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Chapter 77
High Glucose Activates ChREBP-Mediated 
HIF-1α and VEGF Expression in Human RPE 
Cells Under Normoxia

Min-Lee Chang, Chung-Jung Chiu, Fu Shang and Allen Taylor

Abstract 

Objective Because retina-damaging angiogenesis is controlled by vascular endo-
thelial growth factor (VEGF) and people with higher glucose intakes are more sus-
ceptible to retinal complications that may be due to increased VEGF, it is crucial 
to elucidate relations between glucose exposure and VEGF expression. We aimed 
to determine if a carbohydrate response element binding protein (ChREBP) plays 
a role in the transcriptional up-regulation of hypoxia-inducible factor-1α ( HIF-1α) 
and the downstream VEGF expression in retinal pigment epithelial (RPE) cells ex-
posed to high glucose under normoxic conditions.
Methods ARPE19 cells were exposed to 5.6, 11, 17, 25 and 30 mM glucose for 
48 h in serum-free culture media under normoxic (21 % O2) conditions. Protein and 
mRNA expression of indicated genes were determined by immunoblot analyses and 
real-time RT-PCR, respectively. An enzyme-linked immunosorbent assay (ELISA) 
was used to detect the concentrations of VEGF in the media. Immunofluorescence 
(IF) and chromatin immunoprecipitation (ChIP) for ChREBP were used to demon-
strate nuclear translocation and HIF-1α gene promoter association, respectively.
Results Immunoblot analyses showed that HIF-1α levels were positively related 
to levels of glucose exposure between 5.6–25 mM in the RPE cells, indicating 
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the induction and stabilization of HIF-1α by elevated glucose under normoxic 
conditions. Human lens epithelial cells and HeLa cells did not respond to high glu-
cose, implying that this phenomenon is cell type-specific. Real-time RT-PCR for 
HIF-1α and VEGF and ELISA for VEGF indicated that high glucose is associ-
ated with elevated production of HIF-1α-induced VEGF, an established inducer of 
neovascularization, in the RPE cells. IF analyses showed that, although ChREBP 
was expressed under both low (5.6 mM) and high (25 mM) glucose conditions, it 
appeared more in the nuclear region than in the cytosol of the RPE cells after the 
high glucose treatment. ChIP analyses suggested a HIF-1α gene promoter associa-
tion with ChREBP under the high glucose condition. These results imply that RPE 
cells use cytosolic ChREBP as a glucose sensor to up-regulate HIF-1α expression.
Conclusion These results suggest a high glucose-induced, ChREBP-mediated, and 
normoxic HIF-1α activation that may be partially responsible for neovasculariza-
tion in both diabetic and age-related retinopathy.

Keywords Glucose · Hyperglycemia · Carbohydrate response element binding 
protein (ChREBP) · Hypoxia-inducible factor-1α (HIF-1α) · Vascular endothelial 
growth factor (VEGF) · Retinal pigment epithelial (RPE) · Neovascularization · 
Normoxia · Age-related macular degeneration (AMD) · Diabetic retinopathy (DR)

Abbreviations

AMD Age-related macular degeneration
AREDS Age-related eye Diseases study
BMES Blue mountains eye study
ChIP Chromatin immunoprecipitation
ChRE Carbohydrate response element
ChREBP Carbohydrate response element binding protein
DR Diabetic retinopathy
GI Gycemic index
HIF-1α Hypoxia-inducible factor-1α
HLE Human lens epithelial
NHS Nurses’ Health Study
NVP Nutrition and Vision Project
OEM Osmolarity equivalent medium
PP2A Protein phosphatase 2A
RPE Retinal pigment epithelial
VEGF Vascular endothelial growth factor

77.1  Introduction

Age-related macular degeneration (AMD) is a progressive disease, the advanced 
forms of which account for over 50 % (500,000 cases per year) of legal blindness 
in the USA [1]. Because the proportion of aged in our population is increasing, it is 
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estimated that the number of individuals affected with advanced AMD in the USA 
will increase more than 50 % from 1.75 million in 2,000 to 2.95 million in 2020 [2]. 
There is no cure for this devastating disease, so there is a high premium on prevent-
ing it or delaying its progress to debilitating stages. It is believed that dietary may 
be the most cost-effective strategy to address this health issue [3, 4].

In recent studies, we observed a link between glycemic index (GI) and increased 
risk for AMD in two American cohorts, the Nutrition and Vision Project (NVP) 
sub-study of the Nurses’ Health Study (NHS) and the Age Related Eye Diseases 
Study (AREDS) of the NEI, NIH [5–9]. Both studies indicate that consuming diets 
that cause higher blood glucose loads (i.e. diets with higher GI) is associated with 
higher risk for AMD in otherwise healthy, non-diabetic individuals. The findings 
were corroborated in the Blue Mountains Eye Study (BMES) cohort, Australia [10]. 
However, the mechanism of this association remains poorly understood. Elucidat-
ing the biochemical mechanisms is critical for designing nutritional intervention 
strategies, furthering our understanding of the underlying pathogenesis, and would 
inform about the designs of new therapeutics for AMD [11].

We recently postulated that hyperglycemia (e.g. the high postprandial hypergly-
cemia induced by high-GI diets) may affect the risk for AMD, diabetic retinopathy 
(DR), and other diseases, through the activation of hypoxia-inducible factor (HIF)-
inducible genes, such as vascular endothelial growth factor ( VEGF), even under 
normoxia [12]. Uncontrolled VEGF is a major cause of blinding AMD, and contrib-
utes to proliferative DR.

Carbohydrate response element binding protein (ChREBP) is a key regulator of 
glucose metabolism, which is activated in response to high glucose and up-regulates 
more than 15 genes involved in the metabolic conversion of glucose to fat, such as 
the pyruvate kinase and lipogenesis enzyme genes, by binding to a carbohydrate 
response element (ChRE) of these genes [13]. Through controlling transcription of 
lipogenic enzyme genes in response to nutritional and hormonal inputs, ChREBP 
may play an important role in disease states, such as diabetes, obesity, hyperten-
sion, etc. Recently, the ChREBP has also been shown to be able to up-regulate the 
transcription of HIF-1α and, therefore, downstream HIF-inducible gene expression 
in human renal mesangial cells exposed to normoxia and high glucose, and it is sug-
gested that this phenomenon is tissue (cell type)-specific [14]. However, this phe-
nomenon has never been investigated in the human retina. In this study, we tested 
this hypothesis by determining if a ChREBP plays a role in the transcriptional up-
regulation of hypoxia-inducible factor-1α ( HIF-1α) and downstream VEGF expres-
sion in retinal pigment epithelial (RPE) cells exposed to normoxia and high glucose.

77.2  Materials and Methods

77.2.1   Cell Culture

ARPE-19 cells, human lens epithelial (HLE) cells and HeLa cells (ATCC, Manas-
sas, VA) were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented with 
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10 % fetal bovine serum, 50 U/ml penicillin, and 50 μg/ml streptomycin. Before 
each assay, the cells were starved for 16 h in the media containing 0.2 % fetal bo-
vine serum albumin. After washing with PBS twice, the cells were incubated with 
serum-free culture media containing different glucose concentrations for 48 h.

77.2.2   Western Blot Analysis

Whole-cells were lysed directly with SDS-gel loading buffer. Total proteins were re-
solved by 10 % SDS-PAGE and transferred into nitrocellulose membrane (BioRad, 
USA). Primary antibodies were incubated in Tris-buffered saline with 2.5 % milk. 
Secondary antibodies conjugated with horseradish peroxidase (Jackson immuno re-
search, USA) and theSuperSignal West Pico detection system (ThermoFisher Sci-
entific) were used for visualization. For semiquantitative analyses, the band densi-
ties were measured using Image-J software. The following primary antibodies were 
used: mouse anti-HIF-1α (Novus Biologicals, USA), rabbit anti-CHREBP (Novus 
Biologicals, USA), and mouse beta-actin (Sigma, USA).

77.2.3   Quantitative Real-Time PCR

Total RNA was purified according to the manufacturer’s instructions using an 
RNeasy mini kit (Qiagen, Valencia, CA). SuperScript III Reverse Transcriptase (In-
vitrogen, Carlsbad, CA), random hexadeoxynucleotide primers and oligo dT prim-
ers were used to synthesize cDNA. The real time PCR analyses were conducted 
on a MX3000P quantitative PCR system (Agilent technology, Willmington, DE, 
USA). SYBR Green PCR master mix (Qiagen, USA) was used to quantify human 
HIF-1α and VEGF mRNA. cDNA amplification was performed using the following 
set of primers: VEGF forward 5′-CAGAATCATCACGAAGTG-3′; VEGF reverse 
5′-TCTGCATGGTGATGTTGGAC-3′. Quantitative RT-PCR was performed and 
HIF-1α mRNA or VEGF mRNA levels were normalized to beta-actin levels.

77.2.4   VEGF ELISA

The concentration of VEGF in the cell culture media was measured by a VEGF ELI-
SA kit (R&D Systems, USA), using monoclonal antibodies directed against human 
VEGF. Absorbance was measured at 450 nm, with wavelength correction at 570 nm.

77.2.5   ChIP Analysis

Chromatin immunoprecipitation (ChIP) analysis was performed according to the in-
structions of EpiTect ChIP OneDay kit (QIAGEN, USA). Briefly, fragments of the 
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chromatin were incubated with rabbit anti-ChREBP antibodies (Novus Biologicals, 
USA) or rabbit polyclonal immunoglobulin G (Jackson Immune Research) and 
then precipitated by protein G-Sepharose. After wash and purification, PCR was 
performed using primers flanking the ChRE within the HIF-1α gene promoter: for-
ward, 5’-CTCTTTCCTCCGCCGCTAAAC-3’ and reverse, 5’-GGTTCCTCGA-
GATCCAATGGC-3’.

77.2.6   Immunofluorescence Staining

Cells were grown on four-well chamber slides (BD Biosciences). Cells were 
washed with PBS, fixed for 10 min with 4 % paraformaldehyde in PBS and treated 
with 0.1 % Triton X-100. The slides were blocked with PBS containing 0.1 % TX-
100 and 0.5 % BSA for 30 min. Staining with primary rabbit anti-CHREBP (Novus 
Biologicals, USA) for 2 h, and the slides were then washed with PBS and incubated 
with FITC conjugated secondary anti-rabbit antibody (Jackson Immuno Research) 
for 1 h. Slides were again washed with PBS and counterstained with DAPI for 
5 min, rinsed, and briefly dried before mounting.

77.2.7   Statistical Analysis

Data are reported as the mean ± 95 % confidence interval of at least three indepen-
dent experiments. For comparison between two groups, the two-sided t test was 
used. In all cases, p < 0.05 was considered significant.

77.3  Results

77.3.1   High Glucose Induces Expression of 
HIF-1α in Human RPE Cells Under Normoxia

ARPE-19 cells were incubated in medium containing 5.6, 11, 17, 25, and 30 mM 
glucose under normoxic (21 % O2) condition for 48 h (Fig. 77.1). HIF-1α expres-
sion was then determined by immunoblot analyses and β-actin was used as a protein 
loading control. We observed that RPE cells maintained in the medium with normal 
level of glucose (5.6 mM D-glucose) under normoxic (21 % O2) conditions showed 
weak basal HIF-1α expression, and HIF-1α levels were positively related to glucose 
concentrations between 5.6–25 mM in the RPE cells whereas at 5.6 mM glucose 
little HIF-1α was identified, HIF-1α was visible at 11 mM and became evident at 
above 17 mM. 25 mM D-glucose seemed to be a threshold for this relationship since 
the HIF-1α level under 30 mM D-glucose did not differ from that under 25 mM 
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D-glucose. These results indicate that HIF-1α is induced and stabilized by glucose 
under normoxic conditions in RPE cells. To rule out the effect of osmolarity on this 
glucose-induced HIF-1α expression, the RPE cells were incubated in 5.6 mM D-
glucose (NG), 25 mM D-glucose (HG), or osmolarity equivalent medium (OEM: 
5.6 mM D-glucose and 19.4 mM L-glucose) for 48 h. HIF-1α and β-actin were then 
determined by Western blotting. The results showed that increasing osmolarity to 
levels that would be created by 25 mM glucose failed to enhance the HIF-1α ex-
pression (Fig. 77.2). This data suggest that glucose is responsible for the upregula-
tion of HIF-1α.

We also compared this glucose-induced HIF-1α stabilization among HeLa, 
ARPE-19, and HLE cells. The Western blots showed stabilized HIF-1 α in the RPE 
cells, but not in HeLa and HLE under normoxic conditions, implying that this phe-
nomenon is cell type-specific (Fig. 77.3).

To begin to explore the mechanism underlying high glucose-mediated upregula-
tion of HIF-1α, HLE and ARPE-19 were incubated for 48 h in NG or HG medium 
and HIF-1α mRNA expression was determined by real-time PCR and normalized by 
β-actin. Interestingly, HIF-1α mRNA induction was increased by HG in the ARPE-
19 cells but not in HLE cells (Fig. 77.4). Taken together, we observe a cell-type 
specific glucose-dependent transcriptional regulation of HIF-1α under normoxia.

77.3.2   High Glucose Induces VEGF Under Normoxia  
in RPE Cells

To determine if VEGF, an established inducer of neovascularization, also respond 
to glucose-dependent transcriptional regulation, HLE and ARPE-19 cells were in-
cubated in NG or HG medium for 48 h. VEGF mRNA expression was determined 

Fig. 77.1  Dose-response of the induction and stabilization of HIF-1α by glucose under normoxia 
in RPE cells. ARPE-19 cells were incubated in medium containing the indicated concentrations 
of glucose under normoxic (21 % O2) conditions for 48 h. HIF-1α expression was determined by 
Western blotting. β-actin was used as a protein loading control
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by real-time PCR and normalized by β-actin. Similar to the results from HIF-1α, 
VEGF mRNA induction was increased by HG in the ARPE-19 cells but not in 
HLE cells (Fig. 77.5). To further determine if this glucose-dependent regulation 
of VEGF corresponded to the VEGF secretion, we measured VEGF secretion by 
ELISA. There was an over 60 % increase of secreted VEGF by the RPE cells in the 
HG medium than in the NG. No significant difference was noted for the HLE cells 
(Fig. 77.6). Thus, like HIF-1α, VEGF levels are regulated in RPE cells in response 
to altering glucose, and the effect is cell-specific.

77.3.3   ChREBP has a Role in HIF-1α mRNA Induction  
by High Glucose

To determine if the variations in levels of HIF-1α are a downstream effect of glucose-
induced ChREBP, HLE cells and RPE cells were treated with NG or HG medium for 
48 h and ChREBP protein expression was monitored by immunofluorescence. Rabbit 
polyclonal IgG was applied as a negative control, and input lysate was used as a posi-
tive control. We observed that, while ChREBP was expressed in the RPE cells under 
both NG and HG conditions, it tended to aggregate around the nucleoli under the 
HG condition (Fig. 77.7). We did not observe a distributional difference of ChREBP 
between NG and HG conditions in the HLE cells. Protein levels of ChREBP in the 
nucleus of the RPE cells appeared to be higher than in HLE cells, which might cor-
relate with the cell-type specificity for HIF-1α induction by high glucose.

To demonstrate a role of ChREBP on the transcriptional regulation of HIF-1α 
gene in RPE cells, we carried out ChIP assays. PCR products amplifying indi-
cated region of HIF-1α gene promoter by 40 cycles was then separated by 2.5 % 
agarose gel electrophoresis. PCR product was confirmed by DNA sequencing. 
Anti-ChREBP antibodies efficiently precipitated the DNA fragments containing 
ChRE-like sequence in HIF-1α promoter from the ARPE-19 cells treated with HG 
(Fig. 77.8), indicating the binding of ChREBP to the HIF-1α promoter in the RPE 

Fig. 77.2  Ruling out osmolarity. ARPE-19 cells were incubated in 5.6 mM glucose ( NG), 25 mM 
glucose ( HG), or osmolarity equivalent medium ( OEM; 5.6 mM D-glucose and 19.4 mM L-glu-
cose) for 48 h. Hif-1α and β-actin was determined by Western blot
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cells exposed to HG under nomaxia. In conclusion, HIF-1α uses ChREBP as a glu-
cose sensor for regulation of its expression to participate in gene regulation in the 
RPE cells in response to high glucose.

Fig. 77.4  High glucose increases HIF-1α mRNA level in RPE cells under normoxia. Human lens 
epithelial ( HLE) and ARPE-19 were incubated for 48 h in 5.6 mM glucose ( NG) or 25 mM glucose 
( HG) medium and HIF-1α mRNA expression was determined by real-time PCR and normalized 
by β-actin. *p value < 0.05

 

Fig. 77.3  Induction and stabilization of HIF-1α by glucose under normoxia is cell-type specific. 
a HeLa, ARPE-19, and human lens epithelial ( HLE) cells were treated with 5.6 mM glucose ( NG) 
or 25 mM glucose ( HG) for 48 h. HIF-1α and β-actin were detected by Western blotting. b Sum-
mary of three independent experiments. Desitometry was determined by Image J. HIF-1α values 
were normalized to β-actin. Data are means ( n = 3). *p < 0.05 for 25 mM glucose versus control 
5.6 mM glucose
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77.4  Discussion

From a clinical point of view, VEGF is one of the most important HIF-inducible 
genes, because it induces postnatal neovascularization and angiogenesis seen 
after ischemic events in both DR and AMD patients [15]. It has been shown that 
hypoxia-induced HIF-1α mediates VEGF expression by increased binding of the 

Fig. 77.6  High glucose 
induces VEGF secretion by 
RPE cells under normoxia. 
VEGF secretions by ARPE-
19 cells were measured by 
ELISA after incubation in 
the medium containing the 
indicated concentrations 
of glucose under normoxic 
(21 % O2) condition for 48 h. 
Human lens epithelial ( HLE). 
Error bar indicates 95 % CI, 
and *p-value < 0.05 compar-
ing 25 mM glucose ( HG) to 
5.6 mM ( NG) glucose

 

Fig. 77.5  High glucose increases VEGF mRNA level in the RPE cells under normoxia. Human 
lens epithelial ( HLE) and ARPE-19 were incubated for 48 h in 5.6 mM glucose ( NG) or 25 mM 
glucose ( HG) medium and VEGF mRNA expression was determined by real-time PCR and nor-
malized by β-actin. *p value < 0.05
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active HIF-1α to the HRE of the VEGF promoter and by increasing the stability 
of the VEGF mRNA transcript through mitogen-activated protein kinase and Akt 
pathways, respectively [16]. This mechanism at least partially contributes to the 
pathogenesis of DR and AMD, especially for the proliferative and neovascular 
types of the diseases. Anti-VEGF, such as Lucentis®, Avastin®, and Macugen®, 
has been used in clinics to treat exudative AMD [17, 18] and is currently being 
evaluated for the treatment of proliferative DR and neovascular glaucoma [19]. 
Recently, it has been shown that intravitreal ranibizumab (anti-VEGF therapy, 
trade name Lucentis®) with prompt or deferred laser is more effective through at 
least 1 year compared with prompt laser alone for the treatment of diabetic macular 
edema involving the central macula [20]. However, these applications of anti-VEGF 
therapeutics are limited to the late stages of the diseases and can only arrest the 
progression but not restore the compromised physiological functions. In addition 
to VEGF, recent studies have also explored the possibility of directly targeting HIF 
for a new therapeutic option for both DR and AMD [21–24]. Nevertheless, caution 
is advised because suppressing of HIF may be a double-edged sword because, by 
serving as one of the major regulators in glucose metabolism, HIF is necessary for 
maintaining physiological homeostasis.

Other challenges than hypoxia could also stabilize HIF and activate HIF-induc-
ible proteins to contribute to retinal pathogenesis. It has been shown that RPE cells 
cultured with high concentrations of glucose enhance synthesis and accumulation 
of HIF under nomoxia, and the expression of VEGF is increased [25, 26]. Because 
cell respiration depends on the balance between glucose homeostasis and oxygen 
homeostasis, hyperglycemia increases the risk of oxygen depletion, which is similar 
to a hypoxic environment. Therefore, oxygen depletion can be viewed as frequently 
coincident events with hyperglycemia, even under physiological conditions [12]. 
This is especially true for the retina because the retina is the most metabolically 
active tissue in the human body, with dual blood supplies and rapid consumption of 
glucose and oxygen [27]. It has been proposed that even under normal tissue partial 
oxygen pressure diabetes-related hyperglycemia mimics the effects of true hypoxia 

Fig. 77.7  ChREBP is a 
glucose sensor in RPE cells. 
HLE cells and RPE cells 
treated with 5.6 mM glucose 
(NG) or 25 mM glucose (HG) 
medium for 48 h and detected 
for ChREBP protein expres-
sion by immunofluorescence 
staining. Blue: DAPI. Green: 
ChREBP
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on vascular and neural function and plays an important role in the pathogenesis 
of diabetic complications, including DR [28, 29]. Despite of these observations, 
it is unclear how the molecular mechanism works for these hyperglycemic retinal 
pathogeneses. In this study, we show that high glucose levels induced a ChREBP-
mediated normoxic HIF-1α stabilization and VEGF expression.

Although ChREBP is a well-characterized transcription factor and playing a piv-
otal role in the glycolytic and lipogenic gene regulation in liver and adipose tissues 
[30], the role of ChREBP in the retina remains unclear. Our study is the first to 
demonstrate the expression of ChREBP and its role in mediating hyperglycemia-
induced HIF expression in the RPE cells under normoxia. Notably, unlike hypoxia, 
the nomoxic hyperglycemia-induced, ChREBP-mediated HIF is regulated by in-
creasing mRNA levels, and the phenomenon is cell-type specific, i.e., we only ob-
served the phenomenon in the RPE cells but not in either HLE cells or HeLa cells. 
It has been proposed that high glucose facilitates nuclear translocation of dephos-
phorylated ChREBP by protein phosphatase 2A (PP2A), which is upregulated by an 
intermediate, xylulose-5-P, in the pentose phosphate pathway [31]. Since the pen-
tose phosphate pathway is an alternative to glycolysis and only activated in specific 
cell types, this may offer an explanation for the cell-type specific glucose-induced 
ChREBP-mediated HIF activation under normoxia. Further deciphering this bio-
chemical mechanism will advance our understanding of the underlying pathogen-
esis and enhance therapeutic options for metabolic retinal diseases, such as DR and 
AMD, preferably in the early stages of the diseases.

In conclusion, our observations suggest that ChREBP plays a role in the tran-
scriptional upregulation of HIF-1α under hyperglycemic, nomoxic conditions. This 
observation provides support for our hypothesis that HIF can also be considered as 

Fig. 77.8  High glucose induces nuclear translocation of cytosolic ChREBP to up-regulate HIF-1α 
expression. RPE cells were treated in either 5.6 mM glucose ( NG) or 25 mM glucose ( HG) 
medium for 48 h, and chromatin immunoprecipitation ( ChIP) assays using anti-ChREBP anti-
body were then performed. Rabbit polyclonal IgG was applied as a negative control, and input 
lysate was used as a positive control. PCR products amplifying indicated region of HIF-1α gene 
promoter by 40 cycles was then separated by 2.5 % agarose gel electrophoresis. PCR product was 
confirmed by DNA sequencing
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a hyperglycemia-inducible factor. Since the hyperglycemic HIF pathway and its 
interactions with other hyperglycemic pathogenesis pathways, such as hypergly-
cemic AGE, PKC, polyol, and hexosamine pathways, can affect oxidative stress 
responses, inflammation, proteolytic mechanisms, etc., all of which are involved in 
the pathogeneses of DR and AMD [12]. Elucidating this wide range of hyperglyce-
mic cellular effects may open new treatment indications.
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