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ABSTRACT The present study aims to investigate the impact of hydrogen-rich
water on the lactic acid level in metformin-treated diabetic rats under hypoxia.
Thirty Sprague–Dawley rats were randomly divided into five groups, including
normal diet group, and diabetes model (DM) group, DM + metformin treatment
(DMM) group, DMM + hypoxia treatment (DMMH) group and DMMH + hydrogenrich water (DMMHR) group. We found that the levels of lactic acid, pyruvate and
lactate dehydrogenase were significantly lower in the blood of DMMHR group than
DMMH group. Superoxide dismutase and glutathione levels in liver and heart were
significantly higher in DMMH group after hydrogen-rich water treatment, while
malondialdehyde and oxidized glutathione levels were decreased in DMMHR group
when compared with DMMH group, which indicates that hydrogen-rich water could
reduce oxidative stress. qPCR analysis demonstrated that that pro-apoptotic genes
Bax/Caspase-3 were upregulated in DM group and metformin treatment suppressed
their upregulation (DMM group). However, hypoxic condition reversed the effect of
metformin on apoptotic gene expression, and hydrogen-rich water showed little
effect on these genes under hypoxia. HE staining showed that hydrogen-rich water
prevented myocardial fiber damages under hypoxia. In summary, we conclude that
hydrogen-rich water could prevent lactate accumulation and reduce oxidant stress
in diabetic rat model to prevent hypoxia-induced damages. It could be served as a
potential agent for diabetes patients with metformin treatment to prevent lactic acidosis and reduce myocardial damages under hypoxic conditions.

INTRODUCTION

by directly inhibiting hepatic gluconeogenesis, and increasing the
uptake and catabolism of glucose in peripheral tissues to maintain
blood glucose [5]. The most common side effect of metformin is
digestive tract reaction. However, long-term usage of metformin
leads to the development of tolerance against the gastrointestinal
tract reaction [6]. Lactic acidosis is another serious adverse side
effect related to the use of metformin [7]. Studies have shown that
careful administration of metformin can minimize the incidence
of lactic acidosis [8]. However, in patients under certain conditions, such as cardiac insufficiency, renal insufficiency, hypoxia
state, advanced age and application of contrast agent, the usage

Type II diabetes is a chronic metabolic disease associated with
high cardiovascular risk [1]. It can lead to increased oxidative
stress, inflammatory response, abnormal energy metabolism and
apoptosis in myocardial cells [2]. Metformin is an oral hypoglycemic drug for type II diabetes. Statistics show that more than 150
million diabetic patients worldwide take metformin every year
[3] and accumulating clinical evidence shows beneficial effect of
metformin on type II diabetes drug [4]. The main hypoglycemic
mechanism of metformin is to reduce the fasting blood glucose
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of metformin frequently exacerbates lactic acidosis by increasing blood lactic acid (LA) level [9]. It is also reported that lactic
acidosis incidence for diabetes patients taking metformin in high
altitude area is higher than those in flat area (17.65% vs. 2.50%),
indicting an impact of hypoxia on the adverse effect of metformin
usage. The treatment effect of metformin seems also impaired in
high altitude area [9]. Therefore, new strategy is needed to ameliorate the lactic acidosis symptom and enhance the treatment
outcome for diabetes patients under hypoxia.
Hydrogen gas has long been considered as a physiological inert
gas. Reccent studies have revealed multiple beneficial functions
in physiology of hydrogen gas, especially in coping with oxidative stress [8,10-12]. Hydrogen gas has wide potentials in clinical
application due to its low toxicity, effective antioxidant effect and
simplicity of administration. Clinical research shows that diabetes is associated with oxidative stress, and the supplement of the
hydrogen-rich water is conducive to glucose homeostasis, protecting cells against oxidative damage and delaying the progression
of type II diabetes [13]. In addition, Aoki et al. [14] also reported
that hydrogen-rich water intake before exercise could reduce
adverse reactions such as elevated blood LA level caused by oxidative stress during exercise. However, weather hydrogen-rich water
could reduce LA accumulation in diabetes subjects taking metformin under hypoxia remains to be investigated.
In this study, we established a diabetic rat model and explored
the potential protective effect of hydrogen-rich water on LA accumulation, oxidative stress and cardiac damage when metformin
was administrated under hypoxia. Diabetic rat model was established by feeding high-fat/high-sucrose diet (HFSD) together with
streptozotocin (STZ). The hypoxic condition was induced by isopropyl epinephrine. The serum metabolites and oxidative stress
parameter were measured, including LA pyruvate (PA), lactate
dehydrogenase (LDH), superoxide dismutase (SOD), malondialdehyde (MDA), reduced glutathione (GSH) and oxidized glutathione (GSSG). Our data demonstrated that hydrogen-rich water
inhibited lactate accumulation and reduced oxidant stress in diabetic rat model to prevent hypoxia-induced damages. Therefore,
hydrogen-rich water has the potential to prevent the side effect of
metformin treatment in diabetic condition under hypoxia.

METHODS
Materials
Metformin was purchased from Sino-American Shanghai
Squibb Pharmacertical Co., Ltd. (Shanghai, China). STZ was
purchased from Guangzhou saiguo biotech Co., Ltd. (Guangzhou, China). Citric acid and sodium citrate were obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Isoproterenol (ISO) was purchased from Hefei BASF Biotechnology Co., Ltd. (Hefei, China). HFSD and normal diet (ND) were
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obtained from Jiangsu Xietong Biological Engineering Co., Ltd.
(Nanjing, China). The hydrogen-rich water was prepared using
a Nanobubble machine (Shanghai nanobubble nanotechnology
Co., Ltd., Shanghai, China). LA, PA, LDH, SOD, MDA, GSH, and
GSSG measurement kit were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).
SPF-grade male Sprague–Dawley (SD) rats weighting 160 ±
10 g were fed in the animal room with temperature of 23 ± 2°C
and humidity of (60 ± 5) %. The room was equipped with good
ventilation with a light and dark cycle of 12 h. All the animal
experiments were carried out according the National Institutes
of Health guide for the care and use of Laboratory animals, and
were approved by the Animal Use ethic Committee of The Sixth
Medical Center of Chinese PLA General Hospital.

Diabetes model establishment
SD rats were randomly divided into two groups including a
normal group and diabetes-inducing groups. Normal group was
fed with normal diet (ND group) and the diabetes model group
was fed with HFSD (DM group). The ingredient of HFSD comprised of saccharose (10%), lard oil (10%), cholesterol (5%) and
basal diet (75%). After 6 weeks, rats in the disease model group
were treated with 1% STZ (dissolving in citric acid-sodium citrate
buffer, pH 4.21) by intraperitoneal injection at a dose of 30 mg/kg
to induce diabetes. All the rats were fed for another 7 days. The
fasting blood-glucose was monitored using a glucometer (Beijing
Yicheng Bio-electronic Technology Co., Ltd., Beijing, China).

Dosage regimen
Rats in diabetes model (DM) group were randomly divided
into 4 subgroups, and the treatment conditions were were summarized in Table 1. Briefly, the ND group and DM group were
administrated with saline for 4 weeks. DM + metformin (DMM)
group was administered intragastrically with metformin solution
at a dosage of 100 mg/kg for 4 weeks. DMM + hypoxia (DMMH)
group was subcutaneously infected with ISO (isopropyl epinephrine) for another two days at a dosage of 10 mg/kg after administrated with metformin for 4 weeks. DMMH + hydrogen-rich
water (DMMHR) group was processed by administrated with
metformin and hydrogen-rich water for 4 weeks and followed by
ISO (isopropyl epinephrine) administration. The hydrogen-rich
water was administrated at a dosage of 5 mg/kg. Six rats were
included in each group and the blood sample was collected after
treatment. Rats were sacrificed and the heart and liver were isolated for Hematoxylin-eosin (H&E) staining.

Biochemical analysis in blood and tissues
Blood samples were taken from the aorta abdominalis after the
rats were anesthetized using 10% chloral hydrate solution. The
https://doi.org/10.4196/kjpp.2021.25.6.517
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Table 1. Groups and processing scheme
ND

Group
ND
DM
DMM
DMMH
DMMHR

HFSD

Saline

Saline

Metformin

ISO

Hydrogen-rich water

+
–
–
–
–

–
+
+
+
+

–
–
+
+
+

–
–
–
+
+

–
–
–
–
+

ND, normal diet; DM, diabetes model; DMM, DM + metformin; DMMH, DMM + hypoxia; DMMHR, DMMH + hydrogen-rich water;
HFSD, high-fat/high-sucrose diet; ISO, isoproterenol.

Table 2. Primers for reverse transcriptase-PCR
Gene
Bcl-2
Bax
Gaspase-3
GAPDH

Sequence
F primer
P primer
F primer
P primer
F primer
P primer
F primer
P primer

GGCATCTTCTCCTTCCAGC
GCATCCCAGCCTCCGTTAT
CCTTTTTGCTACAGGGTTT
GTTGTTGTCCAGTTCATCG
ATCACAGCAAAAGGAGCAG
TAAGCATACAGGAAGTCGG
ACAGCAACAGGGTGGTGGAC
TTTGAGGGTGCAGCGAACTT

serum samples were collected after centrifugation at 1,500 ×g for
10 min. The levels of LA, PA and LDH were measured using the
commercially available test kits mentioned above in the materials. Heart and liver tissues were rinsed with cold saline. Then,
the samples were snap-frozen in liquid nitrogen and ground into
powder using a pestle. The levels of SOD, MDA, GSH and GSSG
were determined using the corresponding test kits.

RNA isolation and real-time PCR
Total RNA was extracted from the heart and liver tissues using a RNeasy Mini kit (QIAGEN, Dusseldorf, Germany). cDNA
synthesis was performed using a RevertAid First Strand cDNA
synthesis kit (Thermo K1622; Thermo Fisher Scientific, Shanghai,
China). Fast SYBR Green Master Mix (Applied Biosystems, Foster
City, CA, USA) was used for real-time qPCR analysis on an ABI7500 real-time PCR machine (Applied Biosystems, Waltham,
USA). Gene expression levels were normalized to glyceraldehyde
3-phosphate dehydrogenase using a relative quantification method (2−ΔΔCt). The primers sequences for qPCR analysis are shown in
Table 2.

Hematoxylin-eosin staining
The histopathological study of heart tissues in different experimental groups was evaluated using H&E staining method. First,
the harvested heart tissues were fixed in 4% paraformaldelyde
for 2 h. Then, the samples were dehydrated and embedded in
paraffin for 24 h. After sectioning, the heart slices were stained
with H&E staining kit (ab245880; Abcam, Cambridge, MA,
www.kjpp.net

USA). Pathological changes in the tissues were observed under
an OLYMPUS IX71 microscope (Olympus Corporation, Tokyo,
Japan).

Statistical analysis
Statistical analysis was performed by applying one-way or twoway ANOVA with post-hoc Tukey test using Graphpad Prims 7.0
(GraphPad Software, San Diego, CA, USA). A p-value less than
0.05 was considered as statistically significant.

RESULTS
Diabetes model establishment
In this study, the rats were fed with normal diet (ND group)
and HFSD (DM group) respectively. The body weight was monitored during 41 days. As shown in Fig. 1A, the body weight of
rats in DM group increased to a higher level than the ND group,
especially at later stage on day 27 and day 41. In addition, bloodglucose results showed that a sharp increase of blood glucose level
in the DM group on day 3, and the glucose level remained higher
than the ND group for the following days (Fig. 1B).

LA, PA, and LDH measurement in blood
The mice were then divided into five groups: ND (normal diet)
group with saline, diabetes model (DM) with saline, DM + metformin (DMM) group, DMM + hypoxia (DMMH) and DMMH
+ hydrogen-rich water (DMMHR) group. We then performed
biochemical analysis to evaluate the blood levels of LA, PA and
LDH after different treatments. As shown in Fig. 2, the diabetic
induction in DM group increased LA, PA and LDH level when
compared to ND group. After metformin administration, LA, PA
and LDH levels in DMM group significantly decreased to a similar level as ND group (Fig. 2). With hypoxia induction, LA, PA
and LDH levels in DMMH group increased even with metformin
treatment. When hydrogen-rich water administration, LA, PA
and LDH levels in DMMHR group were significantly lower than
DMMH group. However, LA, PA and LDH levels in DMMHR
Korean J Physiol Pharmacol 2021;25(6):517-523
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A

B
Fig. 1. Body weight (A) and blood glucose (B) measurement in normal diet
(ND) group and diabetes model (DM).
Statistics: Two-way ANOVA with posthoc Tukey test, mean ± SD. n = 6 in ND
and n = 24 in DM group. **p < 0.01, ***p <
0.001.

A

B

C

group were still higher than DMM group (Fig. 2).

Measurement of SOD, MDA, GSH, and GSSG in heart
and liver tissues
Hydrogen has been reported to be a potential gas agent against
oxidative stress [10-12]. Thus, we evaluated the levels of SOD,
MDA, GSH and GSSG in the liver and heart. As shown in Fig. 3,
DM group showed a lower level of SOD and GSH and a higherlevel MDA and GSSG than ND group. In DMM group, metformin significantly reversed the oxidative stress (Fig. 3).

qPCR analysis of apoptosis-related genes
We next attempted to investigate the expression level changes
of apoptotic genes in heart and liver tissues of different groups.
Our data shows that in both tissues, the pro-apoptotic genes Bax
and Caspase-3 showed an increase in DM group than ND group,
while anti-apoptotic gene Bcl-2 was expressed at a lower level
in DM group than ND group (Fig. 4). After the intervention of
metformin, Bax and Caspase-3 expression level was reduced to a
Korean J Physiol Pharmacol 2021;25(6):517-523

Fig. 2. Levels of lactic acid (LA) (A),
pyruvic acid (PA) (B), and lactate dehydrogenase (LDH) (C) in blood measured in different treatment groups.
Normal diet (ND) group with saline,
diabetes model (DM) with saline, DM +
metformin (DMM) group, DMM + hypoxia (DMMH) and DMMH + hydrogen-rich
water (DMMHR) group. Statistics: Oneway ANOVA with post-hoc Tukey test,
mean ± SD. n = 6 in each group. *p < 0.05,
**p < 0.01, ***p < 0.001.

level similar to ND group and the Bcl-2 level was significantly increased. However, with hypoxia induction in DMMH group, the
effect of metformin was abrogated (Fig. 4).

Hematoxylin-eosin (H&E) staining
To analyze the pathological changes in the myocardia tissues
induced by different conditions w performed H&E staining in
the heart tissues. As shown in Fig. 5, the ND group (Fig. 5A) displayed tightly arranged myocardial cells, with intact intima and
tunica adventitia. The heart tissue from diabetes rats (Fig. 5B, DM
group, see arrows) showed loose arrays of myocardial cells with
myocadiac fiber and partial damage of the intima. The treatment
of metformin restored the tightly arranged myocardial fibers
(Fig. 5C, DMM group). However, the hypoxic condition (Fig. 5D,
DMMH group), even though the rats were treated with metformin, myocadiac fiber damages were still observed. The administration of hydrogen-rich water in DMMHR group protected the
myocadiac fiber damages induced by hypoxia (Fig. 5E, DMMHR
group).
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A

B

C

Fig. 3. Effect of hydrogen-rich water
on the superoxide dismutase (SOD)
(A), malondialdehyde (MDA) (B), reduced glutathione (GSH) (C), and oxidized glutathione (GSSG) (D) levels in
liver and heart tissues of hypoxic diabetic rats. ND, normal diet; DM, diabetes
model; DMM, DM + metformin; DMMH,
DMM + hypoxia; DMMHR, DMMH +
hydrogen-rich water. Statistics: One-way
ANOVA with post-hoc Tukey test, mean ±
SD. n = 6 in each group. *p < 0.05, **p <
0.01, ***p < 0.001.

D

A

B

C

D

E

F

Fig. 4. qPCR analysis of Bax, Caspase-3 and Bcl-2 gene expression in liver (A–C) and heart (D–F) tissues in different groups. ND, normal diet;
DM, diabetes model; DMM, DM + metformin; DMMH, DMM + hypoxia; DMMHR, DMMH + hydrogen-rich water. Statistics: One-way ANOVA with posthoc Tukey test, mean ± SD. n = 6 in each group. *p < 0.05, ***p < 0.001.

DISCUSSION
STZ, a DNA alkylation reagent which is destructive to pancreatic β cells, is widely used to induce diabetes in many animals [15].
In this study, the fasting blood glucose level was monitored for 7
days after STZ administration and we observed a sharp increase
of blood glucose level in the DM group, indicating that diabetes
was successfully induced in the DM group.
www.kjpp.net

LA is an intermediate metabolite of glycolysis. It is generated
from PA under the catalysis of lactate dehydrogenase under hypoxic condition. Diabetes induction can lead to microvascular
lesions, which may result in tissue hypoxia and the increase of
LA [16]. In this study, the concentration of LA in DM group was
significantly higher than that in ND group, indicating that LA
was up-regulated in diabetic samples. Metformin is a commonly
used anti-hyperglycemic agent, and it functions to increase cyKorean J Physiol Pharmacol 2021;25(6):517-523
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Fig. 5. H&E staining analysis of heart tissues from ND (A), DM (B), DMM (C), DMMH (D) and DMMHR (E) groups (magnification, ×200). Arrows
indicate the myocadiac fiber damages. ND, normal diet; DM, diabetes model; DMM, DM + metformin; DMMH, DMM + hypoxia; DMMHR, DMMH +
hydrogen-rich water.

tosolic AMP concentration and promote AMP-activated protein
kinase phosphorylation [17-19]. The results in this study showed
that metformin significantly decreased LA, PA, and LDH levels,
indicating a beneficial effect of metformin in the treatment of
diabetes. Notably, under hypoxic induction, the levels of LA, PA
and LDH were increased in the metformin group, indicating that
hypoxia impaired the effects of metformin. However, results also
described that hydrogen-rich water showed a partially protective
effect against the hypoxia induction in this study, indicating that
hypoxia impaired the effect of metformin on lowering blood LA,
PA and LDH level, but hydrogen-rich water showed a partial protective effect against hypoxia.
In pathological conditions such as hypoxia and inflammation, the production of a large quantity of free radicals and leads
to oxidative damage of cells. Hydrogen treatment may serve as
an antioxidant to prevent the organs from oxidative damage. In
this study, DM group showed a lower level of SOD and GSH and
a higher-level MDA and GSSG than ND group, indicating an
impaired antioxidant capacity and the increased oxidative stress
upon diabetes induction. Under the hypoxia condition, the therapeutic effect of metformin was largely suppressed in DMMH
group, while after hydrogen-rich water administration, SOD and
GSH level in DMMHR group were marginally increased and the
levels of MDA and GSSG were significantly reduced. Since SOD
and GSH serves an important antioxidant enzyme in cells [10],
these results suggest that hydrogen-rich water could maintain the
antioxidant capacity and decrease the oxidative stress induced by
hypoxia.
Korean J Physiol Pharmacol 2021;25(6):517-523

In this study, we detected the expression levels of apoptotic
genes in different groups. The data indicated that hypoxia could
upregulate the pro-apoptotic genes in diabetic condition treated
with metformin. In the presence of hydrogen-rich water, Bax level
was marginally decreased in liver, while other genes remained
largely unchanged. Together, these data show the dysregulation
of apoptotic genes under hypoxia. However, hydrogen-rich water
shows little effect on regulating apoptotic genes.
In present study, we analyzed the pathological changes of myocardial tissue under different conditions. The results indicated
that the occurrence of cardiomyopathy under hyperglycemia
conditions [20]. Moreover, In the diabetic group, cardiomyocytes
were loosely arranged, with myocardium fibers and damaged
intima. This is consistent with the reported “fuel-gauge effect”
of metformin to preserve myocardial mass and increase the ATP
levels in cardiomyocytes [17]. Additional, the rats were treated
with metformin, myocadiac fiber damages were still observed.
This may result from the higher LA levels and elevated oxidative stress in DMM group under hypoxia. It is also reported that
diabetes patients with hypoxic condition have a higher risk of developing lactic acidosis when administrated with metformin, and
lactic acidosis is a common factor causing cardiomyopathy [21].
Together, our analysis shows hypoxia can induce cardiomyopathy
upon metformin treatment while hydrogen-rich water shows protection against hypoxia-induced damage, possibly by attenuating
lactic acidosis and oxidative stresses.”
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