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Introduction: Glutathione is a major endogenous antioxidant and its deficiency is implicated in the etiol-
ogy and progression of a number of human diseases. Vitamin D is important for the prevention of oste-
oporosis, cardiovascular disease, diabetes, autoimmune diseases, and some cancers. Using a monocyte
cell model, this study examined the hypothesis that vitamin D upregulates glutamate cysteine ligase
(GCLC) and glutathione reductase (GR), which catalyzes GSH biosynthesis.
Methods: U937 monocytes were pretreated with and without 1,25 (OH)2 vitamin D (10–25 nM) for 24 h
and then exposed to control and high glucose (HG, 25 mM) for 4 h. Levels of GSH were determined using
HPLC; GR activity by oxidation of NADPH; GCLC protein, MCP-1, and IL-8 using ELISA kits.
Results: 1,25 (OH)2 vitamin D supplementation significantly upregulated expression of GCLC and GR, lev-
els of GCLC protein and GR activity, and formation of GSH in control and HG-treated monocytes. 1,25
(OH)2 vitamin D caused significantly (p < 0.05) lower secretion of IL-8 and MCP-1, and lower ROS levels
in monocytes exposed to control and HG-treated monocytes.
Conclusions: This study demonstrates a positive link between vitamin D and GSH levels, and that some
beneficial effects of vitamin D supplementation may be mediated by an improvement in the cellular
GSH levels and a decrease in ROS and pro-inflammatory cytokines.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Glutathione (GSH) plays an important role in a multitude of
cellular processes and its deficiency is implicated in the etiology
and progression of a number of human diseases including cardio-
vascular, immune, diseases of aging, and diabetes [1–7]. GSH is a
cofactor of many enzymes that are involved in the detoxification
of oxygen radicals and the detoxification of drugs. GSH deficiency
is implicated in the progression of chronic diseases, including
insulin resistance and diabetes [1,2,5,6]. Recently, epidemiological
studies have demonstrated an association between vitamin D
deficiency and the outcome of several chronic diseases, including
diabetes [8–11]. However, evaluation of both the basic research
and clinical evidence related to the role of vitamin D supplemen-
tation in the prevention and treatment of chronic non-skeletal
diseases remains to be done. The blood levels of GSH are lower
in diabetes [5,12,13]. This study demonstrates that vitamin D
can upregulate GCLC and GR, and that GSH can form in cultured
monocytes. In addition, this study reports that the effect of vita-
min D on GSH formation was accompanied by inhibition of ROS,
and IL-8 and MCP-1 secretion in monocytes treated with control
and high glucose levels. This study suggests that upregulation of
cellular GSH by vitamin D provides evidence for a novel mecha-
nism by which vitamin D supplementation may reduce oxidative
stress and thereby provide lower vascular inflammation and asso-
ciated complications in diabetes.

2. Materials and methods

2.1. Human pro-monocytic cell line

The U937 monocyte cell line was obtained from American Type
Culture Collection (ATCC, Manassas, VA). These cells were main-
tained at 37 �C in RPMI 1640 medium containing 7 mM glucose,
10% (v/v) heat-inactivated FBS, 100 U/mL penicillin, 100 lg/mL
streptomycin, 12 mM sodium carbonate, 12 mM HEPES and
2 mM glutamine in a humidified atmosphere containing 5% (v/v)
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Fig. 1. Effect of 1,25 (OH)2 vitamin D supplementation on upregulation of
glutamate cysteine ligase (GCLC) expression, GCLC protein and GSH levels in
U937 monocytes cultured without and with high glucose. Values are mean ± SE
(n = 4).
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CO2. For treatments, cells were washed once in plain RPMI 1640
before being suspended in fresh medium (complete) containing
serum and other supplements [14,15].

2.2. Treatment with high glucose (HG) and vitamin D

Cells (106/ml) were pretreated with three different concentra-
tions of 1,25 (OH)2 vitamin D (0 nM, 10 nM, 25 nM) for 24 h and
followed by HG (25 mM) exposure for the next 4 h. 1,25 (OH)2 vita-
min D is an active form of vitamin D. In this study, control cells
were exposed with media having 7 mM glucose. In the body, glu-
cose is continuously degraded and formed to maintain a 5 mM
blood glucose level. However, in cell culture studies, we observed
that incubating cells with media having a 5 mM glucose concentra-
tion for 24 h caused a decrease in glucose concentration to levels
lower than 2 mM. In cell culture studies, glucose gets metabolized
but not replaced. For this reason, our experience shows that a
7 mM glucose concentration does not lead to a glucose deficiency
at 24 h incubation. In high glucose studies, cells were exposed to
a high glucose concentration of 25 mM. It is true that blood glucose
levels in patients are not likely to stay as high as 25 mM for 24 h.
However, tissue damage in diabetic patients occurs over many
years of countless hyperglycemic episodes. Many previous studies
have reported that glucose concentrations as high as 50 mM have
been found in the blood of patients with uncontrolled diabetes.
Thus, the glucose concentration of 25 mM used in this cell culture
study does not seem unreasonable. In some experiments, cells
were instead exposed to 18 mM mannitol (control) since the media
contains 7 mM glucose. After treatment, cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8,
150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) supple-
mented with protease and phosphatase inhibitors (1 mM PMSF,
5 lg/mL leupeptin, 2 lg/mL aprotinin, 1 mM EDTA, 10 mM NaF,
and 1 mM NaVO4). Lysates were cleared by centrifugation and total
protein concentrations were determined using BCA assay (Pierce/
Thermo Scientific, Rockford, IL).

2.3. GSH, GR activity and GCLC protein assays

GSH was determined by HPLC method [16]. Whole cell suspen-
sion was processed as described before [16]. GSH concentration is
expressed per volume of cell suspension. Glutathione reductase
(GR) together with its cofactor, NADPH, catalyzes the reduction
of oxidized glutathione (GSSG) to glutathione (GSH). The oxidation
of NADPH to NADP is monitored as a decrease in absorbance at
340 nm. The rate of decrease in (DA340) is directly proportional
to the glutathione reductase activity in the sample because the en-
zyme is present in rate limiting concentrations. GR activity was
determined using protocol described by Beutler [17]. The GR activ-
ity was expressed as a rate of decrease in absorbance at 340 nm/
min due to the oxidation of NADPH by GR, and was normalized/
mg protein. GCLC total protein level in the cell lysate was deter-
mined by ELISA kit (Catalog #MBS 704124, MyBiosource, San Die-
go, CA). All appropriate controls and standards as specified by
manufacturer’s kit were used each time. Level of GCLC protein
was expressed as total protein.

2.4. Cell viability, ROS and cytokine and immunoblotting studies

Cell viability was determined using the Alamar Blue reduction
bioassay (Alamar Biosciences, Sacramento, CA). This method is
based upon Alamar Blue dye reduction by live cells. Intracellular
reactive oxygen species (ROS) levels were measured in treated cells
using the fluorescent dye, H2DCFDA (20,70dichlorofluorescein diac-
etate) [17]. After treatment, cells were washed once with PBS and
then loaded with 5 lM H2DCFDA in PBS with 4% FBS. The cells were
incubated at 37 �C for 30 min in the dark and subsequently washed
with PBS, harvested in PBS with 0.5% Triton X-100, centrifuged at
12,000 � g for 10 min at 37 �C, and the supernatant collected. The
intensity of DCF fluorescence in the supernatant was read at exci-
tation and emission wavelengths of 488 nm and 530 nm, respec-
tively, using a multidetection microplate reader (Synergy HT,
BIOTEK). The change in intracellular ROS level was plotted as mean
fluorescence intensity (MFI). The oxidative stress sensitive dye
DCFH-DA diffuses passively through the cellular membrane. Intra-
cellular esterase activity causes the formation of DCFH, a nonfluo-
rescent compound, which emits fluorescence when it is oxidized to
DCF [18]. Although ROS measurement by DCFH-DA is nonspecific,
this dye has been widely used to measure the formation of overall
intracellular reactive intermediates. All appropriate controls and
standards as specified by each manufacturer’s kit were used for
IL-8 and MCP-1 assay using ELISA kits (R and D Systems, Minneap-
olis, MN). In the cytokine assay, control samples were analyzed
each time to check the variation from plate to plate on different
days of analysis. Details of immunoblotting are similar to as
given in our previous publications [15,33]. The antibodies for GCLC
(73 kDa), GCLM (31 kDa) and GR (58 kDa) were purchased from
Abcam (Cambridge, MA). The intensity of each immunoblotting
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band was measured using the histogram tool of Adobe
Photoshop CS5.

All chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO) unless otherwise mentioned. Data were analyzed using
ANOVA statistically with Sigma Stat. A p value of less than 0.05 for
a statistical test was considered significant.

3. Results

Fig. 1 illustrates the effect of 1,25 (OH)2 vitamin D supplemen-
tation on the GCLC expression and GCLC protein levels and GSH
formation in monocytes treated with control and high glucose.
1,25 (OH)2 vitamin D supplementation significantly upregulated
GCLC expression in monocytes exposed to control and high glu-
cose. The effect of vitamin D on upregulation of GCLC was also
seen when GCLC protein levels were determined in monocytes ex-
posed to control and high glucose. Similarly, there was signifi-
cantly more GSH formation in vitamin D supplemented
monocytes. 1,25 (OH)2 vitamin D supplementation had no effect
on GCLM expression (data not given here). Fig. 2 shows that vita-
min D supplementation upregulated GR expression and GR activity
in both control and HG-treated monocytes. The differences be-
tween control and high glucose treated cells were not significant
for changes in GCLC, GR or GSH levels. GCLC catalyzes the first step
in GSH biosynthesis from L-cysteine and glutamate, whereas GR
catalyzes the recycling of GSSG to GSH. These results demonstrate
that vitamin D supplementation can increase cellular GSH by
upregulating GCLC and GR.

Fig. 3 shows that 1,25 (OH)2 vitamin D supplementation signif-
icantly inhibited ROS and secretion of the pro-inflammatory cyto-
kines MCP-1 and IL-8 in control and HG-treated U937 monocytes.
Mannitol treatment has no effect on GCLC, GR, GSH, ROS or cyto-
kine secretion (data not given here). There was no change in cell
viability in any of the treatments.
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Fig. 2. Effect of 1,25 (OH)2 vitamin D supplementation on expression of glutathione
reductase (GR) and GR activity levels in U937 monocytes cultured without and with
high glucose. Values are mean ± SE (n = 3).
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Fig. 3. Effect of 1,25 (OH)2 vitamin D supplementation on inhibition of ROS, IL-8
and MCP-1 secretion in high glucose treated U937 monocytes. Values are mean ± SE
(n = 4).
4. Discussion

Mounting evidence suggests that higher rates of vitamin D (VD)
deficiency could be linked to several chronic diseases, including
diabetes [8–11]. However, evaluation of both the basic research
and clinical evidence related to the role of vitamin D supplemen-
tation in the prevention and treatment of chronic non-skeletal dis-
eases, such as diabetes, remains to be determined. GSH is formed
from L-cysteine by the enzymatic action of glutamate cysteine li-
gase [19–21]. Glutamate cysteine ligase consists of two subunits,
glutamate-cysteine ligase catalytic subunit (GCLC) and another
modulatory subunit (GCLM). GSH is a potent physiological antiox-
idant, and needed for its ability to scavenge reactive oxygen spe-
cies in the body [1,19]. Current studies in the literature indicate
that impaired GSH may contribute to the pathogenesis of disease
[1,19]. Hyperglycemia and diabetes is associated with increased
oxidative stress and blood levels of GSH are lower in diabetic pa-
tients [5,22–24]. A number of studies have shown that supple-
mentation with L-cysteine, a precursor of GSH, can lower
oxidative stress, insulin resistance, and markers of vascular
inflammation [15,25–27]. Other studies have reported that intra-
venous GSH infusion significantly increased the intraerythrocytic
GSH/GSSH ratio and total glucose uptake in diabetic patients
[27]. The insulin releasing capacity of tolbutamide drugs was
potentiated by GSH in isolated perfused pancreas studies [28].



10 S.K. Jain, D. Micinski / Biochemical and Biophysical Research Communications 437 (2013) 7–11
Similarly, co-administration of GSH inhibited the insulin resis-
tance in skeletal muscle caused by lipid infusion in mice [29]
and in Wistar rats [30]. These studies and others indicate that an
increase in GSH levels can lower insulin resistance and has a posi-
tive effect on glucose metabolism.

The present study demonstrates that 1,25 (OH)2 vitamin D can
upregulate GCLC and GR and increases cellular GSH formation in
cultured monocytes. The upregulation in GCLC and GR, and in-
crease in GSH formation was seen both in high glucose treated
as well as in control glucose treated cells. High concentration of
actin may compromise precise quantitation of actin and the data
on expression of GCLC and GR. Higher amount of total protein
loading during western blotting studies gives good bands for
GCLC and GR but brighter bands for actin. Because the same
amount of total protein was loaded for each treatment and that
similar results were obtained after repetition, we believe that
the reported results are relative but reasonable. In addition, the
conclusion obtained with western blotting studies was also vali-
dated using other approaches. GCLC protein level and GR activity
were also determined in treated cells. The additional approach
also suggests that vitamin D upregulates GCLC and GR. The third
approach which shows that actual GSH levels (determined using
HPLC) are increased in 1,25 (OH)2 vitamin D-treated cells further
supports the conclusion that 1,25 (OH)2 vitamin D upregulated
GSH formation in monocytes.

GCLC catalyzes the first step in GSH biosynthesis from L-cys-
teine and glutamate, whereas GR catalyzes the recycling of GSSG
to GSH. Our study also suggests that an increase in GSH formation
may be mediated by the effect of vitamin D on upregulation of
GCLC as well as GR, which recycles oxidized GSSG to GSH. GSH is
a water phase sulfhydryl antioxidant. Accumulation of GSH may
scavenge reactive oxygen species, and that explains a decrease in
cellular ROS in vitamin D supplemented cells observed in the pres-
ent study. A decrease in oxidative stress can in turn result in the
inhibition of pro-inflammatory cytokines MCP-1 and IL-8 secretion
by the monocytes [24,31].

Many cross-sectional studies in healthy and diabetic subjects
support the hypothesis of a link between low vitamin D status,
hyperglycemia, insulin resistance and the impaired b-cell function
[8–11,32–34]. Recent studies support that vitamin D supplemen-
tation can lower hyperglycemia in diabetic patients [9–11]. Many
studies report that VD has important health benefits through
paracrine and autocrine mechanisms and that higher blood
25-OH-VD levels are associated with better health outcomes
[8–11]; however, a scientific explanation for the beneficial role
of vitamin D supplementation and its validation has not been
found. This study reports a novel link between vitamin D supple-
mentation and improvement in cellular GSH levels in cell culture
studies. Various studies report lower levels of GSH and vitamin D
in the blood of African-Americans in comparison to European-
Americans [13,34–37]. There is no previous study in the literature
that has examined the potential role/benefit of vitamin D supple-
mentation in boosting cellular GSH levels. Thus, a clinical trial
examining the ability of vitamin D supplementation to boost
circulating GSH levels and lower inflammatory markers is war-
ranted to validate this finding in a patient population. If such trial
leads to tangible clinical results, it would provide the basic mech-
anism that explains the beneficial role of vitamin D in reducing
the adverse effect of diabetes.
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