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Sodium pyruvate ameliorates in vitro oxidative damage 
resulting from lethal methemoglobinemia
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Abstract: Introduction: The goal of this study was to evaluate the effects of sodium pyruvate (SP) on lethal methe-
moglobinemia with rat RBCs in vitro. Methods: Eight mM H2O2 was added to Group H2O2 to induce a lethal methe-
moglobinemia model. Group SP was pretreated with SP (5, 10, 20, and 50 mM, respectively) to verify the effects of 
SP on the lethal methemoglobinemia. Variables regarding oxidative stress, energy metabolism and oxygen delivery 
were determined. Results: The increased levels of MetHb, ROS, and MDA, but decreased contents of ATP and GSH, 
activities of LDH and Na+-K+ATPase and levels of 2,3-DPG and P50 are shown in the methemoglobinemia model. 
Pretreatments with SP significantly reduced MDA generations, increased GSH and ATP levels and enhanced the 
activities of LDH and Na+-K+ATPase. SP also maintained RBC function via inhibiting transformation of Hb to metHb 
and increasing the 2,3-DPG level and the P50 value. Conclusion: SP ameliorated lethal methemoglobinemia in vitro, 
through promoting glycolytic pathways, thus enhancing redox potentials and function with rat RBCs. SP may be a 
prospective protective agent for lethal methemoglobinemia. 

Keywords: Erythrocytes, methemoglobinemia, oxidative stress, sodium pyruvate, glycolysis

Introduction

Methemoglobinemia occurs when the hemo-
globin is oxidized from the ferrous state (Fe2+) 
to the ferric state (Fe3+) to form methemoglobin 
(MetHb) and is characterized by high levels of 
MetHb in the blood [1]. MetHb is incapable of 
oxygen transport. The symptoms of patients 
with methemoglobinemia are often manifested 
as cyanosis, dyspnea, headache, and dizzi-
ness. Especially, when metHb is greater than 
70%, patients go into arrhythmias, seizures, 
lethargy, stupor, and even death [2]. 

In healthy individuals, the MetHb concentration 
is kept at 1.5% of total hemoglobin. However,  
in some patients with hereditary glucose-
6-phosphate dehydrogenase (G6PD) deficien-
cy, NADPH diminishes, and MetHb increases, 
which is called congenital methemoglobinemia. 
Acquired methemoglobinemia is a complica-
tion of ingestion or skin exposure to toxic chem-

icals or drugs. It is reported that a dark, choco-
late brown blood with a raised methemoglobin 
of 30~50% can be found in patients after local 
anesthesia with lidocaine/prilocaine [3]. Ras- 
buricase, a drug for the management of tumor 
lysis syndrome is reported to induce methemo-
globinemia [4, 5]. Sodium nitrite, a coloring or 
preservative agent in foods and an anti-micro-
bial agent in meat products, is a common cause 
of acquired methemoglobinemia and can ele-
vate the MetHb level to > 90% [6]. The lethal 
dose of sodium nitrite in adults is just 2.6 g [6]. 
Severe methemoglobinemia with fatal out-
comes following ingestion of sodium nitrite and 
intentional self-poisoning have been reported 
[7]. Healthy individuals have few symptoms 
with MetHb < 15%. When MetHb reaches to 
20~30%, the symptoms, such as headache, 
dizziness, and syncope, begin [8]. However, 
patients with severe anemia, heart disease, 
lung disease, sepsis, and sickle cells should be 
treated even if the MetHb is ~10% [9]. 
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Methylene blue and blood exchange transfu-
sion have been used for treating methemoglo-
binemia. In general, methylene blue, a cofactor 
for NADPH MetHb reductase, is the first-line 
antidote for acute methemoglobinemia and is 
recommended to use in asymptomatic patients 
with MetHb levels greater than 30% and in 
symptomatic patients with levels greater than 
20% [9] at a dose of 1-2 mg/kg body weight 
intravenously over 5 minutes [6]. However, 
methylene blue is not recommended in patients 
with G6PD deficiency, since it may worsen met-
hemoglobinemia and induce hemolysis [10]. 
More importantly, if given in large doses (> 7 
mg/kg), methylene blue itself can raise MetHb 
levels and increase the risk of rebound methe-
moglobinemia [11, 12]. Methylene blue also 
can increase the risk of dapsone-induced 
hemolysis [12]. However, under these condi-
tions or failure to respond to methylene blue, 
exchange transfusion may be required in the 
patients [13]. Until now, no standard treatment 
has been available for acute methemoglobin-
emia. It is necessary to develop the new drugs 
for the prevention and treatment of methe- 
moglobinemia. 

Besides the elevated MetHb level, damage 
occurs in RBCs of patients with methemoglo-
binemia. With oxidation, the cellular membrane 
is damaged, the enzymes are deactivated and 
ATP generation decreased [14, 15]. Due to the 
lack of mitochondria and nuclei, RBCs obtain 
energy through anaerobic glycolysis, which is 
inhibited by oxidation and not able to repair 
itself. Therefore, it is recommended to use 
drugs with the ability of improving metabolic 
disturbances for prevention and treatment of 
methemoglobinemia.

Pyruvate, an endogenous metabolic intermedi-
ate, is capable of protecting organs in various 
models of oxidative stress, such as lens with 
oxidants [16], diabetic cataracts [17], oxidant- 
and ischemia-induced neuronal damage [18, 
19] and cardiac ischemia-perfusion injury [20]. 
It also has been widely used in cell culture 
media to remove H2O2 [21]. Additionally, pyru-
vate improves metabolic and acid-base distur-
bances [22-25], which facilitates RBCs protec-
tion against oxidation. In our previous paper, we 
demonstrated that addition of sodium pyruvate 
(SP) to stored RBCs could restore the P50 and 
SOD activity, thus improving the storage lesion 

[26]. These results suggest that pyruvate may 
be a potential drug for methemoglobinemia 
with both anti-oxidant and the metabolic 
modulation.

Therefore, in the present study, H2O2, the me- 
tabolite of some drugs and foods, which could 
penetrate the membrane to oxidize hemoglo-
bin, was used to induce the lethal methemoglo-
binemia model with rat RBCs (metHb reached 
to ~70%) in vitro. The effect of pyruvate on met-
hemoglobinemia was investigated and the 
potential underlying mechanism was explored.

Materials and methods

Animals

All animal experiments were carried out with 
the approval of the Laboratory Animal Center  
of the Academy of Military Medicine Sciences. 
Healthy male Wistar rats (270-290 g) were pur-
chased from Vital River Laboratories (Beijing, 
China) and were given access to food and water 
ad libitum until the start of experiments.

Preparation of RBC samples

Rats were anesthetized with sodium pentobar-
bital (Peking Chemical Agent Co., Beijing, China) 
(2.5%, w/v, 0.23 ml per 100 g of body weight) 
by intraperitoneal injection and placed on a 
heating pad (TMS-202, Softron, Beijing, China) 
in a supine position. The left femoral vein was 
cannulated for the administration of heparin 
sodium (Chinese Medicine Group Chemical 
Agent Co.) (0.3%, w/v, 0.15 ml per 100 g of 
body weight). The carotid artery was cannulat-
ed to collect blood. The plasma and buffy coat 
were removed by aspiration to isolate RBCs. 
The cells were washed three times with phos-
phate buffered saline (PBS) (pH 7.4, 295 
mOsm/kg) by centrifugation for 5 minutes at 
3000 rpm and at 4°C and immediately re-sus-
pended at 10% hematocrit in PBS buffer.

The preparation of methemoglobinemia model 
and the treatment

RBC suspensions (10% hematocrit in PBS buf-
fer) were divided into three groups: (1) Group 
control, (2) H2O2-induced methemoglobinemia 
group (Group H2O2), (3) pretreated with differ-
ent concentrations of SP (sodium pyruvate, 
Sigma, USA) (Group SP). SP was dissolved in 
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PBS buffer and added into the RBC suspen-
sions in the Group SP at final concentrations of 
5, 10, 20, and 50 mM. All groups were then 
incubated at 37°C for 30 minutes. Sodium 
azide (NaN3, 0.4 mM final concentration), an 

inhibitor of catalase, and H2O2 were added to 
the Group H2O2 and Group SP. The final concen-
tration of H2O2 was 8 mM. Thus, a lethal methe-
moglobinemia model was induced and the con-
centration of metHb reached to ~70%, which 
might lead to vascular collapse, even death in 
vivo [2]. All groups were then incubated at 37°C 
for another 1 hour. The RBCs in all groups were 
washed twice with PBS prior to the subsequent 
tests. 

Measurement of ROS levels

The non-fluorescent compound 2,7-dichloroflu-
orescein diacetate (DCFH-DA, Sigma, USA) dif-
fuses into cells and becomes oxidized in the 
presence of ROS to form highly fluorescent 
DCF. To detect ROS production, 100 μL washed 
RBCs were mixed with 1900 μL of PBS buffer 
and incubated with DCFH-DA (100 μmol/L) in 
the dark at 37°C for 30 minutes. The cell sus-
pension was then washed once with PBS and 
the fluorescence intensity was measured by 
flow cytometry analysis in a cell count of 50000 
at an excitation wavelength of 490 nm and an 
emission wavelength of 530 nm (BD FACS- 
Calibur, USA).

Measurement of metHb levels

MetHb levels of three groups were mea- 
sured using a blood analyzer (ABL90 CO-OX; 
Radimeter Copenhagen, Denmark).

Measurement of oxygen affinity

Oxygen affinity (P50) was determined by record-
ing the oxygen dissociation curve using a TCS 
Hemox Analyzer (TCS Scientific Corp., New 
Hope, PA) at 37°C. Briefly, 20 μL RBCs suspen-
sion was mixed with 4 mL Hemox buffer, 20 μL 
bovine serum albumin and 10 μL antifoaming 
agent. The mixture was saturated to a pO2 of 
150 mmHg using compressed air. Then, the 
gas stream was switched to pure N2 to deoxy-
genate the RBCs suspension. The Hemox-
Analyzer recorded the oxygen dissociation 
curve and calculated the P50.

Measurement of other biochemical indices 

GSH, MDA, and ATP levels and Na+-K+ATPase 
activities were measured using assay kits from 
Jiang Cheng Technology (Nanjing, China). 
Lactate dehydrogenase (LDH) activity was 

Figure 1. Effects of SP on the content of ROS, 
MetHb, and MDA in RBCs suffering methemoglobin-
emia. H2O2 induced the significant increase of ROS 
(A), MetHb (B) and MDA (C). Pretreatment with SP 
restrain the oxidative damage from H2O2. 

aP < 0.05, 
vs. Group Control; aaP < 0.01, vs. Group Control; bP < 
0.05, vs. Group H2O2; 

bbP < 0.01, vs. Group H2O2; 
cP 

< 0.05, vs. Group SP at 5 mM; ccP < 0.01, vs. Group 
SP at 5 mM; ddP < 0.01, vs. Group SP at 10 mM; eP < 
0.05, vs. Group SP at 20 mM; eeP < 0.01, vs. Group 
SP at 20 mM.
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determined with a colorimetric assay kit 
(BioVision, USA) using a multiscan spectrum 
(SpectraMax M5, Molecular Devices, USA). 
Amounts of 2,3-diphosphoglycerate (2,3-DPG) 
were determined by measuring NADH oxidation 
using a reagent kit (Roche Applied Science, 
Germany) conducted with an UV-Visible spec-
trophotometer (Helios β, Thermo, USA). All mea-
surements were carried out according to the 
manufacturer’s instructions. 

Statistical analysis

At least three independent experiments were 
conducted. Data are reported as mean ± SD. 
Data were analyzed using Statistical Analysis 
System software (SAS Version 9.2. SAS In- 
stitute, USA). One-way analysis of variance 
(ANOVA) was used to calculate statistical sig-

nificance among multiple groups. t-test was 
used to compare the data between two groups 
(e.g. Group control and Group H2O2). When nor-
mality and homogeneity of variance assump-
tions were not satisfied, non-parametric 
Kruskal-Wallis test was applied. P < 0.05 was 
considered statistically significant.

Results

SP inhibited ROS and decreased MetHb and 
MDA levels 

As shown in Figure 1A, H2O2 dramatically 
increased intracellular ROS in Group H2O2 by up 
to about seven times of the basal level (P < 
0.05). Pretreatments with various concentra-
tions at 5, 10, 20, and 50 mM SP decreased 

Figure 2. Effects of SP on the content of ATP and the 
activity of Na+-K+ATPase in RBCs suffering methemo-
globinemia. H2O2 suppressed the ATP content (A) and 
Na+-K+ATPase activity (B). ATP content in SP groups 
were not suppressed. The activity of Na+-K+ATPase 
showed a significant increase at the SP concentra-
tion of 20 mM and 50 mM. aP < 0.05, vs. Group 
Control; aaP < 0.01, vs. Group Control; bP < 0.05, vs. 
Group H2O2; 

bbP < 0.01, vs. Group H2O2; 
ccP < 0.01, vs. 

Group SP at 5 mM; dP < 0.05, vs. Group SP at 10 mM; 
ddP < 0.01, vs. Group SP at 10 mM.

Figure 3. Effects of SP on LDH activity and GSH 
level in RBCs suffering methemoglobinemia. H2O2 
suppressed the LDH activity (A) and GSH level (B). 
Pretreatment with SP resulted in the increased LDH 
activity. However, LDH activity decreased with the 
concentration of SP reaching to 50 mM. The GSH 
level showed increase with the concentration of SP 
higher than 20 mM. aP < 0.05, vs. Group Control; bP 
< 0.05, vs. Group H2O2; 

bbP < 0.01, vs. Group H2O2; 
cP 

< 0.05, vs. Group SP at 5 mM; dP < 0.05, vs. Group 
SP at 10 mM.
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ROS levels gradually. However, the ROS level in 
the Group SP was still significantly higher than 
that in the Group control (P < 0.05), but showed 
a slight decrease comparing with that in the 
Group H2O2 (P > 0.05).

Treatment of RBCs with H2O2 markedly in- 
creased levels of MetHb (P < 0.01) and MDA (P 
< 0.01) (Figure 1B and 1C), which suggested 
that the lethal methemoglobinemia model was 
successfully established. Pretreatment with SP 
significantly reduced the levels of metHb and 
MDA raised by H2O2 treatment. The MetHb level 
in Group SP was still significantly higher than 
that in the Group control (P < 0.01), while sig-
nificantly lower than that in the Group H2O2 (5 
mM, 20 mM P < 0.05; 10 mM, 50 mM P < 
0.01). Furthermore, the MetHb level in the 50 

mM SP group was significantly lower than that 
in the 5 mM group (P < 0.05) and the 20 mM 
group (P < 0.01). Pretreatments with SP dra-
matically reduced MDA, compared with H2O2 
treatment alone (P < 0.01). Pretreatments with 
20 mM and 50 mM SP resulted in significant 
lower levels of MDA than treatment with 5 mM 
and 10 mM SP (P < 0.01). Furthermore, the 
MDA level in 50 mM group was significantly 
lower than that in the 20 mM group (P < 0.05). 
The MDA level showed approximately a dose-
response with the increasing SP concen- 
tration. 

SP increased ATP levels and Na+-K+ATPase 
activity

Levels of ATP in RBCs, mainly derived from 
anaerobic glycolysis, were decreased signifi-
cantly after treatment with H2O2 (P < 0.05) 
(Figure 2A). Notably, pretreatments with vari-
ous concentrations of SP greatly elevated ATP 
levels. ATP levels in 10 mM, 20 mM, 50 mM SP 
groups were significantly higher compared with 
H2O2 treatment (P < 0.05). Pretreatment with 
SP fully reversed H2O2-induced inhibition of the 
ATP production. However, there was no differ-
ence among the groups with various SP levels. 
The activity of Na+-K+ATPase, which couples 
hydrolysis of ATP to Na+ and K+ transport and 
plays a key role in maintaining the ion-gradient 
across the cell membrane of RBCs, was signifi-
cantly reduced after treatment with H2O2 (P < 
0.05) (Figure 2B). Pretreatment with 5 mM and 
10 mM SP didn’t increase the Na+-K+ATPase 
activity which was decreased by H2O2 treat-
ment. Petreatment with 20 and 50 mM SP 
restored Na+-K+ATPase activities, which were 
higher comparing with the 5 mM SP group (P < 
0.01) and the 10 mM SP group (20 mM, P < 
0.05; 50 mM, P < 0.01). Especially, the Na+-
K+ATPase activity in 50 mM SP group was sig-
nificantly higher than that in the Group H2O2 (P 
< 0.01). The Na+-K+ATPase activity showed 
approximately a dose-response with the in- 
creasing SP concentration.

SP restored LDH activity and GSH levels

LDH activity plays an important role in RBCs 
because it reduces pyruvate to lactate, which 
couples NADH oxidation to NAD+, a rate-limiting 
process in glycolysis. LDH activity in the Group 
H2O2 was reduced comparing with the Group 
control (P < 0.05, Figure 3A). Pretreatments 

Figure 4. Effects of SP on the content of 2,3-DPG 
and the value of P50 in RBCs suffering methemo-
globinemia. H2O2 suppressed the content of 2,3-
DPG (A) and the value of P50 (B). Pretreatment with 
SP restrained inhibition of H2O2 on P50 effectively. 
When the concentration of SP reached to 20 mM, 
the content of 2,3-DPG in RBCs restored. aP < 0.05, 
vs. Group Control; aaP < 0.01, vs. Group Control; bP < 
0.05, vs. Group H2O2; 

bbP < 0.01, vs. Group H2O2; 
cP 

< 0.05, vs. Group SP at 5 mM; dP < 0.05, vs. Group 
SP at 10 mM.
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with 10 mM and 20 mM SP showed significant-
ly higher LDH activities, compared with the 
Group H2O2 (P < 0.05). 

GSH levels in RBCs were significantly declined 
by H2O2 treatment (P < 0.05) and were signifi-
cantly elevated with SP pretreatments gradual-
ly. When pretreating with 20 mM SP, the GSH 
level was higher than that in the Group H2O2 (P 
< 0.05) (Figure 3B). Additionally, the 50 mM SP 
group showed a higher GSH level than the 
Group control (P < 0.05), which was also higher 
than the Group H2O2 (P < 0.01), the 5 mM SP 
group (P < 0.05), and the 10 mM SP group (P < 
0.05). 

SP preserved 2,3-DPG and P50 

P50, which is defined as PO2 when oxygen satu-
ration of hemoglobin reaches 50%, is used to 
represent oxygen affinity. 2,3-DPG, an alloste-
ric effector, could influence the value of P50. 
H2O2 markedly decreased 2,3-DPG contents (P 
< 0.05) and P50 values (P < 0.01) comparing 
with the Group control (Figure 4). Pretreatments 
with SP increased 2,3-DPG contents to the 
basal level. Pretreatment with 20 mM SP sig-
nificantly restored the 2,3-DPG contents de- 
creased by H2O2 (P < 0.01), which was also sig-
nificantly higher than that in the 5 mM and 10 
mM SP groups (P < 0.05). Pretreatment with 50 
mM SP also significantly increased 2,3-DPG 
levels compared with the H2O2 treatment (P < 
0.05). However, P50 was markedly enhanced in 

the Group SP at all concentrations of SP, com-
pared with the Group H2O2 (5 mM, 10 mM, 20 
mM, P < 0.05; 50 mM, P < 0.01), although the 
P50 was still lower in all the SP groups than in 
the Group control (5 mM, 10 mM, 20 mM, P < 
0.01; 50 mM, P < 0.05). The P50 in the 50 mM 
SP group was significantly higher than that in 
the 5 mM and 10 mM SP groups (P < 0.05). 
Oxygen dissociation curves of the Group con-
trol, the Group H2O2 and the Group SP at 50 
mM are shown in Figure 5. RBCs in the group 
H2O2 showed a left-shift oxygen dissociation 
curve, which shifted right after pretreatment 
with 50 mM SP.

Discussion

Based on protection of SP against RBCs stor-
age lesion in our previous paper [26], the pres-
ent study employed an H2O2-induced model to 
verify the effects of SP on RBCs in lethal methe-
moglobinemia and explore the mechanism. SP 
pretreatments resulted in the reduction of MDA 
level raised by H2O2 and restoration of ATP gen-
eration and Na+-K+ATPase activity, which were 
consistent with previous findings from a variety 
of cells and tissues in vitro and in vivo models 
[19, 22-24, 27]. Additionally, SP also markedly 
protected RBC function, leading to reduction of 
MetHb and improvement of P50 levels. These 
results suggest that SP may be a prospective 
preventative and protective drug for severe 
methemoglobinemia. We further determined 
how SP works in the prevention and treatment 
of methemoglobinemia.

As previously described [28, 29], pyruvate neu-
tralizes H2O2 in a non-enzymatic and stoichio-
metric manner. Our study used H2O2-induced 
methemoglobinemia model and the results 
show that pretreatments with SP at different 
concentrations significantly decreased both 
metHb and MDA levels in a dose-response 
manner approximatively. Furthermore, ROS lev-
els could be reduced by SP pretreatment slight-
ly. The inconsistent results between individual 
parameters suggested that the reactions 
between SP and H2O2 in the present model 
were far more complex than simple direct neu-
tralization, which has been also raised by Long, 
et al. [21], who found a greater loss of pyruvate 
in comparison with the generation of H2O2 in 
cell culture media. It has been reported that 
exogenous pyruvate leads to a significant 

Figure 5. Oxygen dissociation curve of RBCs suffer-
ing methemoglobinemia in the Group Control, the 
Group H2O2, and the Group SP at 50 mM. H2O2 in-
duced the left-shift of the oxygen dissociation curve. 
However, pretreatment with SP at the concentration 
of 50 mM prevented the influence of H2O2 on oxygen 
dissociation curve effectively.
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increase of intracellular pyruvate contents in 
neutrophils, indicating a relevant transport 
across the plasmatic cell membrane [30]. Also, 
Sokolowska et al. suggested the non-enzymat-
ic protective effect of alpha-keto acids (includ-
ing pyruvate) in the oxidative hemolysis of 
human RBCs [31]. Therefore, additional param-
eters were detected to verify the indirect effects 
within cells in the experiment.

First, we speculated that exogenous pyruvate 
could enhance redox potentials in RBCs indi-
rectly. To verify it, we detected the level of GSH, 
an important endogenous antioxidant in RBCs. 
It was reported that pyruvate could enhance 
GSH levels in hypoxia, inflammation and diabe-
tes in various organs [32, 33]. Consistent with 
the literature, our results showed that SP pre-
treatments at 20 mM and 50 mM significantly 
increased GSH levels. Further, it suggested 
that a high concentration of SP was capable of 
improving redox status in the present lethal 
methemoglobinemia model due to raising the 
reducing equivalents, NADPH, to reduce MetHb 
to hemoglobin, which could result from the 
effect of pyruvate on pentose phosphate path-
way, also called hexose monophosphate shunt 
(Figure 6). Patients with G6PD deficiency are 
unable to use the NADPH MetHb reductase 
pathway. Our results suggest that pyruvate 
could take the place of methylene blue to treat 
the patients with G6PD deficiency with methe-

raise the NAD+/NADH ratio, as described in 
Figure 6 [34]. The raised NAD+/NADH ratio 
could facilitate glycolytic flux and promote gly-
colytic ATP synthesis [23]. In response to this 
reaction, the ATP generation in results showed 
a great increase with the SP pretreatment, 
which possibly indicated an overall recovery of 
metabolic integrity, as summarized in Figure 6. 
Studies documented that Rejuvesol, a rejuve-
nation solution containing pyruvate, could dra-
matically restore ATP levels when added into 
stored RBCs [35, 36]. It was also reported that 
exogenous pyruvate preserved glycolytic ATP 
generation in mouse lens, retina, and human 
spermatozoa [17, 37, 38]. Our results were in 
agreement with these findings and demonstrat-
ed that pretreatment with pyruvate could main-
tain glycolysis in RBCs subjected to lethal met-
hemoglobinemia. The results also displayed 
that SP restored the Na+-K+ATPase activity at 
the concentration higher than 20 mM. The Na+-
K+ATPase activity is dependent on glycolytic 
ATP levels and is critical for maintaining basic 
cellular biological function, such as the ion-gra-
dient across cell membranes and intracellular 
pH in RBCs. Oxidative damage can inhibit enzy-
matic activities [39, 40]. The improved activity 
of Na+-K+ATPase in our result supported that 
glycolysis was maintained by pretreatment with 
pyruvate in RBCs subjected to lethal methe- 
moglobinemia.

Figure 6. Pyruvate protects glycolytic metabolism in RBCs suffering methe-
moglobinemia. Pyruvate raised the NAD+/NADH ratio by enhancing LDH ac-
tivities. Thus the level of 2,3-DPG increased. It also increased NADPH levels 
via bolstering hexose monophosphate shunt to increased GSH production. 
LDH: lactate dehydrogenase; 6-P-G-1: 6-phosphoglucono-δ-lactone; Ru5P: 
ribulose 5-phosphate; GSSG: glutathione; GSH: reduced glutathione; GR: 
glutathione reductase.

moglobinemia, which needs 
further verification.

Second, the effect of exoge-
nous SP on RBCs metabolism 
was explored. RBCs obtain 
energy mainly through anaero-
bic glycolysis. Pyruvate is an 
important metabolic interme-
diate in glycolysis and reduced 
into lactate by LDH catalysis. 
LDH activities were found to 
be recovered to normal levels 
by SP pretreatment. Although 
the NAD+/NADH ratio and lac-
tate level were not monitored 
in this experiment, recovery  
of LDH might be accompanied 
by the increased NAD+/NADH 
ratio. In the LDH reductive 
reaction, one pyruvate con-
sumes one proton from the 
cytosolic hydrogen pool to 
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Finally, we determined the effect of exogenous 
SP on RBCs function of oxygen delivery. P50 is a 
parameter to characterize RBCs oxygen affinity 
during oxygen transport. Several factors influ-
ence P50, including the state of Hb, 2,3-DPG,  
pH and temperature. When Hb is oxidized to 
metHb, the oxyhemoglobin dissociation curve 
shifts left and P50 decreased. In the present 
model, RBCs showed significantly increased 
metHb, left-shifited oxyhemoglobin dissocia-
tion curve and decreased P50 induced by met-
hemoglobinemia. We also detected levels of 
2,3-DPG, the key allosteric effector of hemoglo-
bin, which is produced via the 2,3-DPG path-
way. The results show that oxidative stress also 
decreased 2,3-DPG levels. However, all the 
changes above were reversed by the pretreat-
ment with SP. Although pyruvate is not involved 
in the direct synthesis of 2,3-DPG, pyruvate 
promotes the glycolytic pathway and facilitates 
the Luebering-Rapoport pathway in RBCs, 
which are essential for 2,3-DPG production, as 
shown in Figure 6. 

We noticed that there were inconsistencies 
among individual parameters. For example, 
metHb and MDA reductions and ATP recovery 
are shown with SP concentrations of 5 mM, 
while the GSH and 2,3-DPG augmentation were 
significant at as high as 20-50 mM. The para-
dox may be induced by various metabolic path-
ways shared different proportions in glucome-
tabolism. About ~90% of glucose is metabolized 
via glycolysis pathway, while only ~10% of glu-
cose is used in hexose monophosphate shunt 
to generate NADPH, which is used primarily to 
reduce glutathione. Similarly, only ~15% of 1,3-
DPG resulted from glycolysis can be used to 
produce 2,3-DPG. Therefore, there is a highly 
effective onset concentration of SP (≥ 20 mM) 
in the 2,3-DPG pathway and hexose monophos-
phate shunt in the present lethal methemoglo-
binemia model. Moreover, the lower (10 mM) 
concentration of SP resulted in a significant 
increase in the LDH level, while 50 mM of SP 
induced a decrease of LDH. We speculate that 
it is due to increased substrate causing a nega-
tive feedback. 

Limitations

First, the pretreatment concentration of SP 
(5-50 mM) in the present study was higher than 
that in other reports. The high SP level was 

used because the concentration of metHb in 
the model of methemoglobinemia reached 
~70%, which was lethal and would lead to death 
in clinical settings. Although the concentration 
of SP in the experiment was extremely high, no 
adverse effects on RBCs had been proved in a 
previous pilot study, which showed that SP was 
superior to methylene blue in prevention of 
rebound methemoglobinemia (data not show). 
Second, the experiments were carried out with 
rat RBCs in vitro, which could not fully replace 
the effect and mechanism in vivo. Therefore, 
further investigations are needed to determine 
the impact of SP with regular concentrations on 
methemoglobinemia in vivo. 

Conclusions

In the present study, in vitro exogenous SP pro-
tected rat RBCs against H2O2-induced lethal 
methemoglobinemia via decreasing oxidant 
status and improving glycolic pathways due to 
the dual actions of SP as an ROS scavenger 
and a metabolic substrate (Figure 6). Therefore, 
SP may be a prospective drug in protection of 
RBCs against acute methemoglobinemia. 
Further in depth investigations are warranted 
to verify SP protection of RBCs, in vivo.

Acknowledgements

This work was supported by the National 
Natural Science Foundation of China (No. 
81600148, No. 81700181).

Disclosure of conflict of interest

None.

Address correspondence to: Ying Wang and Hong 
Zhou, Institute of Health Service and Transfusion 
Medicine, Academy of Military Medical Sciences, 
Beijing 100850, China. E-mail: wy830111@163.
com (YW); zhouhtt1966@163.com (HZ)

References

[1] Skold A, Cosco DL, Klein R. Methemoglobin-
emia: pathogenesis, diagnosis, and manage-
ment. South Med J 2011; 104: 757-761.

[2] El-Husseini A, Azarov N. Is threshold for treat-
ment of methemoglobinemia the same for all? 
A case report and literature review. Am J Emerg 
Med 2010; 28: 748.e5-748.e10.

[3] Uygur O, Esen S, Tanriverdi S, Koroglu OA, Yalaz 
M, Kultursay N. Noninvasive diagnosis and 

mailto:wy830111@163.com
mailto:wy830111@163.com
mailto:zhouhtt1966@163.com


Sodium pyruvate ameliorates oxidative damage

13063 Int J Clin Exp Med 2018;11(12):13055-13064

continuous monitoring of local anesthetic-in-
duced methemoglobinemia in a neonate. Indi-
an J Hematol Blood Transfus 2014; 30 Suppl 
1: 180-182.

[4] Roberts DA, Freed JA. Rasburicase-induced 
methemoglobinemia in two African-American 
female patients: an under-recognized and con-
tinued problem. Eur J Haematol 2015; 94: 83-
85.

[5] Alessa MA, Craig AK, Cunningham JM. Rasburi-
case-induced methemoglobinemia in a patient 
with aggressive non-hodgkin’s lymphoma. Am 
J Case Rep 2015; 16: 590-593.

[6] Katabami K, Hayakawa M, Gando S. Severe 
methemoglobinemia due to sodium nitrite poi-
soning. Case Rep Emerg Med 2016; 2016: 
9013816.

[7] Saito T, Takeichi S, Yukawa N, Osawa M. Fatal 
methemoglobinemia caused by liniment solu-
tions containing sodium nitrite. J Forensic Sci 
1996; 41: 169-171.

[8] Jaffé ER. Methemoglobin pathophysiology. 
Prog Clin Biol Res 1981; 51: 133-151.

[9] Khanal R, Karmacharya P, Pathak R, Poudel 
DR, Ghimire S, Alweis R. Do all patients with 
acquired methemoglobinemia need treat-
ment? A lesson learnt. J Community Hosp In-
tern Med Perspect 2015; 5: 29079.

[10] Rosen PJ, Johnson C, McGehee WG, Beutler E. 
Failure of methylene blue treatment in toxic 
methemoglobinemia. Association with glu-
cose-6-phosphate dehydrogenase deficiency. 
Ann Intern Med 1971; 75: 83-86.

[11] Lai Becker MW. Methemoglobinemia. In: Agha-
babian RV, editor-in-chief. Essentials of emer-
gency medicine. 2nd edition. Burlington, MA: 
Jones and Bartlett 2010. pp. 894-896.

[12] Clifton J, Leikin JB. Methylene blue. Am J Ther 
2003; 10: 289-291.

[13] Abu-Laban RB, Zed PJ, Purssell RA, Evans KG. 
Severe methemoglobinemia from topical anes-
thetic spray: case report, discussion and quali-
tative systematic review. CJEM 2001; 3: 51-56.

[14] Pandey KB, Rizvi SI. Biomarkers of oxidative 
stress in red blood cells. Biomed Pap Med Fac 
Univ Palacky Olomouc Czech Repub 2011; 
155: 131-136.

[15] Hess JR. Red cell changes during storage. 
Transfus Apher Sci 2010; 43: 51-59.

[16] Varma SD, Hegde KR. Lens thiol depletion by 
peroxynitrite. Protective effect of pyruvate. Mol 
Cell Biochem 2007; 298: 199-204.

[17] Varma SD, Hegde KR, Kovtun S. Attenuation 
and delay of diabetic cataracts by antioxidants: 
effectiveness of pyruvate after onset of cata-
ract. Ophthalmologica 2005; 219: 309-315.

[18] Sharma AB, Barlow MA, Yang SH, Simpkins JW, 
Mallet RT. Pyruvate enhances neurological re-
covery following cardiopulmonary arrest and 

resuscitation. Resuscitation 2008; 76: 108-
119.

[19] Pan R, Rong Z, She Y, Cao Y, Chang LW, Lee 
WH. Sodium pyruvate reduces hypoxic-isch-
emic injury to neonatal rat brain. Pediatr Res 
2012; 72: 479-489.

[20] Bassenge E, Sommer O, Schwemmer M, 
Bünger R. Antioxidant pyruvate inhibits cardiac 
formation of reactive oxygen species through 
changes in redox state. Am J Physiol Heart Circ 
Physiol 2000; 279: H2431-H2438.

[21] Long LH, Halliwell B. Artefacts in cell culture: 
pyruvate as a scavenger of hydrogen peroxide 
generated by ascorbate or epigallocatechin 
gallate in cell culture media. Biochem Biophys 
Res Commun 2009; 388: 700-704.

[22] Yu W, Hu S, Xie ZY, He ZJ, Luo HM, Lin HY, Zhou 
FQ, Sheng ZY. Pyruvate oral rehydration solu-
tion improved visceral function and survival in 
shock rats. J Surg Res 2015; 193: 344-354.

[23] Gou D, Tan H, Cai H, Zhou FQ. Pyruvate effects 
on red blood cells during in vitro cardiopulmo-
nary bypass with dogs’ blood. Artif Organs 
2012; 36: 988-1006.

[24] Hu S, Liu WW, Zhao Y, Lin ZL, Luo HM, Bai XD, 
Sheng ZY, Zhou FQ. Pyruvate-enriched oral re-
hydration solution improved intestinal absorp-
tion of water and sodium during enteral resus-
citation in burns. Burns 2014; 40: 693-701.

[25] Hu S, Bai XD, Liu XQ, Wang HB, Zhong YX, Fang 
T, Zhou FQ. Pyruvate Ringer’s solution corrects 
lactic acidosis and prolongs survival during 
hemorrhagic shock in rats. J Emerg Med 2013; 
45: 885-893.

[26] Xia S, Chen G, Wang B, Yin YJ, Sun ZW, Zhao 
JX, Li PL, Zhao L, Zhou H. Addition of sodium 
pyruvate to stored red blood cells attenuates 
liver injury in a murine transfusion model. Me-
diators Inflamm 2016; 2016: 3549207.

[27] Clough D, Bünger R. Protection by pyruvate 
against inhibition of Na+, K(+)-ATPase by a free 
radical generating system containing t-butylhy-
droperoxide. Life Sci 1995; 57: 931-943.

[28] Mallet RT, Sun J, Knott EM, Sharma AB, Oliven-
cia-Yurvati AH. Metabolic cardioprotection by 
pyruvate: recent progress. Exp Biol Med (May-
wood) 2005; 230: 435-443.

[29] Salahudeen AK, Clark EC, Nath KA. Hydrogen 
peroxide-induced renal injury: a protective role 
for pyruvate in vitro and in vivo. J Clin Invest 
1991; 88: 1886-1893.

[30] Mathioudakis D, Engel J, Welters ID, Dehne 
MG, Matejec R, Harbach H, Henrich M, 
Schwandner T, Fuchs M, Weismüller K, Schef-
fer GJ, Mühling J. Pyruvate: immunonutritional 
effects on neutrophil intracellular amino or al-
pha-keto acid profiles and reactive oxygen spe-
cies production. Amino Acids 2011; 40: 1077-
1090.



Sodium pyruvate ameliorates oxidative damage

13064 Int J Clin Exp Med 2018;11(12):13055-13064

[31] Sokolowska M, Oleszek A, Wlodek L. Protective 
effect of alpha-keto acids on the oxidative he-
molysis. Pol J Pharmocol 1999; 51: 429-434.

[32] Gupte SA, Wolin MS. Hypoxia promotes relax-
ation of bovine coronary arteries through low-
ering cytosolic NADPH. Am J Physiol Heart Circ 
Physiol 2006; 290: H2228-H2238.

[33] Hegde KR, Varma SD. Prevention of cataract 
by pyruvate in experimentally diabetic mice. 
Mol Cell Biochem 2005; 269: 115-120.

[34] Zhou FQ. Pyruvate in the correction of intracel-
lular acidosis: a metabolic basis as a novel su-
periou buffer. Am J Nephrol 2005; 25: 55-63.

[35] Meyer EK, Dumont DF, Baker S, Dumont LJ. Re-
juvenation capacity of red blood cells in addi-
tive solutions over long-term storage. Transfu-
sion 2011; 51: 1574-1579.

[36] Barshtein G, Gural A, Manny N, Zelig O, Yedgar 
S, Arbell D. Storage-induced damage to red 
blood cell mechanical properties can be only 
partially reversed by rejuvenation. Transfus 
Med Hemother 2014; 41: 197-204.

[37] Hegde KR, Kovtun S, Varma SD. Inhibition of 
glycolysis in the retina by oxidative stress: pre-
vention by pyruvate. Mol Cell Biochem 2010; 
343: 101-105.

[38] Hereng TH, Elgstøen KB, Cederkvist FH, Eide L, 
Jahnsen T, Skalhegg BS, Rosendal KR. Exoge-
nous pyruvate accelerates glycolysis and pro-
motes capacitation in human spermatozoa. 
Hum Reprod 2011; 26: 3249-3263.

[39] Figtree GA, Liu CC, Bibert S, Hamilton EJ, Gar-
cia A, White CN, Chia KK, Cornelius F, Geering 
K, Rasmussen HH. Reversible oxidative modifi-
cation: a key mechanism of Na+-K+ pump regu-
lation. Circ Res 2009; 105: 185-193.

[40] Wang XQ, Xiao AY, Sheline C, Hyrc K, Yang A, 
Mark PG, Choi DW, Yu SP. Apoptotic insults im-
pair Na+, K+-ATPase activity as a mechanism of 
neuronal death mediated by concurrent ATP 
deficiency and oxidant stress. J Cell Sci 2003; 
116: 2099-2110.


