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Introduction

Hypoxia is a condition in which the supply 
of oxygen cannot meet cell requirements. 
As the altitude increases the barometric 
pressure decreases. When the baromet-
ric pressure decreases the concentrations 
of oxygen and nitrogen remain constant 
in the air so that the partial oxygen pres-
sure decreases. Decreased partial oxygen 
pressure causes less oxygen to be inhaled. 
Low pressure makes it difficult for oxygen 
to diffuse from the alveoli into the blood 
vessels, which causes hypoxia. Hypoxia 
caused by altitude is referred to as hypo-
baric hypoxia [HH] [1, 2].

Under hypoxic conditions the body will 
stimulate compensatory mechanisms as a 
physiologic response to maintain homeosta-
sis. Several compensatory mechanisms in 
response to hypoxia, such as increased heart 
rate and respiration, increase the amount of 
oxygen available and changes in cell metab-
olism to become anaerobic, which results in 
the production of lactic acid [3, 4]. When 

the cells obtain sufficient oxygen levels, the 
energy is produced from aerobic metabo-
lism, but when oxygen levels are insuffi-
cient, the energy production will switch to 
anaerobic metabolism. The citric acid cycle 
pathway and oxidative phosphorylation will 
decrease when oxygen is deficient so that 
the cell metabolism switches to anaerobic 
metabolism in which the pyruvate produced 
in the glycolysis pathway will be converted 
to lactate and catalysed by lactate dehydro-
genase [LDH] [5, 6].

The molecular mechanisms involved 
in the response to hypoxia at the cellular 
level are well understood. The response 
to hypoxia may vary in different organs 
involving complex interactions between dif-
ferent signalling pathways that contribute 
to variation in an individual’s susceptibil-
ity to hypoxia [7–9]. Metabolic changes in 
response to hypoxia occur in a wide variety 
of organs, including those of critical impor-
tance in the metabolism and storage of nutri-
ents, such as the liver and muscles as tissues 
that use energy. The liver acts as a provider 
of blood glucose when blood glucose levels 
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Abstract

As the altitude increases, the partial pressure of oxygen will decrease and cause hypobaric hypoxia condi-
tions. During hypoxia, the anaerobic glycolysis will be activated, which is facilitated by the lactate dehy-
drogenase (LDH) enzyme. This study aimed to analyze the LDH-specific activity in rat muscle and liver 
tissue, as well as lactate and glucose levels in blood plasma after intermittent hypobaric hypoxia exposure. 
Twenty-five Wistar rats were divided into five groups: one control group and four hypobaric hypoxia (HH) 
exposure groups consisting of group 1 (1× HH), group 2 (2× HH), group 3 (3× HH), and group 4 (4× HH) 
with a range of 7 days between exposure. This study found that LDH-specific activity increased in muscle 
tissues in group 1, but then decreased in the intermittent group (groups 2–4). The change in LDH-specific 
activity in muscle tissues was similar to the change in lactate plasma levels. Interestingly, in liver tissues, 
there was a slight increase in the LDH-specific activity in group 1, and it started to increase significantly 
in group 2 and kept increasing in groups 3 and 4. The change in LDH-specific activity in liver tissues was 
similar to the change in glucose plasma level. We conclude that the LDH activity in muscle tissue contributes 
to lactate plasma levels, but the LDH activity in liver tissue contributes to maintaining glucose plasma after 
intermittent hypobaric hypoxia exposures. This finding could be implemented in individuals who experience 
intermittent hypoxia exposures or in various diseases with hypoxic conditions as their pathogenesis
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are low and muscles are one of the organs that use blood glu-
cose as a source of energy.

The mechanism underlying metabolic changes at the 
molecular level is regulated by hypoxia-inducible factor-1 
(HIF-1), which is found in almost all body tissues, including 
the liver and skeletal muscles [10, 11]. HIF-1 is a transcrip-
tion factor that regulates gene expression in many processes, 
such as glycolytic enzymes that have a role in metabolism, 
such as lactate dehydrogenase A (LDH-A), pyruvate kinase, 
phosphofructokinase, glyceraldehyde-3-phosphate, enolase 
1, and phosphoglycerate kinase 1 [12, 13].

LDH is an intracellular enzyme that is widely distributed 
in the body, where LDH is involved in carbohydrate metab-
olism. LDH catalyses the interconversion of lactate and 
pyruvate with the NAD+/NADH coenzyme system. LDH 
activity is high in the heart, liver, skeletal muscles, kidneys, 
and erythrocytes, whereas lower amounts of LDH are in the 
lungs, smooth muscles, and brain [14]. LDH function has a 
role in anaerobic metabolism that is stimulated in low oxy-
gen conditions [15]. A previous study reported that mice 
exposed to hypoxia for 24 h had high lactate levels in the 
blood [16]. Increased LDH and decreased pyruvate dehy-
drogenase (PDH) activity was also demonstrated in skeletal 
muscle [16].

Many studies have reported increased LDH expression 
after hypoxia exposure in various cells or tissues [17] but 
the effect of intermittent HH on the specific activity of LDH 
has not been extensively studied, especially in muscle and 
liver tissues. These two organs were selected because liver 
tissues have a central role in regulating metabolic homeo-
stasis [18], while muscle is one of the organs that contrib-
utes significantly to blood lactate levels [19]. Therefore, this 
study aimed to determine the effect of intermittent hypo-
baric hypoxia on the specific activity of LDH in liver and 
muscle and if LDH is also increased after exposure to inter-
mittent HH.

Materials and methods

Materials

Wistar rats were obtained from The National Institute of 
Health Research and Development. An lactic dehydroge-
nase activity assay kit was purchased from Elabscience 
Biotechnology Inc. (Houston, TX, USA; catalog no. 
E-BC-K046-M). L-lactate (catalog no. LC3980) and glu-
cose (catalog no. GL8038) assay kits were purchased 
from Randox Laboratories Ltd. (Crumlin, UK). Bovine 
serum albumin (BSA), which was used as a protein stand-
ard, was purchased from Sigma-Aldrich, Inc. (St. Louis, 
MO, USA; catalog no. 9048-46-8). Tissue homogenates 
were produced using an MT-30K handheld homogenizer 
(Miulab, Hangzhou, Zhejiang, China). LDH activity was 
measured using a Varioskan Flash spectral scanning mul-
timode reader (Thermo Scientific, Waltham, MA, USA), 
and lactate and glucose levels were measured using a 
Spectrophotometer Genesys 10S Vis (Thermo Scientific, 
Waltham, MA, USA).

Methods
Hypobaric hypoxia rat model
This study was involved an experimental in vivo animal model 
(male Wistar rats). HH exposure was performed in Lakespra 
(Indonesian National Air Force Army, Jakarta, Indonesia) 
and the enzymatic assay was performed in the Laboratory of 
Biochemistry and Molecular Biology (Faculty of Medicine 
Universitas, Jakarta, Indonesia). Twenty-five Wistar rats were 
equally divided into a control and four experimental groups. 
Rats in the control group were maintained in normobaric 
conditions (0 m sea level pressure, 760 mmHg; temperature, 
25°C; relative humidity, 60%–70%). Rats in the experimental 
groups were exposed to HH conditions in a hypobaric cham-
ber at 25.000 feet (7620 m above sea level pressure, 282.4 
mmHg; temperature; 25°C, relative humidity, 60%–70%) for 
5 min with the following frequencies: group 1, one exposure; 
group 2, two exposures; group 3, three exposures; and group 
4, four exposures. Groups 2, 3, and 4 had multiple exposures 
to HH with a 7-d interval between exposures. After HH expo-
sures, the rats were sacrificed and the livers, muscles, and 
blood were collected. This study was approved by the Ethical 
Committee of the Faculty of Medicine Universitas Indonesia 
(No. KET-906/UN2.F1/ETIK/PPM.00.02/2023).

Homogenate and plasma preparation
One hundred milligrams of tissues (muscle or liver) were 
weighed and homogenized in 1000 μL of 0.01 M phosphate 
buffered saline [PBS] (pH 7.4) at 4°C. The homogenate was 
centrifuged at 2000 × g for 10 min; the supernatant was 
collected and the pellet was removed. This supernatant was 
used for measurement of LDH specific activity [20]. Whole 
blood was collected using EDTA as an anticoagulant. One 
milliliter of whole blood was centrifuged at 2000 × g for 10 
min and the plasma was collected. The plasma was used for 
measurement of lactate and glucose levels [21].

Measurement of LDH-specific activity in muscle and 
liver tissues
LDH activity was measured using a lactate dehydrogenase 
activity assay kit (Elabscience). LDH enzyme in the sample 
catalyses lactic acid to produce pyruvate, with coenzyme I as 
a hydrogen carrier. Pyruvate reacts with 2,4-dinitrophenyl-
hydrazine to form pyruvate dinitrophenylhydrazone, which 
has a red-brown color in alkaline solution. The absorbance 
of the red-brown color was read at 450 nm using a spec-
trophotometer. The LDH activity was calculated from the 
optical density (OD) of samples and the standard [22]. The 
reaction was conducted based on the manual instruction pro-
vided by the manufacturer. The specific activity of LDH was 
calculated from the LDH activity per total protein level (U/g 
protein). The total protein level in the sample was measured 
using a spectrophotometer at a wavelength of 280 nm.

Measurement of the lactate level in plasma
The lactate level in plasma was measured using an L-lactate 
assay kit (Randox). The L-lactate in the sample was reacted 
with oxygen catalysed by lactate oxidase, which produced 
pyruvate and hydrogen peroxide. Then, the hydrogen 
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peroxide was reacted with 4-aminoantipyrine and N-ethyl-
N-(2-hydroxy-3-sulphopropyl) m-toluidine catalysed by 
peroxidase, which resulted in a purple compound and water. 
The absorbance of the purple color was measured using a 
spectrophotometer. Ten microliters of a tissue sample or 
standard solution were mixed with 1000 μL of reagent solu-
tion containing lactate oxidase, 4-aminoantipyrine, N-ethyl-
N-(2-hydroxy-3-sulphopropyl) m-toluidine, and peroxidase 
and incubated for 10 min at 25°C. The absorbance was meas-
ured at a wavelength of 550 nm [21]. The absorbance of the 
tissue sample and standard solution was calculated against a 
reagent blank within 30 min after incubation. The standard 
concentration of lactate in this kit was 38.20 mg/dL.

Measurement of the glucose level in plasma
The glucose level in plasma was measured using a glucose 
assay kit (Randox). Glucose was determined by enzymatic 
oxidation (glucose oxidase). This reaction produces gluconic 
acid and hydrogen peroxide. The hydrogen peroxide was 
reacted with 4-aminophenazone and phenol catalysed by per-
oxidase and forming quinoneimine, a red-violet compound. 
The red-violet color was measured at a wavelength of 500 nm 
using a spectrophotometer [23]. Ten microliters of tissue sam-
ple or standard solution were mixed with 1000 μL of reagent 
solution containing glucose oxidase, 4-aminophenazone, phe-
nol, and peroxidase and incubated for 20 min at 25°C. The 
absorbance of the tissue sample and standard were calculated 
against the reagent blank within 60 min after incubation. The 
standard concentration of glucose in this kit was 98.57 mg/dL.

Statistical analysis
All data were obtained in numeric form and before perform-
ing the statistical analysis. We needed to determine if the data 
were normally distributed using the Shapiro-Wilk test. The 
data had a normal distribution, so the data were analysed using 
a one-way ANOVA test followed by an LSD test to detect a 
significant difference between groups. The data are presented 
as the means ± standard error of the mean (SEM) with a two-
sided significant difference considered at a P < 0.05. The sta-
tistical analysis was performed using SPSS 26 software.

Results

The specific activity of LDH in rat muscle (Figure 1) was 
increased in group 1 (1.364 ± 0.177 U/g protein) compared 
to the control group (1.168 ± 0.121 U/g protein), although 
the difference was not statistically significant. The specific 
activity of LDH was significantly decreased in group 2 
(0.911 ± 0.130 U/g protein) compared to group 1 (independ-
ent t-test, P = 0.020). The specific activity of LDH in groups 
3 and 4 were also decreased (1.069 ± 0.122 and 1.086 ± 
0.052 U/g protein, respectively) compared to group 1 but 
the difference was not significant and the values increased 
approximating the control group.

Figure 2 shows the lactate level in plasma, which was sig-
nificantly increased in group 1 (108.776 ± 5.921 mg/dL) com-
pared to the control group (66.128 ± 2.335 mg/dL; independent 

t-test, P = 0.000). The lactate level was significantly decreased 
in groups 2 and 3 (85.815 ± 9.414 and 68.772 ± 10.663 mg/
dL, respectively) compared to group 1 (independent t-test, P 
= 0.035 and P = 0.001, respectively) but the levels were not 
significantly different compared to the control group. The low-
est lactate level was in group 4 (57.732 ± 3.667 mg/dL) and 
significantly different from the lactate levels in groups 1 and 2 
(independent t-test, P = 0.000 and P = 0.012), but not signifi-
cantly different from the lactate level in the control group.

The specific activity of LDH in rat liver (Figure 3) was 
increased slightly in group 1 (2.221 ± 0.485 U/g protein) 
compared to the control group (2.050 ± 0.513 U/g protein). 
The specific activity of LDH in rat liver was significantly 
increased in groups 2, 3, and 4 (6.069 ± 0.506, 6.798 ± 1.360, 
and 5.182 ± 0.623 U/g protein, respectively) compared to the 
control group (independent t-test, P = 0.002, P = 0.000, and 
P = 0.010, respectively).

The glucose level in blood plasma (Figure 4) was sig-
nificantly decreased in group 1 (108.405 ± 9.675 mg/dL) 
compared to the control group (141.659 ± 4.531 mg/dL; inde-
pendent t-test, P = 0.004). The glucose level was significantly 
increased in group 2 (154.007 ± 6.939 mg/dL) compared to 
group 1 (independent t-test, P = 0.000) but was not signifi-
cantly different compared to the control group. The glucose 
level was highest in group 3 (164.680 ± 6.412 mg/dL) and sig-
nificantly different compared to the control group and group 1 
(independent t-test, P = 0.035 and P = 0.000, respectively). The 
glucose level began to decrease in group 4 (145.010 ± 7.554 
mg/dL) approximately the glucose level in the control group.

Discussion

The specific activity of LDH in muscle was increased in 
the group with a single exposure to HH, which indicated 
that anaerobic glycolysis was induced in muscle tissues. 
This result was supported by the increased plasma lactate 
level in group 1. A low level of oxygen induces activation 

Figure 1  Specific activity of LDH (U/g protein) in rat muscle tissues 
after intermittent hypobaric hypoxia (HH) exposure. Control = nor-
moxia, Group 1 = 1× HH, Group 2 = 2× HH, Group 3 = 3× HH, and 
Group 4 = 4× HH. The data are presented as the mean ± SE. Statistical 
analysis by one-way ANOVA with a significant difference at *P < 0.05.
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of transcription factor HIF-1α, which has a central role in 
regulating several genes involved in the homeostasis mech-
anism under hypoxic conditions [5]. One of the metabolic 
changes in hypoxia is activation of anaerobic glycolysis 
through stimulation of LDH, which catalyses the conversion 
of pyruvic acid into lactate. A previous study reported that 
lactate accumulates during hypoxia, which is promoted by 
LDH activation and is induced by HIF-1α activation, which 
has a critical role in metabolic adaptation under hypoxic 
conditions [24].

The non-significant increase in LDH activity in group 1 
rat muscle may be caused by rats that were not treated by 
exercise/training. Without exercise treatment of muscle, the 
energy requirement is not high and the LDH activity is only 
slight increased. The LDH activity can be influenced by sev-
eral factors, especially physical training [25]. In addition, the 

type of muscle fiber, which determines the type of muscle 
metabolism, was not identified in the current study. There 
are 2 types of skeletal muscle fibers (type 1, slow-twitch 
muscle fibers that that undergo aerobic metabolism and pro-
duce a lot of energy; and type 2, fast- twitch muscle fibers 
that undergo anaerobic metabolism and have a role under 
hypoxic conditions [26].

The specific activity of LDH in muscle tissues was 
decreased compared to the control and single HH exposure 
groups. This finding was supported by the decreased lactate 
level in plasma. Intermittent exposure to HH will induce 
an adaptation mechanism in muscle toward hypoxic condi-
tions. A previous study revealed that intermittent treatment 
of hypoxia, such as by training programs, transient altitude 
exposures, or in diseases (obstructive sleep apnea) lead to 
decreased LDH and phosphofructokinase (PFK) activity in 
muscle tissue [27]. Another study reported that the mus-
cular and performance adaptations between normoxic and 
hypoxic high-intensity interval training were quite similar, 
but hypoxic training will stimulate adaptations in isometric 
strength and muscle perfusion [28].

The specific activity of LDH in liver tissues was not 
increased after a single HH exposure but was increased 
after two exposures. The highest LDH activity occurred in 
rats with three HH exposures, then decreased after four HH 
exposures. The liver occupies a unique anatomic and func-
tional niche within the body and contributes to the oxygen 
homeostasis mechanism [7]. The hepatic lobule has a phys-
iologic oxygen gradient because oxygen-rich blood mixes 
with oxygen-poor blood. The oxygen gradient in the hepatic 
lobule has been reported to have an oxygen tension of 60–65 
mmHg in the periportal blood, which decreases to 30–35 
mmHg in the perivenous distribution of the liver paren-
chyma. By comparison, the physiologic arterial oxygen 
concentration in most other body tissues is 74–104 mmHg 
and the venous oxygen concentration is 34–46 mmHg [29]. 
Under these conditions, the liver parenchyma tissue becomes 

Figure 2  Lactate level in rat plasma (mg/dL) after intermittent hypo-
baric hypoxia (HH) exposure. Control = normoxia, Group 1 = 1× HH, 
Group 2 = 2× HH, Group 3 = 3× HH, and Group 4 = 4× HH. The 
data are presented as the mean ± SE. Statistical analysis by one-way 
ANOVA with a significant difference at *P < 0.05 and ** P < 0.001.

Figure 3  Specific activity of LDH enzyme (U/g protein) in rat liver 
tissues after intermittent hypobaric hypoxia (HH) exposures. Control 
= normoxia, Group 1 = 1× HH, Group 2 = 2× HH, Group 3 = 3× HH, 
and Group 4 = 4× HH. The data are presented as the mean ± SE. 
Statistical analysis by one-way ANOVA with a significant difference at 
*P < 0.05 and **P < 0.001.

Figure 4  Glucose level in rat plasma (mg/dL) after intermittent 
hypobaric hypoxia (HH) exposure. Control = normoxia, Group 1 = 1× 
HH, Group 2 = 2× HH, Group 3 = 3× HH, and Group 4 = 4× HH. The 
data are presented as the mean ± SE. Statistical analysis by one-way 
ANOVA with a significant difference at *P < 0.05 and **P < 0.001.
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relatively hypoxic compared to other body sites. Another 
study reported that HIF-1α expression was increased fol-
lowing intermittent hypoxia exposure in HepG2 cells but not 
significantly activated by chronic hypoxia [30]. Based on 
this result we assumed that the hepatocyte response increases 
after intermittent hypoxia exposure. Therefore, the LDH-
specific activity in the liver was not significantly increased 
in group 1 because the tissue was relatively hypoxic and 
required intermittent HH exposure to increase the response.

According to this study the function of LDH in liver tis-
sues is not responsible for anaerobic glycolysis pathway 
activation but has a role in the conversion of lactic acid to 
pyruvate in which this reaction contributes to the gluconeo-
genesis pathway. The reaction catalysed by the LDH enzyme 
is reversible. The increase in hepatic LDH specific activity 
in groups 2 and 3 was probably due to the increase in plasma 
lactate levels, so hepatic LDH converts lactate into pyruvate, 
then continues with activation of the gluconeogenesis path-
way in the liver. This finding was confirmed by another study 
that showed an increase in phosphoenolpyruvate carboxy 
kinase expression (PEPCK) in renal tissues after hypoxia 
exposure induced by HIF-1α [31, 32].

This evidence is supported by the consistent results of 
blood glucose levels shown in the current study. The glucose 
levels decreased in group 1 (single HH exposure), which 
indicated large use of glucose by peripheral tissues, but glu-
coneogenesis in the liver was not stimulated, as indicated 
by the LDH activity, which was not increased. The glucose 
levels increased in groups 2 and 3, in which the LDH activ-
ity in the liver was also increased. Then, the glucose levels 
decreased slightly in group 4 in accordance with the liver 
LDH activity, which also decreased slightly compared to 
group 3. The liver has an important role for blood glucose 
homeostasis. The gluconeogenesis pathway in the liver will 
be accelerated to maintain the blood glucose level. Glucose 
use by peripheral tissues is increased under hypoxic con-
ditions. A previous study reported that hypoxia exposure 
increases glucose uptake via an AMPK-dependent mecha-
nism in human myotubes [skeletal muscle] [33]. The large 
use of glucose in hypoxia is also indicated by the increase 
in glycogenolysis and decrease in the hepatic glycogen level 
[9]. This assumption is also supported by the blood glucose 
level elevation after intermittent HH in the current study.

The results of this study revealed that metabolic changes 
occur, especially in the liver and muscles, after intermittent 
exposure to HH. The liver acts more as a supplier of blood 
glucose under hypoxic conditions, while the muscle uses glu-
cose as an energy source and produces lactate under hypoxic 
conditions. High activity of LDH occurs in several diseases, 
especially diseases related to hypoxia, such as cardiovascu-
lar disease and severe COVID-19 [34–36]. These results can 
be applied in studying the physiologic changes of the body 
when exposed to repeated hypoxic conditions, such as occurs 
in mountain climbers, fighter pilots, and miners. In addition, 
these results revealed the pathogenic mechanisms underlying 
diseases related to hypoxic conditions, such as coronary heart 
disease, stroke, obstructive sleep apnea, and lung disease.

Conclusion

We conclude that LDH has different roles in muscle and liver 
tissues, especially under intermittent HH conditions. The 
LDH in muscle tissue contributes to lactate plasma levels 
after intermittent HH exposure because of anaerobic glyc-
olysis activation. However, LDH in liver tissues contributes 
to maintaining glucose plasma levels through gluconeogen-
esis stimulation after intermittent HH exposure. These find-
ings offer insight into metabolic adaptations to hypoxia with 
potential implications for understanding conditions, such as 
high-altitude adaptation and hypoxia-related diseases.
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