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High Alt Med Biol 13:269–274, 2012.—Hypoxia induces reactive oxygen species production. Supplements with
antioxidant mixtures can compensate for the decline in red cell membrane stability following intermittent hypo-
baric hypoxia by decreasing protein and lipid oxidation. We aimed to determine whether supplementation with
vitamin C is implicated in the regulation of erythropoiesis and in the oxygen-carrying capacity of the blood, and
also whether antioxidant supplementation prevents the oxidative stress associated to intermittent hypoxia. Twenty-
four male Wistar rats were randomly divided into four experimental groups: normoxia control (n = 6), normoxia +
vitamin C (n = 6), hypoxia control (12 h pO2 12%/12 h pO2 21%) (n = 6), and hypoxia + vitamin C (n = 6). Animals
were supplemented with vitamin C at a dose of 250 mg$kg- 1$day- 1 for 21 days. Red blood cell count, hemoglobin,
hematocrit, reticulocytes, erythropoietin, and oxidative stress parameters such as malondialdehyde and protein
oxidation in plasma were analyzed at two different time points: basal sample (day zero) and final sample (day 21).
Similar RBC, Hb, Hct, and Epo increments were observed in both hypoxic groups regardless of the vitamin C
supplementation. There was no change on MDA levels after intermittent hypoxic exposure in any experimental
group. However, we found an increase in plasma protein oxidation in both hypoxic groups. Vitamin C does not
affect erythropoiesis and protein oxidation in rats submitted to intermittent hypoxic exposure.
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Introduction

Intermittent hypoxia exposure (IHE) is one of the most
important strategies used by athletes to increase perfor-

mance since it induces endogenous erythropoietin (Epo) in-
crease and, therefore, hematological adaptations (Garcia,
1957; Levine and Stray-Gundersen, 2005; Martinez-Bello et al.,
2011). Hypoxia increases oxidative stress both in humans and
in rodents (Radak et al., 1997; Asha Devi et al., 2005; Devi
et al., 2007; Pialoux et al., 2009). It has been shown that sup-
plements with antioxidant mixtures can compensate for the
decline in membrane stability following intermittent hypo-
baric hypoxia as a consequence of decreased lipid peroxida-
tion (LPO) and protein oxidation (Devi et al., 2007; Vani et al.,
2010). The vast majority of endurance athletes, including elite
athletes, take vitamin supplements such as vitamin C, often in

large amounts (Sobal and Marquart, 1994), as an antioxidant
and antianemic tool. In fact, it has been shown that dietary
vitamin C deprivation leads to anemia (Maeda et al., 2000)
and that vitamin C administration improves the response to
recombinant human erythropoietin (rHuEpo) (Tarng, 2007).
Keven et al., (2003) observed higher hemoglobin responses in
normal iron status patients treated with vitamin C and re-
combinant human erythropoietin (rHuEpo).

The main aim of our study was to evaluate if vitamin C is
implicated in the regulation of erythropoiesis in adult male
Wistar rats subjected to oxidative stress induced by IHE
(*4000 m). For this purpose, we assessed the changes in he-
matological parameters, such as red blood cells count (RBC),
hemoglobin (Hb), hematocrit (Hct), percentage of reticulo-
cytes (ret%), and in erythropoietin levels (Epo). Moreover,
we measured two oxidative stress parameters such as
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malondialdehyde (MDA) and the protein carbonyl groups to
evaluate its induction by the hypoxic protocol, and the effect
of vitamin C supplementation. We chose to examine the effect
of vitamin C on erythropoiesis because it is often used as a
recovery adjuvant, antioxidant, and antianaemic ergogenic
aid by athletes. We report that vitamin C supplementation did
not modify the hypoxia-induced erythropoiesis and plasma
protein oxidation after 21 days of IHE.

Material and Methods

Animals

Twenty-four male Wistar rats (3 months old, *250 g
weight) were randomly divided into four experimental
groups: normoxia control (NC) (n = 6), normoxia + vitamin C
(NVC) (n = 6), hypoxia control (HC) (n = 6), and hypoxia +
vitamin C (HVC) (n = 6). The experimental protocol was ap-
proved by the Committee on Ethics in Research of the Faculty
of Medicine, University of Valencia. Our animals were fed a
rodent maintenance diet of 2014 Harlan Teklad Global Diet�,
with an iron content of 196.0 mg$kg - 1.

Vitamin C administration

The dose of vitamin C was 250 mg$kg- 1$day - 1 adminis-
tered orally to rats via the drinking water for 21 days. The dose
of vitamin C was calculated by taking into account the animal’s
body surface area (BSA). BSA has been recommended as the
main basis for drug dosage, as the rate of metabolism or re-
distribution of a drug is proportional to the metabolic rate,
which in turn reflects heat losses that are generally proportional
to the surface area (Lack and Stuart-Taylor, 1997; Reagan-Shaw
et al., 2008). The dose administered to rats is equivalent to
0.12 mg/cm2 BSA. This dose is *2-fold to that used in humans.
We gave this dose of vitamin C to the animals due to its simi-
larity to the daily oral dose recommended in humans.

Hypoxic protocol

The animals were kept at 21% O2 12 h a day (9.00–1.00) and
at 12% O2 (*4000 m) 12 h a day (21.00–9.00) for 21 days. The
hypoxic treatments were performed with the system Color-
ado Altitude Training chamber system (model: CAT-430TM

Walk-In Tent).

Samples

Blood was collected from a common site for venepuncture in
small animals (tail vein). Two tail blood samples (0.4 mL) were
collected in EDTA-containing tubes at two different time points:
day 0 and day 21. The samples were collected in the morning at
the same time to limit effects of diurnal variations and were then
centrifuged at 760 g for 20 min at room temperature. The plasma
was collected and immediately stored at - 20�C.

Whole blood analysis

RBC, Hb, Hct, and percentage of reticulocytes (Ret%) were
analyzed within 3 hours of blood collection using a SYSMEX
XT 2000i hematology analyzer (Roche Diagnostics).

Erythropoietin determination in plasma samples

The Quantikine� Mouse/Rat Epo Immunoassay was used
to measure the Epo values in plasma samples.

Measurement of oxidative stress
parameters in plasma samples

Lipid peroxidation was measured through accumulation of
MDA, which was detected by HPLC as an MDA–thiobarbituric
acid adduct (Wong et al., 1987). Oxidative modification of total
proteins was assessed by immunoblot detection of protein
carbonyl groups, using the ‘OxyBlot’ protein oxidation kit (In-
tergen) as previously described (Romagnoli et al., 2010). The
procedure to quantify total protein carbonyls with the OxyBlot
kit was densitometry of the oxyblot and of the Ponceau staining,
followed by calculating the ratio between the total density given
by the oxyblot and total density given by Ponceau staining.

Statistical analysis

For the statistical analysis of the results, the mean was taken
as the measurement of the main tendency, and the standard
deviation was taken as the dispersion measurement. A three-
way analysis of variance (regimen x supplementation x time)
with repeated measures in one factor (time) was used to deter-
mine the difference, after the experimental intervention (regimen
and supplementation) on the hematological parameters. When
an interaction effect was found, multiple comparisons using the
Tukey post hoc test were performed. A two-way analysis of
variance (regimen vs. supplementation) was used to analyze the
Epo concentration, MDA, and protein oxidation levels at the end
of the protocol. When appropriate, Tukey post hoc test was used
to determine significant differences between groups. The alpha
level for statistical significance was set at p < 0.05.

Results

Body mass

No significant differences in body mass were found be-
tween groups. It remained unchanged until the end of the
study in all the experimental groups (data not shown).

Effect of IHE and vitamin C supplementation
on RBC, Hb, Hct, and Ret%

Figure 1A shows a significant increase in the Hb concen-
tration in the animals subjected to IHE for 21 days, regardless
of the vitamin C supplementation. Hb concentration in-
creased from 13.4 – 0.5 to 18.5 – 0.5 g$dL - 1 in the HC group,
and from 13.1 – 0.3 to 17.8 – 0.3 g$dL - 1 in the HVC group. No
statistical significant changes were found before or after the
experimental period in either the NC or NVC groups. Figure
1B shows a significant increase in the Hct concentration in the
animals subjected to IHE. We did not find any effect after the
supplementation with vitamin C. This parameter increased
from 40.1 – 4.2% to 52.5 – 1.9% in the HC group, and from
40.1 – 3.9% to 50.4 – 1.0% in the HVC group. No changes were
found before or after the experimental period in either the NC
or the NVC groups. Figure 1C shows a significant increase in
RBC in the animals subjected to IHE for 21 days, regardless of
the vitamin C supplementation. This parameter increased
from 7.2 – 0.8% to 9.8 – 0.3% in the HC group, and from
6.7 – 0.3% to 9.5 – 0.3% in the HVC group. No changes were
found before or after the experimental period in either the NC
or the NVC groups. Regarding the Ret%, we found an in-
crease in this value after IHE although it was not statistically
significant. Figure 1D shows that the Ret% increased from
4.5 – 0.6% to 6.0 – 0.8% in the HC group and from 5.4 – 0.6% to
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7.0 – 2.8% in the HVC. No changes were found in the nor-
moxic groups. Similarly to the other hematological parame-
ters, we did not find any positive increment in the Ret% after
administration of vitamin C.

Effect of IHE and vitamin C supplementation
on Epo levels

Figure 2 shows that the plasma Epo levels increased from
8.0 – 2.0 to 64.0 – 32.0 mU/mL in the HC group, and from
10.0 – 1.8 to 42.0 – 20.0 mU/mL in the HVC group. No signifi-
cant changes were found between the HC and the HVC groups.
As expected, the Epo values were significantly lower in the
normoxic groups and unaffected by the antioxidant treatment.

Effect of IHE and vitamin C supplementation
on MDA and protein oxidation

Figure 3A shows plasma MDA levels as an index of lipid
peroxidation. Although we found a trend to increase in the

plasma MDA levels after IHE, it was not statistically signifi-
cant. No changes were found in normoxic groups, neither in
the NC nor in the NVC groups.

As shown in Figure 3B, IHE caused a significant increase in
the carbonylation of plasma proteins. Proteins with a molec-
ular weight of 48 and 65 kDa were significantly carbonylated.
Administration of vitamin C did not prevent plasma car-
bonylation induced by hypoxia. No changes were found in
this oxidative stress parameter in the normoxic groups.

Discussion

The animals submitted to IHE showed significantly higher
RBC, Hb, Hct, and Epo concentrations than the normoxic
groups. These modifications have been also observed in pre-
vious studies after 21 days of IHE (Sanchis-Gomar et al., 2009).

Our results also indicate that vitamin C does not affect the
stimulation of erythopoiesis and hence, the hematological
parameters modified by IHE. It has been shown that vitamin

FIG. 1. Effect of IHE and vitamin C supplementation on hematological parameters. (A) Hemoglobin concentration, (B)
hematocrit concentration, (C) red blood cells count, and (D) percentage of reticulocytes in hypoxic and normoxic groups
supplemented or not with vitamin C during 21 days. Values are expressed as the mean – SD (n = 6). A three-factor ANOVA
with repeated measures in one factor (time) and post hoc Bonferroni’s comparisons were used to identify significant dif-
ferences. *indicates p < 0.05 vs. Day 0.
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C participates in the HIF-1a (hypoxia inducible factor) hy-
droxylation process (Li et al., 2010). HIF-1a is a transcription
factor that respond to changes in available oxygen in the
cellular environment, specifically, to decreases in oxygen, or
hypoxia. HIF-1a activity is controlled by several independent
steps. Prolyl hydroxylases (PHDs) are enzymes that hydrox-
ylate HIF-1a. They use oxygen as a substrate for this purpose
and require Fe2 + and 2-oxoglutarate as co-factors. In partic-
ular, vitamin C also participates in the HIF-1a hydroxylation
process (Appelhoff et al., 2004). Administration of vitamin C
can reduce significantly HIF-1a levels. Mechanistically, vita-
min C is likely to repress HIF-1a by stimulating the enzymatic
action of PHD2 (Li et al., 2010). Although we found a ten-
dency to decrease in the plasma Epo levels in the group of
animals treated with vitamin C and submitted to hypoxia (See
Fig. 2), this decrement was not statistically significant.
Moreover, no effect of the treatment with vitamin C was
found in the other hematological parameters measured in the
study (hemoglobin, hematocrit, red blood cell count, or re-
ticulocytes). In accordance, Nytko and colleagues (2011)
demonstrated that despite the lack of L-gulono-1,4-lactone
oxidase (Gulo), a key enzyme for vitamin C synthesis, both
the steady-state and the hypoxic induction of the hypoxic
inducible factor (HIF) pathway appeared normal in vitamin
C-deprived Gulo knockout mice. In addition, these mice
showed similar circulating Epo levels regardless of whether
their diet was either supplemented or not supplemented with
vitamin C. These data suggest that, in our model, the ability of
the PHDs to hydroxylate HIF-a, the prevalent regulator of
circulating Epo levels, may not be affected by vitamin C status
(Lappin and Masson, 2011).

It has been shown that hypoxia exposure increases oxida-
tive stress, increasing ROS production ( Radak et al., 1997;
Pialoux et al., 2009; Pialoux et al., 2010). Furthermore, it has
been suggested that ROS are involved in Epo-mediated ery-
throid differentiation and that antioxidants could attenuate
erythropoiesis (Nagata et al., 2007). However, it has been also
reported that hemolysis is directly proportional to LPO and
protein oxidation (Vani et al., 2010). Therefore, antioxidant

supplementation could act as a double-edge sword. Zembron-
Lacny et al. (2010) observed that a daily dose of 1,200 mg of
N-acetylcysteine (NAC) affects hematological parameters in
healthy men. NAC increased the plasma levels of Epo, Hb, and
Hct at rest and after exercise (Zembron-Lacny et al. 2010). On
the other hand, the authors showed that LPO was reduced by
NAC by more than 30% (Zembron-Lacny et al. 2010). How-
ever, we did not find any significant modification in any he-
matological parameter or a reduction in the plasma protein
and lipid oxidation after vitamin C supplementation in ani-
mals submitted to our IHE protocol. In accordance with our
results, Vani et al. (2010) reported that rats exposed to inter-
mittent hypobaric hypoxia (simulated altitudes of 5100 m
and 6700 m), and supplemented with antioxidant mixtures,
showed significant elevated hemoglobin concentrations,
demonstrating that intermittent hypoxia was effective in order
to induce hematological increments, regardless of the antiox-
idant supplementation. However, these authors also reported

FIG. 2. Effect of IHE and vitamin C supplementation on
Epo plasma levels (mU/mL). Values are expressed as
mean – SD (n = 6). A two-factor ANOVA and post hoc Bon-
ferroni’s comparisons were used to identify significant dif-
ferences. *indicates p < 0.05 vs. normoxia.

FIG. 3. Effect of IHE and vitamin C supplementation on
oxidative stress parameters. (A) MDA plasma levels, (B)
plasma protein oxidation (Western blotting and densitome-
try analysis showing carbonylated proteins). A two-factor
ANOVA and post hoc Bonferroni’s comparisons were used
to identify significant differences. *indicates p < 0.05 vs nor-
moxia.
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a reduction in the plasma LPO and in protein oxidation in the
antioxidant-supplemented animals exposed to high altitude
(Vani et al. 2010). On the contrary, Esteva et al. (2010) did not
find significant differences in the oxidative stress parameters
in animals submitted to intermittent hypobaric hypoxia
(5000 m). Although we found a significant increment in
plasma protein oxidation after 21 days of hypoxic exposure,
administration of vitamin C did not prevent it. Thus, the
lack of a significant effect in the reduction of the protein
oxidation by vitamin C supplementation does not affect the
hematological adaptations induced by intermittent hypoxic
exposure.

It has been previously shown that oxidative markers do not
respond in the same manner during hypoxia (Chao et al.,
1999). In fact, in 1997 Radak and co-workers reported that 4
weeks of exercise at an altitude of 4000 m increased reactive
carbonyl derivatives but not lipid peroxidation in skeletal
muscle of rats (Radak et al., 1997). Although in our study we
determined the oxidative stress parameters in plasma, we also
found an increase in reactive carbonyl derivatives with hyp-
oxia but no significant modifications in the MDA levels. These
results indicate that amino acids are more sensitive to oxida-
tive modification than polyunsaturated fatty acids and/or
that the underlying mechanism of these two processes is
different.

When supplementing with vitamin C there is the possibil-
ity that it may act as a pro-oxidant. These pro-oxidative re-
actions of vitamin C readily occur in vitro, and recently it has
been demonstrated that they might also have relevance in vivo
(Childs et al., 2001). High intake of iron along with ascorbic
acid could increase lipid peroxidation of LDL and therefore
the risk of atherosclerosis (Berger et al., 1997). However, in our
study, we did not find any indication of in vivo pro-oxidant
effect of vitamin C in any of the experimental groups.

Conclusions

Our study investigated whether vitamin C is implicated in
the regulation of erythropoiesis and in the oxygen carrying
capacity of the blood. We have shown that vitamin C sup-
plementation did not modify the hypoxia-induced erythro-
poiesis and plasma protein oxidation after 21 days of IHE.
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