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Vitamin C decreases VEGF expression levels
via hypoxia‑inducible factor‑1α dependent and
independent pathways in lens epithelial cells
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Abstract. Posterior capsular opacification (PCO) is the main
complication following cataract surgery. The proliferation of
the residual lens epithelial cells (LECs) serves an important
role in PCO formation. The authors' previous study revealed
that vitamin C inhibited the proliferation of human LECs by
increasing the rapid degradation of hypoxia‑inducible factor‑1
(HIF‑1α), and hence inhibited the expression of vascular
endothelial growth factor (VEGF). The present study aimed to
further investigate the mechanisms underlying the effects of
vitamin C on the expression levels of VEGF. The present study
demonstrated that the HIF‑1 inhibitor BAY 87‑2243 significantly inhibited the cell proliferation and the expression levels
of VEGF in LECs through the use of colony formation, western
blotting and ELISA assays. Moreover, it was revealed that
vitamin C could further inhibit the cell proliferation and the
expression levels of VEGF in LECs following the cotreatment
with the HIF‑1 inhibitor. The proline hydroxylation of HIF‑1α
by prolyl hydroxylases (PHDs) was previously discovered to
be responsible for the rapid degradation of HIF‑1α. Thus, the
present study subsequently used three PHD inhibitors to investigate their effects on the expression levels of VEGF; it was
found that the PHD2 specific inhibitor increased the expression
levels of VEGF to the greatest extent. Moreover, the genetic
knockdown of PHD2 by lentiviral transfection also significantly
increased the expression levels of VEGF, whereas the PHD2
specific inhibitor did not alter the expression levels of VEGF in
the PHD2 knockdown LECs. AKT kinase activity is an important mediator known to upregulate VEGF expression. Using
an immunoprecipitation assay to isolate endogenous AKT, it
was demonstrated that AKT was prolyl hydroxylated by PHD2,
which inhibited its activity. It was also revealed that vitamin C
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enhanced the proline‑hydroxylation and inhibited the activity
of AKT. Furthermore, an AKT inhibitor increased the effects
of vitamin C on the expression levels of VEGF. However, the
AKT inhibitor did not affect the expression levels of glucose
transporter 1, which is a HIF‑1α target gene. In conclusion,
the findings of the present study suggested that vitamin C may
inhibit the expression levels of VEGF via HIF‑1α‑dependent
and AKT‑dependent pathways in LECs.
Introduction
Posterior capsular opacification (PCO) is the main complication following cataract surgery and it is a leading cause of
visual impairment worldwide (1,2). While there has been
an improvement in surgical techniques and intraocular lens
material, the incidence of PCO remains high in 15‑50% of
patients within 2‑5 years following cataract surgery (3,4). The
proliferation of residual lens epithelial cells (LECs) serves an
important role in PCO formation; residual LECs have been
discovered to regenerate within a few hours following cataract
surgery, before migrating across the posterior capsule (5,6).
Thus, inhibiting the proliferation of LECs may be an important
therapeutic strategy for PCO prevention in clinical practice.
High levels of vitamin C intake have been revealed to
serve beneficial effects in preventing age‑related cataracts
or PCO formation following cataract surgery (7‑10). In addition, the long‑term supplement use of vitamin C has been
inversely associated with the occurrence of cataracts or
PCO risk (11,12). Hypoxia‑inducible factor‑1α (HIF‑1α) and
vascular endothelial growth factor (VEGF) have also been
discovered to serve important roles in the stimulation of cell
proliferation and migration; VEGF is a target gene of the
HIF‑1α and the upregulation of the HIF‑1α/VEGF signaling
axis was identified to promote cell proliferation and migration (13,14). The proline hydroxylation of HIF‑1α by prolyl
hydroxylases (PHDs) is responsible for the rapid degradation
of HIF‑1α (15,16). Notably, vitamin C has been identified to
serve as a cofactor of PHDs (17). The authors' previous study
demonstrated that vitamin C inhibited the proliferation of
human LECs by enhancing the rapid degradation of HIF‑1α
via proline hydroxylation and thus, inhibited the expression
levels of VEGF (10).
The present study aimed to investigate the molecular
mechanisms of vitamin C on the expression levels of VEGF in
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more detail. The findings of the present study demonstrated that
the HIF‑1 inhibitor BAY 87‑2243 significantly inhibited cell
proliferation and VEGF expression levels in LECs. Moreover,
vitamin C further inhibited the proliferation and expression
levels of VEGF in LECs following the treatment with the
HIF‑1 inhibitor. These findings suggested that vitamin C may
inhibit VEGF expression levels via both HIF‑1α‑dependent
and ‑independent pathways in LECs.
Materials and methods
Cell culture. The human LEC line HLE‑B3 was purchased
from the American Type Culture Collection and the 293T
cell line was obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences. Both cells
were cultured in DMEM (Gibco; Thermo Fisher Scientific,
Inc.), supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.), and maintained in a humidified atmosphere at
37˚C and 5% CO2.
Reagents. Primary antibodies against glucose transporter 1
(GLUT1; 1:2,000; cat. no. 12939), lysine‑specific demethylase 1
(LSD1; 1:2,000; cat. no. 2184), HIF‑1α (1:1,1000; cat. no. 36169),
PHD2 (1:3,000; cat. no. 4835), AKT (1:2,000; cat. no. 2938)
and phosphorylated (p)‑T308‑AKT (1:1,000; cat. no. 13038)
were purchased from Cell Signaling Technology, Inc. Primary
antibodies against β‑actin (1:5,000; cat. no. ab16039), VEGF
(1:1,000; cat. no. ab46154) and hydroxyproline (1:500; cat.
no. ab37067; for detecting prolyl hydroxylated AKT) were
purchased from Abcam. The horseradish peroxidase‑conjugated
secondary antibody (1:5,000; cat. no. ab205718) was obtained
from Abcam and normal rabbit IgG (1:500; cat. no. 2729) was
purchased from Cell Signaling Technology, Inc. Vitamin C
(100 µM; cat. no. 95209) and dimethyloxaloylglycine (DMOG;
1 mM; cat. no. D3695) were obtained from Sigma‑Aldrich;
Merck KGaA. The PHD2 selective inhibitor IOX2 (10 µM; cat.
no. 9451) and AKT inhibitor A‑674563 (5 µM; cat. no. B1761)
were purchased from BioVision, Inc. The HIF‑1 inhibitor
BAY 87‑2243 (100 nM; cat. no. B1115) was from APeXBIO
Technology LLC and the PHD inhibitor Molidustat (5 µM; cat.
no. S8138) was obtained from Selleck Chemicals. The above
drugs were used to treat HLE‑B3 cells at 37˚C.
Lentiviral transfection. PHD2 short hairpin RNA (shRNA/sh)
targeting sequences (sh1, 5'‑CGCA ATA ACTGTT TGGTA
TTT‑3'; and sh2, 5'‑CTGTTATCTAGCTGAGTTCAT‑3') and
a scramble control (5'‑CCTAAGGTTAAGTCGCCCTCGCTC
GAGCGAGGGCGACTTAACCTTAGG‑3') were cloned into
a pLKO.1 lentiviral knockdown vector (Open Biosystems, Inc.).
Lentiviral expression vectors (pCDH‑CMV‑MCS‑EF1‑Puro;
System Biosciences, LLC) expressing wild‑type (WT) AKT
and hydroxylation‑deficient mutants of AKT (AKT‑P125/313A)
were purchased from GrowHealthy. A total of 5x106 293T cells
were transfected with 12 µg plasmids using Lipofectamine®
3000 reagent (Thermo Fisher Scientific, Inc.). Lentiviral
vectors were produced in 293T cells with packaging plasmids
according to our previous study (14). Following incubation
for 48 h at 37˚C, the lentivirus supernatants were harvested
and transfected into 1x106 HLE‑B3 cells in the presence of
8 µg/ml polybrene [cat. no. 28728‑55‑4; Sigma‑Aldrich (Merck
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KGaA)]. Following incubation with puromycin‑containing
media for 72 h, the expression levels of target proteins were
analyzed using western blotting.
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from cells using the RNeasy Mini kit
(cat. no. 74106; Qiagen, Inc.), according to the manufacturer's
protocol. Total RNA was reverse transcribed into cDNA using
a PrimeScript™ RT reagent kit (Takara Bio, Inc.), according to
the manufacturer's protocol, for 1 h at 37˚C. qPCR was subsequently performed using SYBR Green I dye (Takara Bio, Inc.),
according to the manufacturer's protocol. The following thermocycling conditions were used for the qPCR: 95˚C for 15 min;
followed by 40 cycles of 94˚C for 15 sec, 55˚C for 30 sec and
70˚C for 30 sec; and a final extension step at 72˚C for 5 min. The
following primer pairs were used for the qPCR: VEGF forward,
5'‑TGCAGATTATGCGGATCAAACC‑3' and reverse, 5'‑TGC
ATTCACATTTGTTGTGCTGTAG‑3'; and β‑actin forward,
5'‑GAGCACAGAG CCTCGCCTT T‑3' and reverse, 5'‑AGA
GGCGTACAGG GATAGCA‑3'. Relative mRNA expression
levels were quantified using the 2‑ΔΔCq method (18) and normalized to β‑actin as the endogenous control.
Immunoprecipitation assay. A total of 1x10 7 cells were
lysed with 1 ml NP40 lysis buffer (Beyotime Institute of
Biotechnology). Following centrifugation at 16,500 x g for
20 min at 4˚C, cell lysates were pre‑cleared with 40 µl Protein
A/G beads alone (cat. no. sc‑2003; Santa Cruz Biotechnology,
Inc.) for 1 h at 4˚C to reduce the non‑specific protein binding.
The pre‑cleared cell lysates were subsequently incubated with
an anti‑AKT antibody (1:500) to isolate total AKT protein or
normal rabbit IgG (1:500) as the negative control for 3 h at
4˚C and then with 40 µl protein A/G agarose beads overnight
at 4˚C. Following the incubations, protein A/G agarose beads
were washed with NP40 buffer five times and the immunoprecipitated samples were eluted from protein A/G agarose beads
with 40 µl 1X SDS sample buffer by heating at 100˚C for
5 min. Following centrifugation at 3,650 x g for 1 min at 4˚C,
the proteins (20 µl from the total 40 µl sample) were analyzed
using western blotting. The expression levels of immunoprecipitated endogenous prolyl hydroxylated AKT (pro‑AKT)
were detected using an anti‑hydroxyproline antibody, as
described below.
Western blotting. Total protein was extracted from cells using
RIPA lysis buffer containing a protease/phosphatase inhibitors mixture (Beyotime Institute of Biotechnology). Nuclear
proteins were extracted using a nucleoprotein extraction
kit (cat. no. BB‑3102‑1; BestBio Co. Ltd.), according to the
manufacturer's protocol. Total protein was quantified using
the Bradford method and 50 µg protein/lane was separated via
10% SDS‑PAGE. The separated proteins were subsequently
transferred onto PVDF membranes (EMD Millipore) and
blocked with 5% BSA (Beijing Solarbio Science & Technology
Co., Ltd.) in TBS‑0.1% Tween (TBST) buffer (Thermo Fisher
Scientific, Inc.) at 37˚C for 1 h. The membranes were then incubated with the following primary antibodies at 4˚C overnight:
Anti‑GLUT1, anti‑LSD1, anti‑HIF‑1α, anti‑PHD2, anti‑AKT,
anti‑p‑T308‑AKT, anti‑β‑actin, anti‑VEGF and anti‑hydroxyproline. Following the primary antibody incubation, the
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Figure 1. Vitamin C inhibits the proliferation of HLE‑B3 cells and VEGF expression levels. (A) Colony formation assays were performed to determine the
proliferation rate of HLE‑B3 cells treated with vehicle (DMSO), 100 nM BAY 87 or 100 nM BAY 87 and 100 µM vitamin C for 12 days. Data are presented
as the mean ± SD of 3 independent experiments. (B) Secretion of VEGF from HLE‑B3 cells was detected using an ELISA. Data are presented as the
mean ± SD of 3 independent experiments. (C) Western blotting was used to determine the expression levels of GLUT1, VEGF and HIF‑1α in whole‑cell or
nuclear extracts following the treatment with vehicle (DMSO), 100 nM BAY 87 or 100 nM BAY 87 and 100 µM vitamin C for 12 h. Data are presented as the
mean ± SD of 3 independent experiments. VEGF, vascular endothelial growth factor; GLUT1, glucose transporter 1; HIF‑1α, hypoxia inducible factor 1α;
LSD1, lysine‑specific histone demethylase 1; BAY‑87, BAY 87‑2243. **P<0.01, ***P<0.001 vs. vehicle group; ##P<0.01 vs. BAY 87 group.

membranes were washed thrice with PBST buffer and incubated with the horseradish peroxidase‑conjugated secondary
antibody at 37˚C for 1 h. Protein bands were detected using
an ECL™ Western Blotting Detection reagent (GE Healthcare
Life Sciences) and the expression levels were quantified using
ImageJ version 1.47v software (National Institutes of Health).
Each experiment was independently repeated three times.

experiments. Statistical differences between two groups were
analyzed by a two‑tailed Student's t‑test, whereas a one‑way
ANOVA followed by a Tukey's multiple comparison test was
used for multiple groups. P<0.05 were considered to indicate a
statistically significant difference.

Colony formation assay. A total of 2.5x102 HLE‑B3 cells/well
were plated into 6‑cm well plates and incubated for 24 h. Cells
were subsequently treated with the DMSO vehicle control
[equal volume to the inhibitor; Sigma‑Aldrich (Merck KGaA)]
or different inhibitors (100 nM BAY 87‑2243100; 100 µM
vitamin C; 5 µM A‑674563) at 37˚C for 12 days. Following
the incubation, cells were fixed with 75% ethanol at 37˚C for
15 min and then stained with 0.01% crystal violet at 37˚C for
30 min and visualized. The relative colony formation rate (%)
was determined using the following equation: (Number of
colonies formed from drug‑treated cells/number of colonies
formed from untreated cells) x100.

Vitamin C inhibits cell proliferation and VEGF expres‑
sion levels following HIF‑1 inhibition. Our previous study
revealed that vitamin C inhibited cell proliferation and VEGF
expression levels (10). Vitamin C, an essential cofactor of
PHDs, has been discovered to increase the proline hydroxylation of HIF‑1α, thus promoting the degradation of HIF‑1α
via the ubiquitin‑proteasome pathway (17). Therefore, it
was hypothesized that HIF‑1α may serve a crucial role in
vitamin C‑inhibited LEC proliferation. The present study
used a HIF‑1 inhibitor (BAY 87‑2243) to investigate the effect
of vitamin C in HLE‑B3 LECs. While the proliferation of
HLE‑B3 cells was significantly inhibited following the treatment with BAY 87‑2243 compared with the vehicle group,
the combined treatment of BAY 87‑2243 with vitamin C was
found to further inhibit the proliferation of LECs compared
with the BAY 87‑2243 group (Fig. 1A).
GLUT1 and VEGF, which both possess hormone response
elements, are well‑known targets of HIF‑1α (19). Thus, the
present study analyzed the expression levels of GLUT1 and
the secretion of VEGF in the presence of BAY 87‑2243 and
vitamin C. It was found that BAY 87‑2243 significantly
inhibited the expression levels of GLUT1 and the secretion
of VEGF compared with the vehicle group (Fig. 1B and C).
However, whilst the combined treatment of BAY 87‑2243 and
vitamin C further inhibited VEGF expression levels and secretion in HLE‑B3 cells, the expression levels of GLUT1 were not

ELISA. An ELISA was used to detect the secretory levels of
VEGF in HLE‑B3 cells. Briefly, a total of 1x106 HLE‑B3 cells
were treated with DMSO vehicle, 100 nM BAY 87‑2243100 or
100 nM BAY 87‑2243100 and 100 µM vitamin C at 37˚C for
12 h. Following centrifugation of 2,000 x g for 20 min at room
temperature, cell culture supernatants were collected. VEGF
levels were measured using a Human VEGF Quantikine
ELISA kit (cat. no. DVE00; R&D Systems, Inc.) according to
the manufacturer's protocol.
Statistical analysis. Statistical analysis was performed using
GraphPad Prism 7.0 software (GraphPad Software, Inc.) and
data are expressed as the mean ± SD of three independent

Results
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Figure 2. Vitamin C inhibits the activity of AKT by increasing its proline hydroxylation. (A) Expression levels of AKT, VEGF and HIF‑1α protein from
whole‑cell or nuclear extracts were determined using western blotting in AKT‑WT or proline‑mutant AKT‑P125/313A overexpressing HLE‑B3 cells treated
with or without 100 µM vitamin C for 12 h. Data are presented as the mean ± SD for 3 independent experiments. (B) Expression levels of AKT and pT308‑AKT
were determined using western blotting in HLE‑B3 cells treated with vehicle (H 2O) or 100 µM vitamin C for 12 h. Data are presented as the mean ± SD of
3 independent experiments. (C) HLE‑B3 cells were treated with or without 100 µM vitamin C for 12 h and subjected to immunoprecipitation with an IgG or
AKT antibody. Expression levels of immunoprecipitated endogenous AKT and pro‑AKT (prolyl hydroxylated AKT detected by anti‑hydroxyproline antibody)
were analyzed using western blotting. Data are presented as the mean ± SD of 3 independent experiments. VEGF, vascular endothelial growth factor; HIF‑1α,
hypoxia inducible factor 1α; LSD1, lysine‑specific histone demethylase 1; WT, wild‑type; pT308, phosphorylated on Tyrosine 308; NC, negative control.
**
P<0.01, ***P<0.001 vs. vehicle or vector group; #P<0.05, ##P<0.01 vs. AKT‑WT/AKT‑P125/313A groups.

further affected by vitamin C (Fig. 1B and C). Although the
HIF‑1α protein is rapidly degraded by the ubiquitin‑proteasome pathway under normoxic conditions (20), HIF‑1α can be
detected from isolated nuclear extracts under normoxic conditions (21,22). In the present study, it was revealed that vitamin
C demonstrated a synergistic effect with BAY 87‑2243 by
decreasing the expression levels of HIF‑1α compared with the
vehicle and to a further extent compared with the BAY 87‑2243
group (Fig. 1C). Therefore, the present results suggested that
vitamin C may inhibit VEGF expression levels via HIF‑1α
dependent and independent pathways in LECs.
Vitamin C increases proline hydroxylation and inhibits the
activity of AKT. The activation of the serine/threonine‑specific
protein kinase AKT has been found to promote the proliferation of various types of cancer (23). AKT activation is

involved in mediating VEGF upregulation (24). Furthermore,
AKT is prolyl‑hydroxylated by the oxygen‑dependent prolyl
hydroxylase PHD2 (25). The present results observed that
the overexpression of AKT‑WT significantly increased the
expression levels of VEGF compared with the vector group
(Fig. 2A). Notably, following the treatment with vitamin C,
the increased expression levels of VEGF observed in the
AKT‑WT group were significantly decreased compared
with the AKT‑WT group (Fig. 2A). It has been reported that
proline at position 125 or 313 of AKT can be hydroxylated
by PHD2, which leads to aberrant AKT activation (25). The
present study used a hydroxylation‑deficient mutant of AKT
by replacing proline at position 125 and 313 with alanine
(P125/313A). While AKT‑P125/313A overexpression significantly increased the expression levels of VEGF compared
with the vector group, vitamin C treatment significantly
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Figure 3. Inhibition of PHD2 increases VEGF expression levels. (A) VEGF expression levels were analyzed using western blotting and reverse transcription‑quantitative PCR in HLE‑B3 cells treated with vehicle (DMSO), 1 mM DMOG, 10 µM IOX2 or 5 µM Molidustat for 12 h. Data are presented as the
mean ± SD of 3 independent experiments. (B) Expression levels of PHD2 and HIF‑1α were analyzed using western blotting in PHD2 knockdown (sh1 and sh2)
HLE‑B3 cells. Data are presented as the mean ± SD of 3 independent experiments. (C) Scramble control and PHD2 knockdown HLE‑B3 cells were treated
with vehicle (DMSO) or 10 µM IOX2 or 12 h and the expression levels of HIF‑1α and VEGF proteins were analyzed using western blotting. Data are presented
as the mean ± SD of 3 independent experiments. PHD2, prolyl hydroxylase 2; VEGF, vascular endothelial growth factor; DMOG, dimethyloxaloylglycine; sh,
short hairpin RNA; HIF‑1α, hypoxia inducible factor 1α. **P<0.01, ***P<0.001 vs. scramble/vehicle group; ##P<0.01 vs. DMOG group; $$P<0.01 vs. IOX2 group.

reduced the increased expression levels of VEGF induced
by AKT‑P125/313A overexpression (Fig. 2A). The expression and activity of HIF‑1α is also reportedly enhanced by
AKT signaling under both normoxic and hypoxic conditions (26,27). In the present study, the overexpression of
AKT‑WT or AKT‑P125/313A significantly increased the
expression levels of HIF‑1α from isolated nuclear extracts
compared with the vector group (Fig. 2A). Moreover,
vitamin C significantly weakened the increased expression
levels of HIF‑1α induced by AKT‑WT or AKT‑P125/313A
overexpression (Fig. 2A). Moreover, vitamin C was demonstrated to significantly decrease the expression levels of
pT308‑AKT compared with the vehicle‑treated HLE‑B3 cells
(Fig. 2B). An immunoprecipitation assay was subsequently
performed using a human AKT antibody to isolate endogenous AKT in HLE‑B3 cells. It was observed that vitamin C
treatment significantly increased the prolyl hydroxylation
of AKT compared with the vehicle treated cells (Fig. 2C).
Collectively, these findings suggested that vitamin C may
suppress AKT kinase activity by enhancing the prolyl
hydroxylation of AKT.

Inhibition of PHD2 increases VEGF expression levels. To
further investigate the mechanism via which vitamin C
regulates VEGF expression levels, the present study used
three PHDs inhibitors (DMOG, IOX2 and Molidustat) to
investigate their effects on the expression levels of VEGF.
All of these inhibitors were found to significantly increase
the expression levels of VEGF compared with the vehicle
treated cells (Fig. 3A); the PHD2 specific inhibitor IOX2
exhibited the most significant effect at both the mRNA and
protein expression level compared with the non‑selective
inhibitors DMOG and Molidustat (Fig. 3A). A PHD2 stable
genetic knockdown model was subsequently established
in HLE‑B3 cells (Fig. 3B) and increased expression levels
of HIF‑1α were observed in the stable PHD2 knockdown
HLE‑B3 cells (both sh1 and sh2) compared with the scramble
control‑transfected cells (Fig. 3B). Furthermore, the genetic
knockdown of PHD2 significantly increased the expression
levels of VEGF compared with the scramble group (Fig. 3C);
however, there were no significant differences in the expression levels of VEGF and HIF‑1α in PHD2 knockdown
HLE‑B3 cells treated with the PHD2 specific inhibitor IOX2
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Figure 4. Synergistic effects of vitamin C treatment with AKT and HIF‑1α inhibitors on the proliferation of HLE‑B3 cells. Colony formation assays were
performed to determine the proliferation of HLE‑B3 cells treated with vehicle (DMSO), 100 nM BAY 87, 100 nM BAY 87 and 100 µM vitamin C, 5 µM
A‑674563 or 5 µM A‑674563 and 100 µM vitamin C. Data are presented as the mean ± SD of 3 independent experiments. HIF‑1α, hypoxia inducible factor 1α;
BAT 87, BAY 87‑2243. **P<0.01 vs. vehicle group; ##P<0.01 vs. BAY87 group; $$P<0.01 vs. A‑674563 group.

Figure 5. Synergistic effect of vitamin C treatment with AKT inhibitors on VEGF expression levels in HLE‑B3 cells. (A) Expression levels of GLUT1, AKT,
pT308‑AKT and VEGF were analyzed using western blotting in HLE‑B3 cells treated with vehicle (DMSO), 5 µM A‑674563 or 5 µM A‑674563 and 100 µM
vitamin C for 12 h. Data are presented as the mean ± SD of 3 independent experiments. (B) Schematic diagram of the hypothesized regulatory mechanism of
vitamin C over VEGF expression levels through HIF‑1α dependent and AKT dependent ways. VEGF, vascular endothelial growth factor; GLUT1, glucose
transporter 1; pT308‑, phosphorylated on Tyrosine 308; HIF‑1α, hypoxia inducible factor 1α; PHD2, prolyl hydroxylase 2. **P<0.01 vs. vehicle group; ##P<0.01
vs. A‑674563 group.

compared with the scramble IOX2‑treated cells (Fig. 3C).
PHD2 is responsible for the proline hydroxylation of AKT
and hence inhibits the activation of AKT (25). These findings
were consistent with the hypothesis that vitamin C inhibits
AKT kinase activity by enhancing the prolyl hydroxylation
of AKT.

Synergistic effects of vitamin C with AKT inhibition or HIF‑1
inhibition. The present study indicated that vitamin C may
enhance the prolyl hydroxylation of HIF‑1α to promote its
degradation and the prolyl hydroxylation of AKT to suppress
its activity. Thus, it was subsequently investigated whether
vitamin C had synergistic effects with HIF‑1α or AKT
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inhibition. The selective AKT inhibitor A‑674563 was used to
compare the effects with vitamin C and HIF‑1 inhibition. The
colony formation assay results demonstrated that vitamin C
had synergistic effects with a HIF‑1 inhibitor (BAY 87‑2243)
and AKT inhibitor (A‑674563); the combined treatment of
each inhibitor with vitamin C significantly inhibited the proliferation of HLE‑B3 cells to a greater extent compared with the
inhibitor treatment alone (Fig. 4). To further demonstrate that
vitamin C functions via HIF‑1α dependent and AKT dependent pathways to inhibit VEGF expression levels in LECs,
western blotting was used to determine the effect of the AKT
inhibitor on the expression levels of the HIF‑1α target protein
GLUT1. It was discovered that the AKT inhibitor significantly
inhibited the phosphorylation status of AKT and the expression levels of VEGF compared with the vehicle treated cells
(Fig. 5A). Meanwhile, no significant differences were observed
in the expression levels of the HIF‑1α target protein GLUT1
between the cells treated with the AKT inhibitor or the vehicle
control. Notably, it was demonstrated that vitamin C treatment
significantly inhibited the phosphorylation status of AKT and
the expression levels of VEGF and GLUT1 in the presence of
the AKT inhibitor compared with AKT inhibitor treated group
(Fig. 5A). In conclusion, these findings suggested that vitamin
C may inhibit the expression levels of VEGF via HIF‑1α and
AKT dependent pathways in LECs. Hence, vitamin C was
found to act synergistically with the HIF‑1 or AKT inhibitor
to inhibit the proliferation of LECs (Fig. 5B).
Discussion
PCO, the main complication after cataract surgery, is a leading
cause of visual impairment (1). The proliferation of residual
LECs has been found to serve a critical role in PCO formation (28). Therefore, the inhibition of the proliferation of
LECs may provide an important strategy for PCO prevention
and treatment in clinical practice (29). It has been previously
reported that high levels of vitamin C exert beneficial effects,
such as preventing age‑related cataracts or PCO formation
following cataract surgery (11,12).
The HIF‑1α/VEGF axis has been demonstrated to serve
an important role in the stimulation of cell proliferation and
migration (30,31). The authors' previous study revealed that
vitamin C inhibited the proliferation of human LECs by
promoting the degradation of HIF‑1α via proline hydroxylation, which subsequently inhibited the expression of the
HIF‑1α target gene VEGF (10). In the present study, it was
found that vitamin C could further inhibit the proliferation
of LECs and VEGF expression levels in LECs following
HIF‑1 inhibition. Moreover, the HIF‑1α target gene GLUT1
could not be regulated by vitamin C treatment following the
treatment with the HIF‑1 inhibitor BAY 87‑2243. Thus, the
present results suggested that vitamin C may suppress VEGF
expression levels via both HIF‑1α dependent and independent manners. Indeed, it has been reported that AKT and
HIF‑1α can independently regulate the expression levels of
VEGF (32,33). Moreover, a previous study also demonstrated
that AKT and HIF‑1α independently enhanced cell proliferation (34). In the present study, vitamin C also demonstrated
synergistic inhibitory effects with the HIF‑1 or AKT inhibitor
over the proliferation of LECs.

Vitamin C serves as an electron‑donor, maintaining the Fe
iron in the ferrous (Fe2+) state, which is necessary to achieve
the full activity of prolyl‑hydroxylase (17,35). Vitamin C
has been revealed to increase the degradation of HIF‑1α via
proline hydroxylation (10,36). Furthermore, PHDs were found
to be responsible for the proline hydroxylation of HIF‑1α at
proline residues 402 and 564 within the oxygen‑dependent
degradation domain (37,38). AKT kinase activity is an important mediator of the upregulation of VEGF (24,39). It has
since been discovered that AKT can be prolyl hydroxylated
by PHD2 and its activity was also found to be inhibited by
proline‑hydroxylation (25). Other previous studies have also
supported our results and suggested that vitamin C enhanced
PHD2 hydroxylase activity (17,40‑42). In the present study,
it was demonstrated that the overexpression of AKT‑WT
increased the expression levels of VEGF. Moreover, vitamin
C was revealed to prevent the AKT‑WT‑induced increases in
VEGF expression levels. Furthermore, whilst the overexpression of hydroxylation‑deficient mutants of AKT increased
the expression levels of VEGF, vitamin C weakened its
regulatory effect over AKT‑induced VEGF expression. It was
demonstrated that vitamin C inhibited AKT activity through
decreasing the phosphorylation levels, which was followed by
increased levels of proline hydroxylation of AKT. Moreover,
the present results discovered that the PHD2 specific inhibitor
IOX2 increased the protein and mRNA expression levels of
VEGF to a higher extent compared with the non‑selective
inhibitors. It was also observed that the PHD2 knockdown
reversed the regulation of IOX2 over VEGF expression levels
in human LECs.
In conclusion, the findings of the present study demonstrated that the AKT inhibitor A‑674653 inhibited the activity
of AKT and the expression levels of VEGF but did not affect
the expression levels of the HIF‑1α target protein GLUT1.
Notably, the cotreatment of cells with vitamin C and the AKT
inhibitor A‑674563 reduced the phosphorylation status of
AKT and the expression levels of VEGF compared with the
A‑674563 treatment alone. In addition, vitamin C exhibited
synergistic effects with the HIF‑1 inhibitor or AKT inhibitor
to suppress the proliferation of human LECs. Therefore, the
present study provided evidence to suggest that vitamin C may
inhibit the expression levels of VEGF via HIF‑1α dependent
and AKT dependent pathways in LECs. Thus, it is possible
that vitamin C treatment may facilitate PCO prevention in
clinical practice by inhibiting the proliferation of LECs.
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