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Abstract
Activation of the transcription factor hypoxia-inducible factor (HIF)-1 allows solid tumors to thrive under
conditions of metabolic stress. Because HIF-1 is switched off by hydroxylation reactions that require ascorbate, inadequate intracellular ascorbate levels could contribute to HIF-1 overactivation. In this study, we investigated whether the ascorbate content of human endometrial tumors [known to be driven by HIF-1 and
vascular endothelial growth factor (VEGF)] influenced HIF-1 activity and tumor pathology. We measured protein levels of HIF-1α and three downstream gene products [glucose transporter 1 (GLUT-1), Bcl-2/adenovirus
E1B 19 kDa interacting protein 3 (BNIP3), and VEGF], as well as the ascorbate content of tumor and patientmatched normal endometrial tissue samples. HIF-1α and its downstream gene products were upregulated in
tumor tissue, with the highest levels being present in high-grade tumors. High-grade tumors also had reduced
capacity to accumulate ascorbate compared with normal tissue; however, all grades contained tumors with
low ascorbate content. Tumors with the highest HIF-1α protein content were ascorbate deficient. Low ascorbate levels were also associated with elevated VEGF, GLUT-1, and BNIP3 protein levels and with increased
tumor size, and there was a significant association between low tissue ascorbate levels and increased activation of the HIF-1 pathway (P = 0.007). In contrast, tumors with high ascorbate levels had lesser levels of HIF-1
activation. This study shows for the first time a likely in vivo relationship between ascorbate and HIF-1, with
low tumor tissue ascorbate levels being associated with high HIF-1 activation and tumor growth. Cancer Res;
70(14); 5749–58. ©2010 AACR.

Introduction
The role of vitamin C (ascorbate) in cancer has been a subject of controversy for decades. The early work of Cameron
and Pauling in the 1970s, in which high doses of i.v. and oral
ascorbate were given to patients with advanced cancer,
resulted in claims that ascorbate could improve outcome
(1, 2). However, a subsequent randomized and placebocontrolled study from the Mayo Clinic, using only oral ascorbate, found no significant benefit of ascorbate and apparently
refuted Cameron and Pauling's work (3). More recently, interest in vitamin C has been renewed following the demonstration that millimolar concentrations can be selectively toxic to
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cancer cells (4–6) and that these concentrations are achievable by i.v. administration (7, 8). Recent studies have also
shown that ascorbate administration can significantly reduce
tumor growth rates in mice (9–12), and in some of these studies, this is associated with the ability of ascorbate to inhibit
the activity of the prosurvival transcription factor hypoxiainducible factor-1 (HIF-1; refs. 9, 10).
HIF-1 is an important regulator of tumor growth and is
involved in the successful adaptation of the tumor to its
microenvironment. When activated under hypoxic stress in
solid tumors, HIF-1 drives the transcription of numerous
genes involved in glycolysis, angiogenesis, glucose transport,
and cell life and death pathways (13, 14). It may also be
upregulated under nonhypoxic conditions, resulting in aerobic glycolysis (the Warburg effect; ref. 15), and is overexpressed as an early change during carcinogenesis (16–18).
High activity has been shown to promote tumor progression
and resistance to chemotherapy or radiotherapy and is associated with a poor prognosis (13, 19–23).
Activation of HIF-1 is controlled by posttranslational modification on the α subunit: hydroxylation of proline residues
402 and 564 targets the protein to the proteasome for rapid
degradation (24), and hydroxylation of asparagine 803 prevents transcriptional activity (25). The enzymes responsible
for these reactions, prolyl-hydroxylases 1, 2, and 3 and factor
inhibiting HIF (FIH; asparaginyl-hydroxylase), are collectively
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called the HIF hydroxylases and belong to the family of
2-oxoglutarate dioxygenases that also hydroxylate collagen
and numerous other substrates (26). Their activity is dependent on the supply of molecular oxygen, 2-oxoglutarate, and
Fe2+, and ascorbate functions as a cofactor, possibly by maintaining the active-site Fe in the reduced state (27). This role
is highly specific to ascorbate (28, 29), which was recently
shown to be structurally specific for the hydroxylase active
site (30). However, despite its being a cofactor for this reaction, ascorbate has received comparatively little attention as
a regulator of HIF-1.
That ascorbate deficiency compromises HIF hydroxylase
activity and upregulates HIF-1 has been shown in vitro in
both primary and cancer cells (31–33). The HIF hydroxylase
Km values for ascorbate vary between 140 and 260 μmol/L
(26), indicating the intracellular concentration that would
be required for optimal activity. Most tissue cells concentrate
the vitamin to low millimolar levels from the plasma by active transport via sodium-dependent vitamin C transporters
(SVCT) or the hexose transporters (GLUT) that transport dehydroascorbic acid competitively with glucose (34, 35), and
we have shown that achieving these intracellular levels of
ascorbate significantly curbs HIF-1 activation in vitro (32).
Circulating plasma ascorbate concentrations are between
40 and 60 μmol/L (36) and access to an adequate supply
from the plasma is critical, as lower levels have been shown
to dramatically decrease tissue availability (37).
In a rapidly growing solid tumor with poor vasculature,
delivery of ascorbate to tumor cells may be compromised,
causing a deficiency state that could exacerbate HIF-1 activation, thereby enhancing tumor growth and survival. That
this may indeed occur has been suggested by the demonstration in mice that ascorbate administration could suppress
HIF-1–mediated tumorigenesis (9, 10). However, whether a
relationship exists between ascorbate levels and HIF-1 activation in human tumors has never been established. Therefore, the aim of this study was to measure the ascorbate
content of human tumor tissue and determine whether this
relates to HIF-1 activity or tumor pathology.
This study was carried out using endometrial tumor tissue.
This cancer is relatively common in postmenopausal women
and is known to be driven by an active hypoxic response (38),
with disease progression and poor prognosis being linked to
HIF-1 and vascular endothelial growth factor (VEGF) levels
(38–40). We have measured the ascorbate content of tissue
bank samples that have patient-matched control endometrial
tissue, which has enabled us to determine the relative ability
of the tumor to accumulate ascorbate. We also measured
HIF-1α protein levels and three prosurvival downstream targets: Bcl-2/adenovirus E1B 19 kDa interacting protein
3 (BNIP3), glucose transporter 1 (GLUT-1), and VEGF.

5750

research on their samples, and ethical approval for this study
was granted by the Upper South B Regional Ethics Committee, New Zealand. Tissue was obtained from women undergoing hysterectomy for removal of endometrial tumors, and
normal endometrial tissue (as part of surgical resection) was
also collected, providing paired tissue samples, tumor and
normal, for each case. All samples were flash-frozen within
an hour of collection and stored at −80°C. A total of 51 sample pairs were analyzed and represented approximately equal
numbers of International Federation of Gynecology and Obstetrics (FIGO) grade 1 (18 cases), grade 2 (15 cases), and
grade 3 (18 cases) tumors (Supplementary Table S1). Higher
grade represents increasing lack of tissue differentiation and
infers a more aggressive tumor, where solid growth pattern is
<5% in grade 1, 6% to 50% in grade 2, and >50% in grade 3
(41). Grade 3 tumors included endometrioid adenocarcinoma
(n = 5). Serous and/or clear cell adenocarcinoma (n = 10) and
carcinosarcoma samples (n = 3), which exhibit aggressive behavior, were also considered grade 3 tumors.
Frozen samples were homogenized to a fine powder in
liquid nitrogen in a chilled mortar and pestle, the tissue
wet weight was measured, and 200 μL of 10 mmol/L phosphate buffer (pH 7.4) were added to make a homogeneous
suspension.
DNA content
The number of cells in each sample was considered an important variable in the comparison of ascorbate measurements, Western blot analyses, and VEGF assays in different
tissue samples. Therefore, DNA measurement was used to
standardize the normal and tumor tissue specimens for cell
content. A 40-μL aliquot of the tissue homogenate suspension was diluted to 1 mL with 10 mmol/L phosphate buffer
(pH 7.4) and the cells disrupted by freeze-thawing three
times in dry ice/95% ethanol and sonicating for 25 seconds.
Propidium iodide was added (1 mg/mL; 10 minutes at room
temperature) and DNA measured by fluorescence at 544 to
590 nm, relative to a standard curve of purified calf thymus
DNA. The reliability of this method was confirmed by identical loading of cell proteins in Western blots after standardizing the samples according to DNA content, shown by equal
loading of the housekeeping protein β-actin (Figs. 1 and 2).

Materials and Methods

Ascorbate content
Ascorbate was extracted from the tissue homogenate by immediately adding a 1:1 volume of perchloric acid [0.54 mol/L
containing 50 mmol/L diethylenetriaminepentaacetic acid
(DTPA)] and spinning (10,000 rpm, 2 minutes) to pellet the
protein. The supernatant was analyzed by reverse-phase highperformance liquid chromatography [mobile phase: 80 mmol/L
sodium acetate (pH 4.8) with 0.54 mmol/L DTPA] with electrochemical detection as previously described (32) and a fresh
standard curve of sodium-L-ascorbate prepared for each run.

Patients and sample preparation
The use of tissue samples donated to the Cancer Society
Tissue Bank (CSTB; Christchurch) was approved by the CSTB
Board. All donors gave written informed consent allowing

Western blotting
Measurement of HIF-1α, GLUT-1, and BNIP3 protein levels
was by Western blotting. Tissue homogenates were standardized to 12 μg of DNA per 100 μL of sample buffer, then boiled
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Figure 1. HIF-1α protein levels in
endometrial tumor and normal
tissues. A, representative Western
blots showing two cases of
endometrial normal (N) and tumor
(T) tissue pairs, with β-actin loading
controls. There is little or no
detection in normal tissues and
strong (case 1) or weak (case 2)
expression in the tumor tissues.
B, boxplot of Western blot
densitometry for HIF-1α in grade 1,
2, and 3 (n = 18, 15, and 18,
respectively) endometrial tumor
and normal tissue. P values
determined by Wilcoxon
signed-rank test. HIF-1α bands
were normalized against a positive
control and β-actin for each blot.
C, immunohistochemical
localization of HIF-1α in a
representative endometrial tumor
section showing positive
staining in glandular tumor tissue
(arrows) confined to the nuclei
(inset; arrows). D, perinecrotic
HIF-1α staining (arrows) in
endometrial tumor tissue showing
both nuclear and cytoplasmic
localization. Necr, necrosis.
Bar, 200 μm.

for 4 minutes before SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Each gel had the same positive
control (100 μmol/L CoCl2–treated A431 whole-cell lysate) to
normalize the signal between blots. Membranes were blocked,
incubated in primary antibody overnight at 4°C (Supplementary Table S2), washed, incubated for 1 hour at room temperature in secondary antibody conjugated with horseradish
peroxidase (Supplementary Table S2), washed again, then visualized with Amersham ECL Plus Western blotting detection
system (GE Healthcare) using photographic film. Each blot
was reprobed for β-actin as a loading control. Bands were
quantified using Quantity One software, and the protein of interest was normalized against the positive control and β-actin.
VEGF ELISA
Tissue VEGF protein levels were measured on undiluted
samples prepared earlier for DNA, using a DuoSet ELISA development system (R&D Systems) according to the manufacturer's instructions.
Immunohistochemistry
A formalin-fixed, paraffin-embedded tissue microarray, containing 62 endometrial tumor 1-mm cores (33 from the tumors
analyzed in this study), was obtained from the CSTB (Christchurch). Sections (3 μm) were stained with mouse anti–HIF-1α
primary antibody (BD Biosciences; 1:25) and a mouse HRP-DAB
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tissue staining kit (R&D Systems) according to the manufacturer's instructions. Positive control tissue from a renal cell carcinoma was treated in the same manner, and negative controls
were carried out by omitting the primary antibody or replacing
it with nonimmune mouse IgGκ (Sigma; 1 mg/mL). HIF-1α
expression was verified independently by three individuals.
Statistical analyses
All statistical tests were performed using SPSS 13.0 for
Windows, with the α level set to 0.05. All data except for tumor
size were nonparametric according to the Shapiro-Wilk and
Kolmogorov-Smirnov tests for normality. To test for differences
between normal and tumor data, the Wilcoxon signed-rank test
(two-tailed) was used. For differences between grades or
ascorbate status of tumors, the Mann-Whitney (two-tailed) or
Jonckheere-Terpstra (ref. 42; one-tailed for ordered data) tests
were used. Correlations were determined using Spearman's
correlation coefficient (two-tailed). Student's t-tests (twotailed) were used when testing for differences in tumor size data.

Results
Tumor tissue has higher cell density than normal tissue
Tumor and normal tissue samples from women undergoing hysterectomy (51 cases) were obtained from the CSTB
(Christchurch). The sample set contained endometrial
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tumors (FIGO grades 1, 2, and 3; ref. 41), with the grade 3
tumors including 3 cases of carcinosarcoma and 10 cases
of serous and/or clear cell adenocarcinoma. A single portion
of the tumor and a segment of adjacent normal tissue were
homogenized and analyzed. The two tissue types were standardized for cell content because normal and tumor endometrial tissues can vary considerably in their composition.
We found that tumor tissue contained significantly less collagen than normal tissue (tumor/normal tissue hydroxyproline ratio was 0.20 ± 0.16; n = 20; P = 0.037), indicating a lower
extracellular matrix content in tumor samples per unit of
weight. That tumor tissue had a higher cell content than normal tissue was also indicated by finding significantly more
DNA in tumor than in normal tissue (130 ± 6%; P = 0.005).

There was no difference in the cellular content between tumor grades. (Grade 1 contained 3.32 ± 0.48, grade 2 contained
3.46 ± 0.31, and grade 3 contained 3.30 ± 0.33 μg DNA/mg wet
weight ± SEM.)
HIF-1α and its target genes are upregulated in
tumor tissue
To determine the degree of HIF-1α protein stabilization in
the endometrial tumors, HIF-1α in the tissue homogenate
was measured by Western blotting. This was readily detected
in 37 of 48 tumors (77%), whereas very weak expression was
seen in 13 of 48 normal tissues (27%; Fig. 1A). Densitometry
of the bands showed significantly higher HIF-1α protein in
tumor compared with normal tissue (P < 0.001; Fig. 1B), with

Figure 2. Activation of downstream gene products of
HIF-1 in endometrial tumor tissue. Representative
Western blots and quantitation of GLUT-1 (A) and
BNIP3 (B) of endometrial normal and tumor tissue
pairs, with β-actin loading controls, showing low
expression in normal tissue and high expression in
tumor tissue and increasing levels of GLUT-1 with
FIGO grade (P = 0.029 by Jonckheere-Terpstra test).
Grade 1, n = 18 and 17; grade 2, n = 15 and 14; grade
3, n = 16 and 16 for GLUT-1 and BNIP3, respectively.
Bands were normalized against a positive control and
β-actin for each blot. C, boxplot of VEGF protein levels
as measured by ELISA in endometrial normal and
tumor tissues showing upregulation in all grades with a
tendency to increase in grade 3 tumors. P values
determined by Wilcoxon signed-rank test.

5752

Cancer Res; 70(14) July 15, 2010

Cancer Research

Downloaded from cancerres.aacrjournals.org on April 20, 2019. © 2010 American Association for Cancer
Research.

Published OnlineFirst June 22, 2010; DOI: 10.1158/0008-5472.CAN-10-0263
Ascorbate and HIF-1 Activity in Endometrial Cancer

Table 1. Spearman's correlations between tumor HIF-1 activity parameters, tumor size, and ascorbate
content
HIF-1α band GLUT-1 band BNIP3 band
density
density
density

VEGF protein levels
(pg/μg DNA)

Size of tumor Ascorbate content
(mm)
(mg/100 g)

HIF-1α band
density

rs
P
n

1.000
—
48

0.302*
0.037
48

0.250
0.090
47

0.326*
0.031
44

0.367*
0.012
46

−0.026
0.861
48

GLUT-1 band
density

rs
P
n

0.302*
0.037
48

1.000
—
49

0.471†
0.001
47

0.165
0.283
44

0.213
0.150
47

−0.071
0.627
49

BNIP3 band
density

rs
P
n

0.250
0.090
47

0.471†
0.001
47

1.000
—
47

0.147
0.342
44

0.311*
0.037
45

−0.139
0.350
47

VEGF protein levels rs
(pg/μg DNA)
P
n

0.326*
0.031
44

0.165
0.283
44

0.147
0.342
44

1.000
—
44

0.296
0.057
42

−0.408†
0.006
44

Size of tumor
(mm)

rs
P
n

0.367*
0.012
46

0.213
0.150
47

0.311*
0.037
45

0.296
0.057
42

1.000
—
49

−0.129
0.376
49

Ascorbate content
(mg/100 g)

rs
P
n

−0.408†
0.006
44

−0.129
0.376
49

1.000
—
51

−0.026
0.861
48

−0.071
0.627
49

−0.139
0.350
47

*Correlation is significant at the 0.05 level (two-tailed).
Correlation is significant at the 0.01 level (two-tailed).

†

no difference seen between tumor grades. As previous studies have exclusively used immunohistochemistry to analyze
HIF-1 activation (16, 38, 39, 43), the presence and localization
of HIF-1α were confirmed in the same samples on a tissue
microarray. When detected in tumors, HIF-1α was seen
either throughout the entire section or in a small number
of cells in the nuclei of glandular or tumor tissues
(Fig. 1C). HIF-1α was also seen in surrounding areas of
necrosis with both cytoplasmic and nuclear staining (Fig. 1D).
Stromal and myometrial tissues were always negative
(Fig. 1C and D), as were control normal endometrial sections.
To determine the transcriptional activity of HIF-1 in the
tumors, protein levels of three prosurvival HIF target gene
products (GLUT-1, BNIP3, and VEGF) were measured.
GLUT-1, measured by Western blotting, was detected in
46 of 48 tumors (96%) and 43 of 48 normal tissues (90%), with
significantly higher expression in tumor compared with normal tissue (P < 0.001; Fig. 2A) and increasing expression with
tumor grade (P = 0.029). BNIP3 protein was monitored on
Western blots as a 30-kDa band (44) and revealed expression
in 44 of 46 tumors (96%) and 41 of 46 normal tissues (89%).
BNIP3 was significantly higher in tumor compared with normal tissue (P < 0.001; Fig. 2B) but did not change with grade.
Tissue VEGF protein, measured by ELISA, was detectable in
44 of 44 tumors (100%) and 37 of 44 normal tissues (84%).
Levels were significantly elevated in tumor tissue (P <
0.001; Fig. 2C) and tended to increase with tumor grade,
although this was not statistically significant (P = 0.225).

www.aacrjournals.org

Spearman's correlations (Table 1) revealed that in the tumor tissue, HIF-1α correlated with GLUT-1 and VEGF and
tended to correlate with BNIP3. GLUT-1 and BNIP3 were
strongly associated with each other. Both HIF-1α and BNIP3
protein levels were associated with larger tumor size. Tumors
positive for lymph/vascular invasion tended to have higher
levels of both HIF-1α (P = 0.088) and GLUT-1 (P = 0.068) than
tumors without lymph/vascular invasion. Taken together,
these results provide evidence for the activation of HIF-1
and downstream gene expression in endometrial tumors
and indicate that the HIF-1 pathway is activated in highergrade, invasive, and larger tumors.
Ascorbate accumulation decreases with increasing
tumor grade
To verify that the protocol for tissue banking did not contribute to a loss or variation in ascorbate content, a healthy
mouse liver was dissected and left at room temperature for
0 to 7 hours, then stored at −80°C for 21 weeks. There was
minimal loss of tissue ascorbate after up to 5 hours at room
temperature [0 hours, 71.8 ± 2.67; 1 hour, 66.1 ± 2.51; 5 hours,
65.9 ± 1.77 (nmol/100 mg ± SD)] and long-term storage at
−80°C had no further effect on ascorbate content, with
100% of the initial ascorbate being detected in the tissue.
We also measured the stability of ascorbate in our tissue extracts and found no difference between a newly extracted
sample (5.75 ± 0.15 mg/100 g) and the same extract after
4 days of storage (5.85 ± 0.01 mg/100 g). Identical levels of
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ascorbate were also found when repeat measurements were
made on two samples after a further 7 months of storage
(11.22 versus 11.19 and 7.22 versus 6.68 mg/100 g).
To estimate the ability of the tumor tissue to accumulate
ascorbate relative to adjacent normal tissue, tumor levels
were compared with the matched normal tissue from the
same patient. The ratio compensated for the high interindividual variation in tissue ascorbate (0.0007–1.5100 nmol
ascorbate/μg DNA in normal tissue). There was a significant
difference in relative ascorbate uptake between tumor
grades, with the ascorbate ratio decreasing with increasing
tumor grade (P = 0.010; Fig. 3). Grade 1 tumors had higher
levels of ascorbate than paired normal tissue (although this
was not significant due to sample variation), grade 2 tumors
had approximately equal amounts, whereas grade 3 tumors
had significantly less ascorbate than paired normal tissue
(P = 0.028). A similar result was obtained when ascorbate
was expressed as absolute levels (mg/100 g tissue), with a decreasing ratio with increasing FIGO grade (not shown). These
results indicate that high-grade tumor tissue has reduced capacity to accumulate ascorbate relative to normal tissue.
Relationship between ascorbate, HIF-1 pathway
activation, and tumor pathology
To determine whether ascorbate levels in the tumor tissue
related to an active HIF-1 pathway and tumor phenotype, the
absolute ascorbate content (mg/100 g tissue) in the tumor
samples was compared with levels of HIF-1α and its target
proteins, as well as with clinicopathologic features. There
was considerable variation in the absolute tissue ascorbate
levels: for the tumors, levels ranged from 1.02 to 32.76 mg/
100 g with a median of 6.68 mg/100 g (Fig. 4A), and for the

normal tissue, from 0.04 to 23.13 mg/100 g with a median of
4.95 mg/100 g (Fig. 4C). These levels are similar to reported
uterine ascorbate levels in healthy women of 10 to 20 mg/
100 g tissue (45), but our lower limit suggests that many of
the samples were relatively ascorbate deficient. An ascorbate
level either greater or lower than 6.7 mg/100 g (median level
in tumors) was used to classify the samples as either ascorbate deficient (n = 26) or ascorbate replete (n = 25). Tumors
(all grades) with high ascorbate levels all had low HIF-1 pathway activation, whereas those tumors with the highest HIF1α or target levels were all ascorbate deficient (Fig. 4A). This
association was most notable for VEGF, with ascorbatedeficient tumors having significantly higher levels than
ascorbate-replete tumors (P = 0.001; Fig. 4A) and with there
being a significant inverse correlation between VEGF protein
levels and tumor ascorbate content (P = 0.006; Table 1). A
similar trend was seen with HIF-1α protein, GLUT-1, and
BNIP3 (Fig. 4A), and ascorbate-deficient tumors also tended
to be larger in size (Fig. 4B).
Although HIF-1α was undetectable in most normal tissue,
low levels were measured in some samples (Fig. 1), and interestingly, these also occurred when ascorbate levels were
low (Fig. 4C).
The results above suggested that the activation of HIF-1
pathway may correlate with low tissue ascorbate levels. To
assess this, we analyzed the combined results for each tumor
sample: the expression levels of HIF-1α, BNIP3, GLUT-1, and
VEGF were normalized (as percent maximum expression),
then added together to give each tumor a “HIF-1–related
pathway protein score.” This analysis suggests that low tissue
ascorbate levels result in significant upregulation of the
HIF-1 pathway (P = 0.007; Fig. 5).

Discussion

Figure 3. Ascorbate accumulation in endometrial tumors relative to
normal tissue levels. Ascorbate ratios (tumor/normal) by FIGO grade
(mean ± SEM) showing increased levels in grade 1 tumors (n = 18),
approximately even levels in grade 2 tumors (n = 14), and significantly
reduced levels in grade 3 tumors compared with paired normal tissue
(n = 17; *, P = 0.028 by Wilcoxon signed-rank test). Ascorbate
accumulation decreases with increasing FIGO grade (P = 0.010 by
Jonckheere-Terpstra test).
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In this study, we provide the first direct evidence for a relationship between ascorbate content, HIF-1 pathway activation, and tumor metabolism in a human tumor model. Early
claims that ascorbate could retard tumor growth (1, 2) were
met with skepticism in the absence of a plausible mechanism
of action, but the discovery that HIF-1 is controlled by
ascorbate-dependent hydroxylation has provided a possible
link between ascorbate and tumor metabolism and survival.
That such a link exists in vivo has been supported by recent
animal studies in which tumor growth was inhibited by increasing ascorbate supply and was associated with downregulation of HIF-1 activity (10). However, to date, there has
been no evidence to support a relationship between HIF-1,
ascorbate, and tumor progression in humans.
Using human endometrial tumor tissue, we found that
ascorbate accumulation decreased with increasing tumor
grade and that high-grade tumors had approximately 40%
less ascorbate than matched adjacent normal tissue. In addition, this is the first study in which tumor ascorbate content
and markers of HIF-1 activation have been measured simultaneously. We found a significant inverse correlation between ascorbate and VEGF protein levels, and increased
levels of other markers of HIF-1 activation (HIF-1α protein,
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Figure 4. Relationship between tumor ascorbate content and HIF-1 activation parameters. A, scatterplots of ascorbate content (mg/100 g) in endometrial
tumor tissue samples against HIF-1α protein levels (n = 48) and its downstream target gene products GLUT-1 (n = 49), BNIP3 (n = 47), and VEGF
(n = 44). The median ascorbate value of 6.7 mg/100 g of tissue was used to classify samples as either ascorbate-deficient or ascorbate-replete.
Ascorbate-deficient tumors had significantly higher levels of VEGF protein than ascorbate-replete tumors (P = 0.001 by Mann-Whitney test). Levels of
HIF-1α, BNIP3, and GLUT-1 also tended to be increased when ascorbate levels were low. Individual tumor samples are identified by grade: circles, grade 1;
triangles, grade 2; stars, grade 3. B, tumor size showed a similar distribution to markers of HIF-1 activation, with ascorbate-deficient tumors tending to be
larger in size. C, normal tissue ascorbate levels were between 0.04 and 23 mg/100 g tissue. Some samples had low levels of HIF-1α protein and
these were also likely to be those that had very low ascorbate levels.
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GLUT-1, and BNIP3) were all associated with low ascorbate
levels. There was also a tendency for ascorbate-deficient tumors to be bigger in size. When taken together, these associations showed a significant upregulation of the HIF-1
pathway and provide evidence to suggest that having inadequate tissue ascorbate levels may promote tumor progression as a result of poor control of HIF-1.
We measured the tumor ability to accumulate ascorbate
by comparing levels with the adjacent normal tissue. In addition to ascorbate accumulation being compromised in
grade 3 tumors, we found that HIF-1–dependent gene expression may also be elevated in these tumors, as both
GLUT-1 and VEGF protein levels tended to increase with tumor grade. The combined analysis of three HIF-1–dependent
targets is a strong indication of transcriptional activity and
should reflect mRNA levels for these proteins, although these
were not measured. Endometrial tumors are highly angiogenic and the expression of VEGF has been associated with
poor outcome (40). Our finding that VEGF is increased in endometrial tumors and tends to increase with tumor grade
supports these observations, and the correlation between
VEGF and HIF-1α protein levels suggests that this increase
is HIF-1 dependent. GLUT-1 levels also correlated with
HIF-1α and BNIP3 proteins and increased with tumor grade.
This increase in glucose transport is likely to be a major contributor to the excessive glycolysis and lactic acid production
known to predominate in aggressive solid tumors (46).
The tendency for HIF-1–dependent gene expression to
increase with tumor grade occurred despite the absence of
variation in HIF-1α protein levels. This suggests that HIF-1α

Figure 5. Low tissue ascorbate is associated with increased activation of
the HIF-1 pathway in endometrial cancer. The protein levels measured
in Fig. 4A were each normalized (as percent maximum expression) and
each tumor sample was given a combined score equal to the sum of
expression of HIF-1α, BNIP3, GLUT-1, and VEGF to reflect total
activation of the HIF-1 pathway for each tumor (HIF-1 pathway–related
protein score). These were then compared for ascorbate-deficient
(n = 22) and ascorbate-replete (n = 22) samples by Mann-Whitney test
(P = 0.007).
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protein levels alone are not representative of its activity and
may reflect the dual control of HIF-1, with asparagine hydroxylation by FIH independently controlling transcriptional activity (25, 26). Interestingly, FIH has a significantly higher Km for
ascorbate than do the prolyl-hydroxylases (26), and it is therefore likely that HIF-1–mediated gene expression would be
more responsive to low levels of ascorbate than HIF-1α
protein stabilization. This is reflected in the HIF-1 pathway–
related protein score being higher in low-ascorbate tumors
and may also explain the significant inverse correlation between VEGF protein expression and ascorbate levels, where
low levels of cellular ascorbate may exacerbate the production
of VEGF and promote tumor angiogenesis and growth.
The decreased ascorbate levels with increasing tumor grade
and size may reflect poor accessibility of the tumor cells to the
plasma supply (37). Ascorbate is delivered via the circulation
and uptake is dependent on plasma levels (37) and accessibility; hence, when a tumor is poorly vascularized, ascorbate uptake could be compromised. We do not have data on the levels
of SVCTs in our tissue samples, but variation in transporter
expression or activity could influence ascorbate uptake. In addition, the activity of the SVCTs is reduced by as much as 70%
when the extracellular pH decreases to 6.5 (35) and this could
have a significant effect in the more acidic environment of the
tumor (47). Increased levels of the glucose transporters is unlikely to influence ascorbate accumulation as these transport
dehydroascorbate, which is present in only minimal quantities
in biological tissue (35).
To our knowledge, only one other study has measured ascorbate levels in tumor tissue using patient-matched normal tissue
as a comparison, finding significantly reduced levels in astrocytoma compared with normal tissue (48). We found that some
grade 1 tumors contained much higher levels of ascorbate than
the adjacent normal tissue from the same patient. This may reflect the different tissue types, as normal, postmenopausal uterine endometrial tissue biopsies mainly contained myometrium
(smooth muscle) and endometrial stroma with very few glands.
Because tissues vary widely in their ability to accumulate ascorbate (49), it is possible that ascorbate would distribute differently between myometrium and glandular tissue. However,
whether this occurs is unknown, but endometrioid adenocarcinoma tissue is mainly composed of glandular tissue, with grade
1 tumors most resembling this (41).
The methods used in this study have allowed for accurate
quantification of intracellular ascorbate and HIF-1 activity
and for direct comparison with normal tissue from the same
patient. To account for differences in tissue composition,
DNA content and β-actin were used to more precisely reflect
tissue cell content (50). The use of Western blot or ELISA to
measure HIF-1α and its target gene proteins also allowed for
a less subjective quantification than is achievable with the
more commonly used immunohistochemistry, and is more
likely to represent the level of protein expression throughout
the whole tumor sample. The presence and nuclear localization of HIF-1α was confirmed with immunohistochemistry,
providing further evidence for its transcriptional activity.
Our results indicate that low cellular ascorbate accumulation could result in increased HIF-1 activity in human
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tumors. This was predicted from in vitro studies that have
shown that optimum intracellular levels of ascorbate can substantially curb HIF-1 activation and subsequent gene expression (31, 32). In addition, our study suggests that restoring
tumor tissue ascorbate levels would limit the expression of prosurvival and angiogenic factors that promote tumor growth and
poor outcome. This hypothesis could be tested in a suitable animal model that would allow for accurate monitoring of the
effectiveness of delivery of ascorbate to tumor tissue.
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