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Abstract
Our recent finding that insulin increased the expression of glutamate cysteine ligase catalytic
subunit (GCLc) and coincident increases in GCL activity and cellular glutathione (GSH) in human
brain microvascular endothelial cells (IHECs) suggests a role for insulin in vascular GSH
maintenance. Here, using IHECs stably transfected with promoter-luciferase reporter vectors, we
found that insulin increased GCLc promoter activity, which required a prerequisite increase or
decrease in media glucose. An intact antioxidant response element-4 (ARE4) was essential for
promoter activation that was attenuated by inhibitors of PI3kinase/Akt/mTOR signaling.
Interestingly, only at low glucose conditions did promoter activation correlated with increased
GCLc expression and GSH synthesis. Low tert-butyl hydroperoxide (tBH) concentrations
similarly mediated promoter activation, but the maximal activation dose was decreased 10-fold by
insulin. Insulin-tBH co-administration abrogated the low or high glucose requirement for promoter
activation, suggesting possible ROS involvement. ROS production was elevated at low glucose
without or with insulin; however GSH increases were not inhibited by tempol, suggesting that
ROS did not or achieve the threshold for driving GCLc promoter activation and de novo GSH
synthesis. The minor effect of pyruvate also ruled out a major role for hypoglycemia (± insulin)-
induced metabolic stress on GSH induction under these conditions.

Introduction
Regulation of cellular glutathione (GSH) levels can occur through redox cycling between
glutathione disulfide (GSSG) and reduced GSH, enzymatic and nonenzymatic conjugation
to various electrophilic and xenobiotic compounds, protein thiolation, and transmembrane
flux [1]. However, de novo synthesis is by far quantitatively, the most important pathway of
controlling cellular GSH concentration. GSH biosynthesis is carried out by two ATP-
dependent enzymatic processes beginning with the formation of γ-glutamylcysteine; this rate
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limiting is catalyzed by γ-glutamylcysteine ligase (GCL) with subsequent addition of
glycine catalyzed by glutathione synthetase [2].

GCL is a heterodimeric holoenzyme composed of a catalytic (GCLc) and modulatory
(GCLm) subunit. While GCLc alone possesses all of the catalytic activity of the enzyme and
can function monomerically in vivo, dimerization with GCLm lowers the Km for glutamate
and ATP and increases the Ki for GSH feedback inhibition [3]. Thus holoenzyme formation
is one way of increasing GCL activity and GSH synthesis while post-translational
phosphorylation [4] and feedback inhibition by GSH [5] serve to decrease enzyme activity.
The primary means by which GCL activity and GSH synthesis are increased is through
transcriptional upregulation of one or both subunits. In 1997, Mulcahy et al. cloned and
characterized roughly 4.2 kb of the human GCLc promoter and found that both constitutive
and electrophile induced promoter activity were dependent upon an intact antioxidant
response element 4 (ARE4) [6].

A number of cardiovascular diseases (CVDs) are characterized by decreased endothelial
dependent vascular reactivity associated with endothelial oxidative stress stemming from
increased enzymatic generation of reactive oxygen species (ROS) [7]. Coincident with this
increase in ROS production is a decrease in endothelial antioxidant capacity reflected in
decreased aortic GSH content in animal models of hypertension [8], atherosclerosis [9], and
diabetes [10]. An associated attenuation in vascular insulin signaling [11] suggests that
insulin could play an important role in maintaining normal endothelial GSH redox
homeostasis. Previous work from our laboratory has shown that insulin mediated
transcriptional upregulation of GCLc and increased GSH synthetic capacity in a brain
microvascular endothelial cell line (IHEC) cultured under conditions of chronic high glucose
(7 days) [12] or acute low glucose (8h) [13]. We therefore hypothesized that insulin
signaling increases GCLc promoter activity in IHEC under conditions of altered glycemic
status. Using IHEC stably transfected with promoter-luciferase reporter vectors, we show
here the requirement of ARE4 within the GCLc promoter for its induction by insulin as well
as tert-butyl hydroperoxide (tBH). Furthermore, our results are consistent with a role for the
PI3 kinase/Akt/mTOR pathway in the insulin effect under hypo- and hyperglycemic status.
Interestingly, despite insulin induced GCLc promoter activation at low and high glucose,
corresponding increases in endothelial GCLc expression and de novo GSH synthesis
occurred only under low glucose conditions. Moreover, although ROS production was
elevated by hypoglycemia, the requirement of low glucose for the insulin-induced promoter
activation and cellular GSH synthesis appeared to be ROS-independent.

Methods
Reagents

Medium 199, hygromycin B, tert-butyl hydroperoxide (tBH), porcine insulin, insulin-
transferrin-sodium selenite solution, rapamycin B, leupeptin, aprotonin, PMSF, L-
buthionine-(S,R)-sulfoximine (BSO), pyruvate, and tempol were purchased from Sigma-
Aldrich (St. Louis, MO). LY294002, okadaic acid and Akt Inhibitor (SH-5) were purchased
from Calbiochem (San Diego, CA). Dihydrorhodamine 123 (DHR) was from Molecular
Probes (Eugene, OR). Fetal bovine serum (FBS) was obtained from Atlanta Biologicals
(Atlanta, GA). Glucose-free M199 powdered media was from US Biologicals (Swampscott,
MA). Anti-GCLc rabbit polyclonal antibody was obtained from Neo-Markers (Fremont,
CA), and anti-actin mouse monoclonal antibody from BD Biosciences (San Jose, CA). The
pGL3Basic vector (pGL3B) and luciferase assay kit were purchased from Promega
(Madison, WI). pGL3B vectors containing the human γ-glutamylcysteine ligase catalytic
subunit (GCLc) promoter and various truncations of this promoter were kindly provided by
Dr. Jeffrey Johnson, University of Wisconsin, Madison.
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Creation and Culture of Stable Cell Lines
An immortalized human brain endothelial cell line (IHEC) was kindly provided by Dr.
Danica Stanimirovic (Cellular Neurobiology Group, Institute for Biological Sciences, NRC,
Canada) and propagated by Dr. Steven J. Alexander at LSUHSC-Shreveport, LA. IHECs
were cultured in M199 media with 10% FBS, 1% insulin-transferrin-sodium selenite
solution, and 1× antibiotic/antimycotic (complete M199 media) at 37°C in 5% CO2. IHECs
were used for the generation of stable cell lines expressing different luciferase vectors
containing various portions of the human GCLc promoter. The vectors were constructed by
Mulcahy et al [6]. In brief, 4.2 kB of the human GCLc promoter (from −3802 to +465,
where +1 is the transcription start site) were cloned into the pGL3B luciferase reporter
construct. A series of vectors containing truncations of this promoter sequence were
generated via progressive deletion from its 5′ end [6]. Additionally, a vector was created
which contained the full length, 4.2 kB GCLc promoter with a single T → G mutation in the
antioxidant response element 4 (ARE4) located approximately 3.1 kB upstream of the
transcription start site [6] (Figure 1). In this study, the following vectors were used in the
generation of stable IHEC lines: fully functional GCLc promoter, the truncated promoter
sequences −2752 to +465, −814 to +465, and −511 to +465, and the ARE4 point mutant.
The resultant IHEC clones expressing these vectors are herein referred to as WT GCLc cells,
−2752 GCLc cells, −814 GCLc cells, −511 GCLc cells, and ARE4 mut GCLc cells,
respectively. Generation of the lines was as follows: 1.0 × 106 IHEC were resuspended in
100 μL Amaxa nucleofector solution with 2.0 μg of luciferase vector and 0.2 μg of a
hygromycin resistance vector (pTK-Hyg). After nucleofection, the cells were seeded into
three 100 mL dishes and cultured in complete M-199 media containing 100 μg/mL
hygromycin B and cultured at 37° C and 5% CO2. After 4-6 weeks, isolated colonies were
removed from the dishes and expanded under identical conditions with the exception that
hygromycin B was decreased to 50μg/mL. Clones were verified by measuring luciferase
activity on a Promega GloMax 20/20 luminometer. Experiments were performed in M-199
base media supplemented with 1× antibiotic-antimycotic and 50 μg/mL hygromycin B only.
M-199 base media was used in all experiments for serum starvation and incubations unless
otherwise stated.

Assessment of Luciferase Activity
For all experiments, IHEC lines were grown to confluency in either 6 well or 35 mm tissue
culture plates. At the indicated times post treatment, cells were washed 3 times with PBS
and lysed in 1× lysis buffer. Cell lysates were centrifuged at 12,000 rpm for 2 min to remove
particulate matter, and a-20 μL aliquot of each sample was taken for protein quantitation
(Bio-Rad RcDc Protein Assay). Luciferase activity was measured using 20 μL of each
sample. All samples were measured in duplicate and luciferase activity was normalized to
protein content (RLU/mg protein). Luciferase activity at a given time point was expressed as
a ratio of the activity in serum starved cells prior to treatment (time = 0). The various
treatment conditions and cell incubations were as follows.

a. tBH treatment—Confluent IHEC monolayers were serum starved for 12h in M199 base
media and then treated with 0.5 – 50 μM tBH in fresh base media.

b. Insulin treatment at different glucose conditions—For experiments at normal
glucose, confluent IHECs were serum starved overnight and then treated with or without
100 nM insulin in fresh M199 base media containing 5.5 mM glucose for 8h. For
experiments in elevated glucose, cells were serum starved overnight in M199 media
supplemented with 25 mM glucose and thereafter incubated for 8h with or without 100 nM
insulin in fresh M199 media with 25mM glucose. Low glucose conditions were achieved as
follows. Confluent IHECs were serum starved for 8h, at which time fresh M199 base media
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was added, and cells were incubated for an additional 12h to allow for glucose depletion. At
12h, media glucose was approximately 3.5 mM (66 mg/dL) [13]. Cells in reduced glucose
media were then treated with or without 100 nM insulin for 8h. For inhibitor studies, IHECs
were exposed to 10 μM LY 294002, 10 μM SH-5, or 10 nM rapamycin for 30 min prior to
and over the duration of insulin treatment.

c. Insulin and tBH co-treatment—Confluent monolayers were serum starved overnight
and then treated with tBH (0.5-50 μM) with or without 100 nM insulin in fresh M199 base
media for 8h.

Cell incubations for determination of GSH and ROS, and western analysis of GCLc
For these studies, the IHEC line containing the fully functional GCLc promoter (WT GCLc)
was used. Cells (0.5×106/ml) were seeded in 6-well culture plate in full M199 media. At
confluency (3 days), the culture media was replaced with fresh insulin- and glucose-free
M199 media containing 10% heat-inactivated FBS. In these studies, we found that the
addition of heat-inactivated FBS substantially improved cell stability during the duration of
the incubations and provided consistency in cell responses from one experiment to another.
In initial studies we have validated that heat-inactivated FBS per se (without insulin or
glucose manipulations) did not alter GSH content or GCLc expression.

To examine the effect of glucose status on ROS production, GCLc expression and GSH
levels, glucose was added to final concentrations of 0, 0.5, 1, 3, 5, 10, or 25mM, and cells
were exposed to the different glucose concentrations for 8h. To examine the influence of
insulin at the various glycemic states, cells were first incubated at the different glucose
conditions (as above) for 6h followed by further 8h incubation in the presence of 100nM
insulin. To detect ROS production, cells grown on 96 well plates were pretreated with 5μM
DHR 123, a cell-permeant oxidant-sensitive nonfluorescent probe, DHR 123 [14] followed
by incubation with the same DHR concentration throughout the experiment. ROS
production was detected as rhodamine fluorescence using excitation/emission wavelengths
of 485/520 nm.

In some experiments the effect of BSO or tempol on cell GSH levels was examined at 0.5
and 5 mM glucose in the absence or presence of insulin using the above incubation protocols
at these two glycemic status and insulin treatment. The inhibitors were added at the same
time as the addition of 0.5 mM glucose (induction of hypoglycemia) or the addition of
insulin (specific insulin effect). BSO or tempol whenever present, were at final
concentrations of 100μM or 1mM, respectively. The effect of pyruvate on GSH levels was
examined at 0 mM glucose in the presence of either 1mM or 5mM pyruvate without or with
insulin addition. At the specified times, cells were harvested for western blot analyses or
GSH determination.

Quantification of GSH and GSSG
Cellular contents of GSH and GSSG were determined by high-performance liquid
chromatography (HPLC) [15]. Briefly cells were lysed in 5% TCA and scraped into 1.5 mL
microcentrifuge tubes. The acid supernatants were derivatized with 6mM iodoacetic acid
and 1% 2, 4-dinitrophenyl fluorobenzene to yield the S-carboxymethyl and 2, 4-
dinitrophenyl derivative of GSH. Separation of GSH and GSSG derivatives was performed
on a 250mm × 4.6 mm Alltech Lichrosorb NH2 10micron anion exchange column. GSH and
GSSG contents were quantified by comparison to standards derivatized in the same manner.
Protein pellets were dissolved in 0.1M NaOH for protein quantitation.
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Western Analysis of GCLc
Cells were lysed in RIPA with aprotinin, PMSF, okadaic acid, and leupeptin. Total protein
(40 μg) per sample were loaded onto 10% acrylamide gels and separated at 100 V followed
by transfer to PVDF for 2h at 200mA at 4°C. Membranes were blocked in 5% milk TBS-T
at room temperature for 1h and then incubated with rabbit anti-GCLc (1:1000) in 5% milk
TBS-T overnight at 4°C. After washing, membranes were incubated in HRP conjugated
goat-anti-rabbit secondary (1:1000) for 2h at room temperature followed by washing and 5
min incubation with ECL reagents. The membranes were stripped and equal protein loading
was determined by expression of β-actin using a mouse monoclonal antibody (1:75,000).

Statistical Analysis
Data from all experiments were analyzed by one way ANOVA using Bonferroni’s post test
for comparison of sample groups. p<0.05 was considered statistically significant. All data
shown herein for luciferase assay illustrate the cumulative results of triplicate samples in
each experiment and 3 separate experiments were performed. An average of the 9
measurements ± SD is shown. The data shown for GSH determinations (mean ± SD) was
the average of duplicate samples in each experiment for 3-4 separate cell preparations. The
data for ROS measurements (mean ± SE) was the average of triplicate samples in each
experiment for 7 separate cell preparations.

Results
Five stable cell lines expressing luciferase as a reporter for GCLc promoter activity were
generated using the reporter constructs illustrated in Figure 1. Luciferase expression in these
IHEC lines were driven by the full length human GCLc promoter (WT GCLc), truncated
versions of the promoter (−2751 GCLc, −814 GCLc, and −511 GCLc), and the full length
GCLc promoter with a single nucleotide mutation in ARE4 (ARE4 mut GCLc). Use of these
vectors allowed us to examine the role of different regulatory elements within the promoter
sequence, including AREs 3 and 4 (between −3802 and −2752), AREs 1 and 2 (from −2752
to −814), and a putative E-box repressor element. An E-box repressor element was
previously reported in rat GCLc promoter from −745 to −705 which binds USF 1 and 2
[16], and was suggested that this region of the human GCLc promoter may contain a similar
repressor element [6]. To verify proper reporter gene response (positive control), tBH was
used to induce luciferase activity in these IHEC cell lines. The role of tBH in GCLc
induction in endothelial cells has not been determined although tBH was shown to mediate
transcriptional GCLc upregulation in mouse embryonic cells [17].

tBH increases GCLc promoter activity in IHEC in an ARE4 dependent manner
The effect of tBH on induction of GCLc promoter activity was examined with 0.5, 5, or 50
μM tBH, concentrations that correspond to ROS levels generated during normal cell
signaling and metabolism (0.5 and 5.0 μM) and that generated during oxidative stress
(50μM). There was no significant cell death under these conditions. The results in Figure 2A
show that treatment of WT GCLc cells with 0.5 and 5μM tBH significantly elevated
luciferase activity by 4h that was sustained at 8h. However, 50 μM tBH significantly
increased luciferase activity only at 8h, a magnitude that was equivalent to 0.5 μM tBH at
the same time point. These results indicate that activation of GCLc promoter activity was
more responsive to low (0.5 and 5.0 μM) than high (50 μM) tBH concentrations.

ARE4 was previously shown to be essential for full induction of the human GCLc promoter
by the polyaromatic hydrocarbon β-naphthoflavone (β-NF) [6]. A role for ARE4 in tBH-
mediated induction of luciferase activity was tested using WT GCLc, and IHEC lines with
truncated versions of the promoter (−2751 GCLc, −814 GCLc, and −511 GCLc). Figure 2B
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shows that only WT GCLc, but not cells with truncated GCLc promoter, stimulated
luciferase activity at 8h when treated with at 0.5, 5, and 50 μM tBH, consistent with a
requirement of ARE4 for tBH induction of promoter activity. The lack of induction of
luciferase activity by the same range of tBH in ARE4 mut GCLc cells (Figure 2C)
confirmed that ARE4 is essential for GCLc promoter activation by tBH.

Insulin increases IHEC GCLc promoter activity in an ARE4 dependent manner
Insulin was shown to induce transcriptional upregulation of GCLc expression in rat
hepatocytes [18, 19] and in IHECs under conditions of chronic high glucose [12] and acute
low glucose [13]. To examine potential ARE4 involvement in insulin-mediated GCLc
induction luciferase activity was determined in WT GCLc cells treated with 100 nM insulin
for 8h. Interestingly, insulin had no effect on luciferase activity in IHECs incubated in 5.5
mM glucose (normoglycemia) (Figure 3A). When media glucose was reduced (see
methods), insulin administration resulted in significant increases in luciferase activity at 8h
(Figure 3B), suggesting that a hypoglycemic state promotes insulin-mediated GCLc
promoter activity. Luciferase activity was similarly stimulated to the same extent by insulin
administration (100nM) to WT GCLc cells incubated in 25mM glucose (hyperglycemia)
(Figure 3B). These results show that insulin induction of IHEC GCLc promoter activity
occurred at altered glucose conditions in agreement with our previous findings [12, 13].

A possible role for ARE4 in the insulin response was examined using WT GCLc and IHEC
lines containing truncated promoter vectors treated with 100 nM insulin under conditions of
high and low glucose. Figure 4A shows that insulin was effective in increasing luciferase
activity only in WT GCLc cells expressing the full length promoter, but not the truncated
versions. Moreover, insulin failed to increase luciferase activity in ARE4 mut GCLc cells
regardless of glucose status (Figure 4B), confirming that a functional ARE4 is essential for
insulin-mediated activation of GCLc promoter activity at elevated and compromised glucose
status. To our knowledge, this is the first evidence of ARE4 involvement in growth factor or
hormone mediated GCLc induction.

Insulin-induced GCLc promoter activation at altered glucose concentrations is dependent
upon PI3K/Akt/mTOR signaling

To test whether the PI3 kinase-Akt-mTOR signaling pathway was central to insulin–
mediated GCLc promoter activation, we pretreated WT GCLc cells with LY294002 (PI3K
inhibitor), SH-5 (Akt inhibitor), or rapamycin (mTOR inhibitor) prior to insulin
administration under conditions of high and low glucose. Treatment of cells with the
inhibitors alone was without effect on promoter activity or cell death (data not shown). The
results in Figure 5 demonstrate that insulin-mediated increase in luciferase activity under
conditions of low (5A) or elevated (5B) glucose was completely abolished by the kinase
inhibitors, consistent with the involvement of the PI3K/Akt/ mTOR pathway in induction of
GCLc promoter activity, in agreement with previous observations [12, 13].

Co-administration of insulin and low dose tBH abrogates the necessity for a prerequisite
glucose perturbation for the insulin effect

Given that hyper- and hypoglycemia increase ROS production [20-23] and that H2O2 can
augment insulin signaling [24], we examined whether tBH added to cells at 5.5 mM glucose
(normoglycemia) could mimic the oxidative state elicited by these perturbed glycemic states
in insulin-GCLc promoter activation. The results show that at 5.5 mM glucose, 0.5 μM tBH
alone increased luciferase activity by 4 and 8h (Figure 6A). Co-administration of tBH with
insulin induced higher luciferase activity at 8h than tBH alone, suggesting that insulin-
induced GCLc promoter activation is promoted by low level oxidants, a scenario that could
occur during glucose depleted or elevated states. Figure 6B shows that at 0.5 μM tBH,
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insulin-tBH elicited an increase in luciferase activity that was greater than that with 0.5 μM
tBH alone, consistent with insulin-tBH synergy. At this tBH dose (0.5 μM), there was no
detectable oxidative stress as evidenced by a lack of GSSG formation. In comparison,
insulin-tBH co-treatment at 10-fold higher tBH (5 μM) increased luciferase activity to the
same magnitude as that for 5 μM tBH alone, indicating a loss of the insulin effect.
Interestingly, co-administration of insulin with 50 μM tBH resulted in attenuated luciferase
activity that was not attributed to cell death. Neither insulin nor tBH stimulated luciferase
activity in ARE4 mut GCLc cells (Figure 6C), indicating the co-effect of insulin plus tBH at
5.5 mM glucose was ARE4-dependent. These results demonstrate that ARE4-dependent
GCLc promoter induction by insulin under normoglycemic conditions was synergized at
physiological tBH concentrations; this stimulatory response was ablated at high tBH levels.

Insulin induced GCLc expression and de novo GSH synthesis under conditions of low, but
not elevated glucose that was ROS-independent

We next determined whether activation of GCLc promoter by insulin at various glycemic
states resulted in increased expression of GCLc protein and elevated de novo GSH synthesis.
The results in Figure 7 show that hypoglycemia alone (0-3 mM glucose) increased GCLc
protein expression and GSH concentrations (Figure 7A). Notably, severe glucose depletion
elicited the highest increase in GCLc expression and cellular GSH. The presence of insulin
further enhanced the upregulation of GCLc expression and doubled cellular GSH
concentration at 0 and 0.5 mM glucose (Figure 7B), indicating hypoglycemia-insulin
synergy. Indeed, the glucose dose-GCLc and GSH relationship was left shifted by insulin,
which directly correlated with insulin activation of GCLc promoter activity at low glucose.
Surprisingly, exposure of cells for 8h to media glucose at 10 and 25 mM (2-to-5-fold higher
than normal (5mM)) did not increase GCLc expression or GSH, regardless of whether
insulin was absent or present (Figure 7), a response that did not correspond to insulin
mediating GCLc promoter activation under elevated glucose state (see Figure 3B).

The increases in cellular GSH mediated by hypoglycemia- (Figure 8A) as well as combined
hypoglycemia-insulin (Figure 8B) were abrogated by BSO, but was unaffected by tempol,
an SOD mimetic and ROS scavenger. These results suggest that net GSH increases were the
result of de novo synthesis from increased GCLc expression consequent to stimulatory
actions of insulin/low glucose on the GCLc promoter. The lack of an effect of tempol
suggests that hypoglycemia-mediated GSH increases may be ROS independent.

To further test for possible ROS involvement, we measured ROS production under various
glucose concentrations. The results show that only hypoglycemia (0-1 mM glucose), but not
hyperglycemia (10-25 mM glucose) increased DHR oxidation in the absence (Figure 9A) or
presence of insulin (Figure 9B), that was prevented by the addition of tempol (Figure C &
D), consistent with elevated ROS production at low glucose. It is notable however, that
insulin addition resulted in lower ROS generation, regardless of glucose status (Figure 9B);
one explanation could be that insulin promoted ROS elimination, and consequent GSH
consumption may account for lower GSH levels (though not statistically significant) in the
presence of insulin (Figures 7, 8).

The finding that tempol prevented ROS production (Figure 9), but failed to block
hypoglycemia or combined hypoglycemia/insulin-induced GSH increases (see Figure 8A &
B), suggests that direct ROS stress is unlikely to be a key mechanism by which
hypoglycemia and/or insulin mediated GSH increases. To determine if metabolic stress
induced by glucose depletion contributed to GSH increases, cells were incubated with
pyruvate, a major glucose metabolite, in the absence of glucose. The results in Figure 10
show that cellular GSH increases induced by hypoglycemia- or combined hypoglycemia and
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insulin was partially blocked at 5mM, but not at 1mM pyruvate, suggesting that a mere
imbalance in glucose metabolism was not a critical factor in GSH induction.

Discussion
Insulin has been shown to induce transcriptional upregulation of GCLc in rat hepatocytes
[18, 19], and we previously demonstrated the same influence of insulin on GCLc expression
in IHECs under conditions of low and high glucose [12, 13]. However, the effects of insulin
on GCLc promoter activity have not been directly examined, nor has the possibility that
ARE4 within the GCLc promoter plays a role. Here, we present evidence that insulin
increases GCLc promoter activity in IHECs under conditions of altered glycemic states, and
that promoter activation requires ARE4. Additionally, insulin-GCLc promoter activation
under low glucose conditions was coincident with increased cellular expression of GCLc
protein and elevated GSH concentrations that were attributed to de novo synthesis. These
results are consistent with insulin mediating endothelial GSH increases through the
transcriptional upregulation of GCLc and that, like β-NF [6] and H2O2 [25], insulin utilizes
ARE4 for induction of promoter activity. This observation is the first demonstration of a
requirement of an ARE (ARE4) in growth factor mediated activation of the GCLc promoter.
The fact that diverse stimuli like insulin and electrophilic compounds can stimulate GCLc
promoter activity in an ARE4-dependent manner suggests a common and conserved
underlying transcriptional mechanism of regulation of GCL and elevation of endothelial
GSH.

It is notable that maximal GLCc promoter activation was modest, consistently between 1.5
to 2-fold, regardless of the inducing agent. This magnitude of promoter induction was
reflected in similar quantitative (~2-fold) increases in GCLc expression, GCL activity, and
cellular GSH levels mediated by insulin or glycemic or carbonyl stresses in IHEC cells [12,
13]. Similar modest increases in GCL and GSH were documented in hepatocytes [18].
Importantly, our recent studies demonstrated that insulin-mediated 2-fold elevation in
cellular GSH in IHECs was effective in protecting against hyperglycemia-induced apoptosis
[12], and in buffering against tBH-induced cellular GSH depletion [13]. Taken together,
these results suggest that the transcriptional regulation of GCLc in cellular GSH homeostasis
is a tightly controlled process, and that modest GCLc changes can have a profound impact
on cellular GSH redox buffer and IHEC survival.

H2O2, like insulin, stimulates PI3K [26] and PKC [27] activities which regulate Nrf2/ARE-
driven gene expression [28, 29]. H2O2 has been shown to increase GCL mRNA in cultured
cells [30] and activate GCLc ARE4 in a luciferase reporter system [25]. Thus, the use of
tBH as a model oxidant in the current study was a feasible approach to validate the
luciferase reporter expression system in IHEC cell lines containing the human GCLc
promoter and various truncations of this promoter. The finding that tBH activated GCLc
promoter activity in an ARE4 dependent manner agrees with previous studies using
electrophilic agents [6]; however, there are several novel and interesting aspects of our
results with the tBH responses. Notably, GCLc promoter activation was attenuated at 50 μM
tBH, resembling a pathophysiological peroxide level associated with GSH depletion.
Because a redox active cysteine within the Nrf2 DNA binding region is essential for its
function [31], it is conceivable that oxidation of this cysteine by elevated peroxide levels
would prevent transcription factor binding and promoter activation. Moreover, peroxide
inhibition of PKC [32] and Akt [33] activities and oxidative modification of the PI3K/Akt/
mTOR pathway [12, 13] could be an upstream target in insulin-GCLc promoter activity.

The studies of insulin-tBH co-administration are important for understanding the
relationship between insulin and oxidant regulation of GCL activity and endothelial GSH
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status. The finding that combined insulin-0.5 μM tBH treatment significantly increased
GCLc promoter activity agrees with previous observation that H2O2 enhanced insulin
signaling [34]. Moreover, the insulin stimulation of GCLc promoter activity under normal
glucose conditions when co-administered with 0.5 μM tBH suggests that low level ROS may
be a requisite factor in the insulin effect. This line of reasoning supports the notion that
hypo- and/or hyper-glycemic stress via ROS generation [20-23, 34] would activate GCLc
promoter function. Interestingly, while hypoglycemia did increase ROS production (Figure
9), our results suggests that ROS was unlikely to be a major trigger in or did not achieve the
threshold for endothelial GSH increases at low glucose regardless of the insulin status
(Figure 8), suggesting roles for other mediators. One possibility could be the induction of
metabolic stress due to glucose depletion. However, the addition of pyruvate, a central
glucose metabolite at 5mM concentration resulted in only partial reversal of the low glucose
effect on endothelial GSH (Figure 10). This suggests that hypoglycemia-induced metabolic
stress is a relatively minor contributor to the GSH increases observed under low glucose
conditions. Therefore, the identification of candidate mediators of endothelial GCLc
regulation associated with the reduced glucose state warrant further study. It is notable,
however, that insulin sensitizes the GCLc promoter response to tBH stimulation; the
concentration of tBH for maximal GCLc promoter activation was lowered by 10-fold in the
presence of insulin (from 5 μM to 0.5 μM, Figure 6B). In this scenario, insulin could
function to lower the oxidant threshold to mount a robust cellular antioxidant response (e.g.,
increased GCLc expression and GSH biosynthesis), a response that would be critical to cell
survival during oxidative challenge [13].

The result that insulin-mediated activation of the GCLc promoter under conditions of high
and low glucose is in agreement with previous findings that altered glycemic status was
permissive for insulin-mediated GCLc upregulation in IHECs [12, 13]. Surprisingly, the
insulin effect on downstream GCLc protein expression and cellular GSH increases were
observed only under low glucose conditions. It is unclear why acute hyperglycemia, despite
stimulating GCLc promoter activation (Figure 3B), failed to induce GCLc expression and
GSH production (Figure 7). This current result is in contrast to the previously observed
robust increases in GCLc protein expression and GSH levels in IHECs exposed to chronic
hyperglycemia [12]. A notable difference between the current and our previous study [12,
13] is the duration of high glucose exposure (8h versus 7 days, respectively); an extended
duration of hyperglycemic stress may be important for cytosolic expression of GCLc and
GSH synthesis despite early induction of promoter activation during elevated glucose status.

In summary, the present study provides novel mechanistic insights into insulin control of
endothelial GSH status. The magnitude of stimulation of GCLc promoter activity by insulin
was reflected in quantitative increases in GCLc protein expression and cellular GSH
synthesis. These results will have important implication for endothelial redox biology and
pathobiology under conditions of perturbed plasma glycemic status. The responsiveness of
the GLCc promoter to insulin stimulation raises the interesting question as to whether the
other vascular growth factors, such as VEGF, can mimic insulin in endothelial GSH
regulation. This unresolved question is the subject of current investigation in our laboratory.
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Highlights
> Insulin activates GCL promoter under increased or decreased glucose conditions. >
Glycemic requirement was abrogated by insulin-hydroperoxide co-administration. >
Intact antioxidant response element-4 was critical for GCL promoter activation. > Only at
low glucose did promoter activation correlate with GCL and GSH increases. > Neither
ROS nor metabolic stress is key player in promoter activation at low glucose.
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Figure 1. Luciferase Reporter Constructs Used to Generate Stable Cell Lines
A 4.4 kB of the human GCLc promoter were used to generate a series of luciferase reporter
constructs. The diagram of the vector containing the full length, fully functional promoter
(number 5) shows the locations of several AP-1 sites and AREs 1-4 (numbered in
descending order from 5′ to 3′). Vector number 4 represents the full length promoter with a
single nucleotide mutation in ARE4, and vectors 1-3 represent 3 truncated versions of the
full length promoter.
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Figure 2. tBH increases GCLc promoter activity in IHEC in an ARE4 dependent manner
Panel A shows changes in luciferase activity over time in response to either 0.5, 5, or 50 μM
tBH treatment in a cell line stably expressing a luciferase reporter gene driven by the human
GCLc promoter (IHEC-GCLc-luc). * p<0.05 vs Untreated. Panel B compares changes in
luciferase activity with tBH treatment in IHEC expressing either the full length (WT) GCLc
promoter or various length truncations (−2751, −814, −511). *p<0.05 vs Untreated for
respective cell line. Panel C shows a time course of change in luciferase activity with tBH
treatment in IHEC stably expressing a luciferase reporter gene driven by the human GCLc
promoter with a T → G mutation in ARE4 (IHEC-mutGCLc-luc).
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Figure 3. Insulin increases GCLc promoter activity at high and low glucose concentrations
Panel A. A time course of change in luciferase activity in IHEC-GCLc-luc treated with or
without 100 nM insulin in fresh, serum free media. Panel B. IHEC-GCLc-luc cells were
treated with 100 nM insulin in either fresh, serum free media, glucose depleted media, or
glucose supplemented media, and luciferase activity was measured 8 hrs after insulin
treatment. * p<0.05 vs 0 hrs at the respective glucose concentration.
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Figure 4. The insulin induction of GCLc promoter activity under high and low glucose
conditions is ARE4 dependent
Panel A compares changes in luciferase activity with insulin treatment in IHEC expressing
either the full length (WT) GCLc promoter or various length truncations (−2751, −814,
−511). * p<0.05 vs Untreated for respective cell line and glucose concentration. Panel B
compares changes in luciferase activity between IHEC-GCLc-luc and IHEC-mutGCLc-luc
cells with insulin treatment under high and low glucose conditions. * p<0.05 vs Untreated
for respective cell type and glucose concentration; # p<0.05 vs WT under identical treatment
conditions.

Langston et al. Page 17

Free Radic Biol Med. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. The insulin induction of GCLc promoter activity at high and low glucose is dependent
upon PI3K/Akt/mTOR signaling
This figure demonstrates the effect of inhibition of PI3K, Akt, and mTOR, in blocking the
insulin induced increase in GCLc promoter activity in IHEC-GCLc-luc cells under
conditions of low (Panel A) or high (Panel B) glucose. * p<0.05 vs all other treatment
groups; # p<0.05 vs 8 hrs + insulin.
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Figure 6. Co-administration of insulin with tBH increases GCLc promoter activity at normal
glucose concentrations
Panel A compares changes in luciferase activity in IHEC-GCLc-luc cells treated with both
100 nM insulin and 0.5 μM tBH at normal glucose concentrations. * p<0.05 vs Untreated at
respective time point, # p<0.05 vs 0.5 μM tBH at respective time point. Panel B compares
changes in luciferase activity in IHEC-GCLc-luc cells 8 hrs after cotreatment with 100 nM
insulin and tBH (0-50 μM) or tBH alone at normal glucose concentrations. * p<0.05 vs
Untreated at respective tBH concentration. Panel C compares changes in luciferase activity
in IHEC-GCLc-luc and IHEC-mutGCLc-luc cells 8 hrs after cotreatment with 100 nM
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insulin and tBH (0-50 μM). * p<0.05 vs 100 nM insulin; # p<0.05 vs WT GCLc at
respective tBH levels.

Langston et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Reduced glucose and combined low glucose and insulin conditions induces GCLc
expression and cellular GSH levels
Panel A shows the influence of various glucose media glucose concentrations on protein
expression of GCLc and cellular GSH concentrations. GSH increases at 0 or 0.5mM media
glucose were significantly higher (* p<0.01) than that at normal (5 mM) media glucose.
Panel B illustrates that the impact of 100nM insulin on GCLc expression and GSH levels
under various media glucose status. GCLc expression and GSH increases under conditions
of combined insulin and 0, 0.5 and 1 mM media glucose were significantly higher (*p<0.01)
than at 5mM glucose plus insulin. For western analysis, one representation of 3 separate
blots is presented in each instance.
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Figure 8. Reduced glucose and combined low glucose and insulin mediate de novo GSH
synthesis, independently of ROS
Panels A and B respectively show the effect of tempol, an ROS scavenger and BSO (GSH
synthesis inhibitor) on hypoglycemia or combined hypoglycemia and insulin-induced
endothelial GSH increases. The lack of an effect of tempol and the inhibitory effect of BSO
are consistent with hypoglycemia (plus/minus insulin) mediating de novo GSH synthesis
independent of a role for ROS. * p<0.001, 0.5 mM glucose versus 5 mM glucose (without or
with insulin); # p<0.001, 0.5 mM glucose versus 0.5 mM glucose plus BSO (without or with
insulin).
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Figure 9. Reduced glucose and combined low glucose and insulin conditions induces ROS
production
Panel A shows the influence of various glucose concentrations on ROS production, as
measured by rhodamine 123 fluorescence, expressed as Ft-F0/F0 where Ft and F0,
represents the fluorescence at times, 8h and 0h, respectively. Increases in fluorescence at 0
or 0.5mM glucose were significantly higher (* p< 0.01) than that at normal (5 mM) media
glucose. Panel B illustrates the influence of 100nM insulin on ROS production under
various glucose status. ROS production under combined conditions of glucose (0 and 0.5
mM) and insulin was significantly higher (*p< 0.001, 0.01) than at 5mM glucose plus
insulin. Panel C and D respectively show the effect of tempol on ROS production induced
by hypoglycemia (0mM glucose, C) or by combined hypoglycemia and insulin (D). The
attenuation of rhodamine fluorescence by tempol is consistent with elevated ROS
production. * p<0.001, 0mM glucose versus 5 mM glucose (without or with insulin); #
p<0.001, 0 mM glucose versus 0 mM glucose plus tempol (without or with insulin).
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Figure 10. Administration of pyruvate, a major glucose metabolite, minimally attenuates
endothelial GSH induced by low glucose and combined low glucose and insulin
Panels A and B respectively show the effect of pyruvate (1 or 5 mM) on hypoglycemia- or
combined hypoglycemia and insulin-induced endothelial GSH increases. The minimal effect
of pyruvate on the increase in endothelial GSH mediated by hypoglycemia (plus/minus
insulin) suggests a minor role for hypoglycemia-mediated metabolic stress in GSH
induction. * p<0.01, 0 mM glucose versus 5 mM glucose (without or with insulin); #
p<0.05, 0 mM glucose versus 0 mM glucose plus 5mM pyruvate (without or with insulin).
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