hs02758991_g1 for GAPDH (Invitrogen) respectively. The relative amount of mRNA was 

calculated using the relative quantification (ΔΔCT) method.

GSH analysis

GSH analysis was carried out following the modified method of Pfeiffer et al. [38]. Cell 

lysates were used to determine GSH levels using high-performance liquid chromatography 

(Waters, Milford, MA) complexed to a 2475 fluorescent detector at settings 385 nm 

emission and 515 nm excitation as described earlier [39].

All chemicals, unless specified, were purchased from Sigma. Analysis of data was carried 

out with Sigma Plot statistical software using one way analysis of variance (ANOVA, SPSS, 

Chicago, IL, USA). A p value of 0.05 or less was considered significant.

Results

Effect of 1,25(OH)2D3 inhibition of monocyte adherence to the endothelial cells

Hyperketonemia is the elevation of the ketone bodies acetoacetate (AA) and 3-β-

hydroxybutyrate (BHB) in the blood of diabetic patients [40]. Studies from our lab and 

others have shown that AA, but not BHB, increases both oxidative stress [31, 34], and 

adhesion molecule and cytokine expression [32, 33, 41, 42], promotes fatty acid 

peroxidation [43], and activates ERK1/2 and MAPK signaling mediated by oxidative stress 

[44]. Hence, we focused our studies only on AA. Monocyte-endothelial cell adhesion plays a 

critical role in the progression of inflammation and vascular disease. Treatment of cells with 

AA increased the adherence of monocytes to HUVEC when compared to that of non-treated 

cells. THP-1 monocyte adhesion to HUVEC with AA was significantly blocked by 

1,25(OH)2D3 supplementation (Figure 1). There was a dose dependent response with 
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different concentrations of 1,25(OH)2D3. The 25 nM treatment showed a significant 

downregulation in the percentage of monocytes that adhered to HUVEC as compared to that 

of 10nM, so we used the concentration of 25 nM in the following 1,25(OH)2D3 

supplementation experiments. VD concentrations of 25 nM have been used in our previous 

studies as well [36].

Effect of 1,25(OH)2D3 supplementation on ROS levels in HUVEC treated with acetoacetate

There is evidence from previous studies that 1,25(OH)2D3 supplementation has a beneficial 

effect on high glucose induced ROS production [39, 45]. This study investigated the effect of 

1,25(OH)2D3 supplementation on AA induced ROS production (2A). 1,25(OH)2D3 

supplementation significantly (p <0.05) reduced ROS production in AA treated cells. 

Activation of NF-κB by its phosphorylation is important for the transcription of various 

genes that are regulated by it. Treatment of HUVEC with AA increased the expression levels 

of p-NFκB compared to untreated cells. The inhibition of p-NFκB by 1,25(OH)2D3 is shown 

in Figure 2B. Each experiment was repeated at least 3 times and we believe that an n value 

greater than 3 might bring out the significant differences much clearly between groups.

Effect of 1,25(OH)2D3 supplementation on downregulation of Adhesion molecule 
expression and cytokine secretion

ICAM-1 is an adhesion molecule that is characterized as a marker of atherosclerosis and 

CVD. Previously it was shown that treatment with AA increases the expression of ICAM-1. 

Here (Figure 2C) it is shown that supplementation with 1,25(OH)2D3 prior to AA treatment 

prevents this increase in its expression. There was a significant downregulation of ICAM-1 

expression with 1,25(OH)2D3. The cytokine MCP-1 is important in mediating activation of 

monocytes, and functions along with ICAM-1 in mediating the adhesion of monocytes to 

endothelial cells. Figure 2D shows that cytokine MCP-1 secretion increases in cells that 

were exposed to AA. This secretion was significantly (p <0.05) reduced in the presence of 

1,25(OH)2D3.

1,25(OH)2D3 supplementation increases glutathione levels

Glutamate cysteine ligase (GCL) is a key enzyme in glutathione (GSH) synthesis. It is a rate 

limiting enzyme composed of a catalytic (GCLC) subunit and a modifier (GCLM) subunit 

[46]. It was observed that in ketone treated HUVEC, the levels of GSH were reduced, which 

correlated with low expression of GCLC, but in the cells that received 1,25(OH)2D3, GCLC 

and GSH levels increased and were near to control levels. The expression of GCLC and the 

corresponding GSH levels in cells supplemented with 1,25(OH)2D3 and treated with AA are 

shown in Figure 3A and 3B respectively. The differences seen here are small, but significant. 

If the experiments were repeated more number of times the differences between groups 

would have been much sharper.

1,25(OH)2D3 supplementation has no beneficial effects in GSH deficient HUVEC

To investigate the importance of GCLC in mediating the beneficial effects of 1,25(OH)2D3, 

GCLC specific siRNA was used to knock it down. The GSH levels were significantly 

reduced (p <0.05) in these cells (39.13±0.8 μM) compared to those in control cells 
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(53.07±1.4 μM). The ability of these cells to reduce basal levels of ROS is diminished, as 

seen by higher levels of ROS and ICAM-1 with GCLC knockdown, not only in the absence 

of ketone treatment, but also with 1,25(OH)2D3 supplementation. Results show that 

knocking down GCLC completely diminished the ability of 1,25(OH)2D3 to reduce 

ICAM-1. This suggests that 1,25(OH)2D3 increases GCLC expression, which in turn makes 

GSH and thereby enables a reduction in the levels of ketone-induced ROS. When GCLC is 

lacking, the beneficial effects of 1,25(OH)2D3 are not observed. ROS levels in GCLC 

knockdown cells are shown in Figure 4A. GCLC and ICAM-1 protein expression is shown 

in 4B and monocyte-endothelial adhesion in shown in panel 4C. GCLC mRNA levels in 

control and GCLC knockdown cells are shown in panel D of Figure 4.

Effect of 1,25(OH)2D3 supplementation on GCLC in VDR-deficient HUVEC

VDR was knocked down with siRNA to investigate the role of VDR in mediating 

1,25(OH)2D3 effects on increasing GCLC expression. It was observed that 1,25(OH)2D3 

was unable to induce an upregulation in GCLC expression in the absence of VDR. Figure 

5A shows that the GCLC upregulation that occurs with 1,25(OH)2D3 treatment is lost when 

cells do not have VDR. Knockdown efficiency is shown in Figure 5B.

Discussion

Diabetes is known to increase the incidence of atherosclerosis in patients [47]. Risk factors 

such as oxidative stress [48], adhesion molecule expression [49], cytokine secretion [50], 

oxidized LDL formation [51], and monocyte-endothelial cell adhesion increase the 

progression and development of atherosclerosis. Hyperglycemia and hyperketonemia are 

hallmarks of T1D [52]. It has been suggested that T1D is associated with higher incidence of 

vascular inflammation and atherosclerosis [53]. T1D patients more frequently show elevated 

ketone levels in associated with an elevation in glucose levels in their blood. Previously we 

have studied the effects of the combination of ketones and high glucose together and found 

that in HUVEC the combination treatment showed an additive effect, while in adipocytes 

this was not the case [34, 54]. It is possible that ketones and high glucose might turn on 

different signaling pathways in these cells. The role of high glucose in endothelial 

dysfunction and vascular inflammation is already well documented [55, 56] and several 

studies have also looked at the beneficial effects of VD in diminishing high glucose 

mediated damage in the endothelium [45]. Various studies have stated the beneficial effect of 

VD supplementation, especially 1,25(OH)2D3, in the prevention of atherosclerosis and CVD 

[9, 11, 21, 57]. However, no previous study has examined the effect of 1,25(OH)2D3 

supplementation on hyperketonemia induced ROS and monocyte-endothelial adhesion. 

There is evidence that ketones might play a role in increasing the risk of T1D patients to 

vascular dysfunction [32, 58]. The aim of this study is to look at alternative treatment 

options in reducing the endothelial cell dysfunction arising due to elevation in ketone levels. 

Ketones when elevated in the body can elicit responses that mimic the pro-inflammatory 

state [58–60]. Given the beneficial effects of VD in reducing the inflammatory markers we 

wanted to investigate the protective effects provided by VD in inhibiting ketone mediated 

oxidative stress and damage that could potentially inhibit the adherence of monocytes to the 

endothelial cells. This study suggests that 1,25(OH)2D3 supplementation reduces oxidative 
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stress, NF-κB activation, ICAM-1 and MCP-1 levels leading to the inhibition of monocyte 

adhesion to HUVEC in AA treated cells.

The observation that 1,25(OH)2D3 increases GCLC expression and improves cellular GSH 

levels is novel. The beneficial effects of 1,25(OH)2D3 on ROS production and adhesion of 

monocytes to HUVEC were abolished in GCLC knockdown cells. This suggests that the 

upregulation of GCLC and GSH mediate the beneficial effect of 1,25(OH)2D3 on monocyte 

adhesion on endothelial cells. Knocking down VDR also eliminated the beneficial effect of 

1,25(OH)2D3 as expected, thereby suggesting that the actions of 1,25(OH)2D3 are mediated 

via its receptor VDR in upregulating GCLC expression. Increase in GSH synthesis could be 

of tremendous importance in diabetic patients as they most often show GSH deficiency [61] 

along with deficiencies in VD [7]; therefore, VD supplementation in these patients could be 

vital in restoring normal cellular functions by increasing their GSH pools to combat with 

excess oxidative stress load.

Conclusions

The role of VD in restoring the normal function of the endothelium is important not only in 

preventing monocyte adhesion to the endothelium, but also in preventing monocyte/

macrophage transmigration into the intima or the underlying tissue. This study shows that 

1,25(OH)2D3 plays a prominent role in suppressing ROS, regenerating GSH, and reversing 

the pro-atherogenic phenotype in HUVEC caused by hyperketonemia (Figure 6), 

emphasizing that intake of VD can prove beneficial in reducing the burden of oxidative 

stress in patients with T1D. Further studies in T1D animal models need to be carried out to 

demonstrate the beneficial effect of VD supplementation in the prevention of TID induced 

risk for vascular disease mediated by hyperketonemia.
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Abbreviations

CVD cardiovascular disease

T1D type 1 diabetes

VD vitamin D

AA acetoacetate

ROS reactive oxygen species

ICAM-1 intercellular adhesion molecule-1

MCP-1 monocyte chemotactic protein-1

GSH glutathione
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GCLC glutamate cysteine ligase catalytic subunit

TNF-α Tumor necrosis factor alpha

VCAM-1 vascular cell adhesion molecule-1

and IL-8 interleukin-8
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Highlights

1. 1,25(OH)2vitamin D inhibits ketone induced oxidative stress and monocyte 

adhesion in HUVEC.

2. Beneficial effects of 1,25 (OH)2vitamin D are impaired in cells that are deficient 

in glutathione.

3. 1,25 (OH)2vitamin D upregulates glutathione in a vitamin D receptor-dependent 

manner.
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Figure 1. Effect of 1,25(OH)2D3 supplementation on inhibition of monocyte adhesion to 
endothelial cells
Adherence of monocytes to HUVEC was determined after both cell lines were pretreated 

with 1,25(OH)2VD followed by treatment with AA (4 mM). The difference between C 

(untreated control cells) vs. * (AA treated cells) is significant at a p value <0.05. The 

difference between * (AA treated cells) vs. ** (AA+1,25(OH)2VD treated cells) is 

significant at a p value <0.05. Values are mean±SE (n=3).
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Figure 2. Effect of 1,25(OH)2D3 supplementation on oxidative stress inhibition in ketone treated 
endothelial cells
Panel A shows the ROS levels in HUVEC pretreated with 1,25(OH)2VD for 24 h and then 

treated with AA (4 mM) for another 24 h. Panel B shows a phospho-NF-κB blot and its 

quantification. Panel C shows ICAM-1 protein expression in cells pretreated with 

1,25(OH)2VD (25 nM) for 24 h and then exposed to AA (4 mM) for a period of 24 h. 

MCP-1 secretion is shown in panel D. The difference between # (untreated control cells) vs. 
* (AA treated cells) is significant at a p value <0.05. The difference between * (AA treated 

cells) vs. ** (AA+1,25(OH)2VD treated cells) is significant at a p value <0.05. Values are 

mean±SE (n=3).
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Figure 3. Effect of 1,25(OH)2D3 supplementation on increases in glutathione levels
Panel A shows the expression of GCLC in AA treated and 1,25(OH)2VD supplemented 

HUVEC. The bar graph in panel B shows the cellular levels of GSH. The difference between 

# (untreated control cells) vs. * (AA treated cells) is significant at a p value <0.05 in panel 

A. The difference between * (AA treated cells) vs. ** (AA+1,25(OH)2VD treated cells) is 

significant at a p value <0.05. Values are mean±SE (n=3).
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Figure 4. Effect of 1,25(OH)2D3 supplementation on ROS and monocyte adhesion to endothelial 
cells in glutathione-deficient HUVEC
The ROS levels in GCLC knockdown HUVEC treated with 1,25(OH)2VD and AA are 

shown in panel A. The knockdown efficiency of GCLC siRNA along with ICAM-1 protein 

expression is shown in panel B. The percentage of monocyte adhesion to the GCLC 

knockdown HUVEC is shown in panel C. Panel D shows the mRNA levels of GCLC in 

HUVEC. p<0.05 when untreated control cells (#) were compared with GCLC knockdown 

AA treated or AA+1,25(OH)2VD treated cells (*). 1,25(OH)2D3 supplementation has no 
beneficial effects in glutathione deficient HUVEC. Values are mean±SE (n=3).
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Figure 5. Effect of 1,25(OH)2D3 supplementation on GCLC levels in vitamin D receptor-deficient 
HUVEC
Panel A shows the expression levels of VDR and GCLC in VDR knockdown cells treated 

with 1,25(OH)2VD and ketones. The mRNA levels of VDR after knockdown are shown in 

panel B. p<0.05 when control siRNA cells (#) were compared with VDR knockdown cells 

(*). Values are mean±SE (n=3).
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Figure 6. Proposed mechanism by which vitamin D supplementation can reduce hyperketonemia 
induced endothelial cell dysfunction
This schematic diagram represents the events that follow diabetic hyperketonemia, 

eventually leading to monocyte adherence to the endothelium that may progress into 

atherosclerosis. The various steps at which VD supplementation can have an effect in 

reducing ROS and the development of cardiovascular disease in T1D are indicated.
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