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A B S T R A C T

Trimetazidine (TMZ) has been shown to optimize myocardial energy metabolism and is a common anti-ischemic
agent. Our trial (ChiCTR-TRC-13003298) aimed to explore whether TMZ has any preventive effect on high-
altitude fatigue (HAF), cardiac function and cardiorespiratory fitness upon acute high-altitude exposure and how
it works on HAF. Thirty-nine healthy young subjects were enrolled in a randomized double-blinded placebo-
controlled trial and were randomized to take oral TMZ (n= 20) or placebo (n= 19), 20mg tid, 14 days prior to
departure until the end of study. The 2018 Lake Louise Score questionnaire, echocardiography, assessments of
physical working capacity, circulating markers of myocardial energy metabolism and fatigue were performed
both before departure and arrival at highland. At follow-up, TMZ significantly reduced the incidence of HAF
(p=0.038), reversed cardiorespiratory fitness impairment, decreased left ventricular end-systolic volume
(LVESV, p=0.032) and enhanced left ventricular ejection fraction (LVEF, p= 0.015) at highland. Relative to
the placebo group, the TMZ group had significantly lower LDH (p= 0.025) and lactate levels before
(p < 0.001) and after (p= 0.012) physical exercise after acute high-altitude exposure. Additionally, improved
left ventricular systolic function might have contributed to ameliorating HAF during TMZ treatment (LVEF,
OR=0.859, 95% CI= 0.741-0.996, p= 0.044). In conclusion, our results demonstrated that TMZ could pre-
vent HAF, cardiorespiratory fitness impairment and improves left ventricular systolic function during acute high-
altitude exposure. This trial provides new insights into the effect of TMZ and novel evidence against HAF and
cardiorespiratory fitness impairment at highland.

1. Introduction

People originating from low-altitude areas and ascending to alti-
tudes> 2500m, may suffer a cluster of nonspecific symptoms, in-
cluding headache, nausea or vomiting, fatigue, light-headed ness and
poor appetite. These symptoms usually occur 6 to 12 h after ascending
and last more than 3 days if there is further ascent. The collective term
of these symptoms is summarized as acute mountain sickness (AMS),
that significantly affects high-altitude physical capacity and threatens
high-altitude livings [1,2].

Previous studies mostly focused on the incidence of AMS and high-
altitude headache (HAH), the indispensable symptom of AMS diagnosis,
little information involved fatigue at high altitudes. Fatigue could ap-
pear as isolated symptom or in conjunction with AMS. The incidence of
high-altitude fatigue (HAF) ranged from 10 to 50% in unacclimatized
population after acute high-altitude exposure [3–6]. Due to high pre-
valence and susceptibility in individuals with acute high-altitude ex-
posure, HAF extensively interferes with mental health and physical
performance, reduces efficiency to respond to stimuli. Ameliorating
HAF is beneficial to reducing the incidence of AMS and improving
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mental state and physical capacity at high altitudes. Despite more than
a century of research on AMS, little evidence is available regarding
treatment of HAF and the mechanism of HAF development is still un-
clear.

Fatigue is defined as extreme and persistent mental and/or physical
tiredness that is reversible by rest. As no clinically useful blood-borne or
cell-based biomarker for fatigue has been identified, its assessment and
characterization primarily rely on self-report questionnaires and fatig-
ability testing [7]. Nowadays, the exact mechanism underlying human
fatigue is complicated and subject to debate. According to the origins,
fatigue is categorized as physiologic and pathologic fatigue [8,9].
Physiologic fatigue includes mental stress, tiredness after work and
exercise, boredom, and sleep deprivation. Pathologic fatigue is further
subdivided into mental and physical diseases [8,9]. During acute high-
altitude exposure, hypobaric hypoxia is the primary challenge for the
unacclimatized individuals. Hypobaric hypoxia probably contributes to
the initiation and development of HAF. Moderate hypoxia increases
respiratory work, inducing hyperventilation and accelerating metabo-
lite accumulation while activating the sympathetic nervous system,
which results in the redistribution of cardiac output, further reducing
the peripheral oxygen content and aggravating fatigue [10–13]. In se-
vere hypoxic conditions, the central nervous system (CNS) may play a
major role in fatigue progression. The lack of oxygen for the CNS leads
to the accumulation of inhibitory neurotransmitters, such as serotonin
and γ-aminobutyric acid (GABA), which reduces central motor drive
[14,15].

Besides, hypoxia as well induces a cascade of cellular energy me-
tabolic responses including a decrease in mitochondrial oxidative flux
and reduction in ATP production in cardiomyocytes [16,17]. Sherpa
people demonstrate a lower capacity for fatty acid oxidation, along
with enhanced efficiency of oxygen utilization, that is natural selection
and contributes to their metabolic adaptation [18]. Thus, change of
energy metabolism probably is another mechanism associated with
HAF. We considered that drugs optimize cardiomyocyte energy meta-
bolism were likely to promote acclimatization and prevent HAF or al-
leviate performance capacity impairment. Trimetazidine (TMZ) (1-
[2,3,4-trimethoxybenzyl] piperazine), a traditional cardioprotective
drug, is commonly used against myocardial injury induced by ischemia
or reperfusion [19]. It works by selectively inhibiting the last enzyme in
the beta oxidation of fatty acids and long-chain 3-ketoacyl-coenzyme A
thiolase. The inhibition of fatty acid oxidation causes a transformation
of energy metabolism due to elevated levels of glucose oxidation [20],
which implies that TMZ may have potential for preventing or treating
HAF and reversing the loss of physical performance ability.

In this study, we hypothesized that TMZ treatment potentially de-
creased the incidence of fatigue and reverse cardiorespiratory fitness
impairment during high-altitude exposure. Therefore, we recruited
healthy young participants and randomly divided them into a placebo
group (PL, intake of placebo) and a TMZ group (intake of TMZ) 2 weeks
prior to acute high-altitude exposure. We followed them during their
ascent to high altitude and collected related information with the aim of
examining possible effect and mechanism of TMZ.

2. Methods

2.1. Study design and procedure

This was a randomized, double-blinded, placebo-controlled study.
39 healthy lowlanders were recruited in two days and screened for the
eligibility criteria in Chongqing, China, 14 days before their departure
to a high-altitude location. 20 subjects were randomly assigned to the
TMZ group, which received TMZ 20mg three times daily (tid). 19
participants were allocated to the placebo groups (PL), which orally
took similar pills made of starch. Randomization and distribution of
pills were done by the clinicians who did not involve in the study and
the randomization list had not been disclosed to any of the participants

or researchers in the study. All the participants were transported to
3400m (Xinduqiao, China) from 400m (Chongqing, China) during a
24 -hs motor trip (Fig. 1, Ascent process). We collected individual data
using the 2018 Lake Louise Score questionnaire [21], physiological
examinations, echocardiography, cardiorespiratory fitness and serum
marker testing both at sea level 14 days before departure and after
arrival at high altitude for about 12 h. In the end, 18 individuals in the
PL completed all the follow-ups, and one participant was lost because
he did not undergo high-altitude exposure; 19 individuals in the TMZ
group completed all the follow-ups, and one was lost due to non-
compliance (Fig. 2, Flow chart). Thus, the data analysis included 18
subjects in the PL and 19 subjects in the TMZ. This clinical trial ended
after all the participants received the follow-ups at high altitudes.

2.2. Participants

We recruited 39 volunteers aged from 17 to 24 years at Chongqing
city (400m, above sea level) in this clinical trial. All the participants
were males and in good health condition. Participants with any one of
the following conditions were excluded: severe organic diseases; a
history of TMZ treatment or contraindications of TMZ; high-altitude
exposure (> 2500m, above sea level) history before or living at high-
land; has been diagnosed with fatigue-related illness; suffering physical
activity or working capacity loss; orally taking any other medicine
during the study. All subjects underwent a comprehensive medical ex-
amination before the expedition, and informed consent was obtained
from each participant. After arriving at high altitude, all participants
did not carry out physical work and orally take something containing
stimulants before the measurement of cardiorespiratory fitness and
echocardiography. The study protocol conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki, as reflected in a priori ap-
proval by the Human Ethics Committee, Xinqiao Hospital, Third
Military Medical University. This study was registered at www.chictr.
org.cn (ChiCTR-TRC-13003298).

2.3. Physiological data

Blood pressure (BP) and heart rate (HR) were obtained using elec-
tronic sphygmomanometers (OMRON HEM-6200; OMRON Healthcare,
Ltd.; Kyoto, Japan). Pulse oxygen saturation (SpO2) was measured with
a pocket pulse oximeter (NONIN-9550, Nonin Onyx, America). BP, HR,
and SpO2 were measured three times after the participants had rested in
a quiet environment for more than 30min. The measurements were
separated by 3min intervals.

Fig. 1. Ascending process.
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2.4. Echocardiography

A color Doppler echocardiograph (CX 50, Philips Ultrasound
System, Andover, MA, USA) with a probe of 2 to 4MHz was used to
measure the left ventricular end-systolic dimension (LVESD) and end-
diastolic dimension (LVEDD). We obtained the left ventricular end-
diastolic volume (LVEDV) and left ventricular end-systolic volume
(LVESV) using Teichholz’s formula. The cardiac output (CO), stroke
volume (SV) and ejection fraction (EF) were calculated in accordance
with the data above. To avoid interference from physical activity, data
collection was carried out at least 30min after rest.

2.5. AMS and fatigue score questionnaire

AMS was diagnosed by Lake Louise Acute Mountain Sickness
Scoring system, which includes four self-reported symptoms: headache,
fatigue, dizziness, and gastrointestinal symptoms [21]. Each symptom
was scored on a scale from 0 to 3, with 0 indicating none and 1, 2, and 3
indicating mild, moderate, and severe, respectively. AMS was defined if
headache was present and the total score for all symptoms was 3 or
more. AMS with a total score of 3 to 4 was defined as mild AMS,
whereas severe AMS was indicated by a total score of 5 or more. Fatigue
at high altitude was diagnosed according to fatigue symptoms scoring
in Lake Louise Acute Mountain Sickness Scoring system. In brief, high-
altitude fatigue was scored on a scale from 0 to 3. High-altitude fatigue
was defined if fatigue scoring was 1 or more.

2.6. Fitness testing

We used a modified two-step physical working capacity test to
evaluate cardiorespiratory fitness, which predicted the workload at an
HR of 170 beats per minute (PWC170) [22]. The assessment was based
on two 5-min submaximal physical effort events, where the level of
effort was such that each event could be concluded with the HR ap-
proaching 120–170 beats per minute. The average HR values were re-
corded at the end of each 5-min period of physical effort, which served
to determine the strain output in accordance with the PWC170. The
PWC170 was calculated with the formula PWC170=W1+(W2−W1)
[170− P1/P2− P1], where W1 and W2 are the output of subsequent
physical efforts expressed in watts (W), and P1 and P2 are the HR

during a particular physical effort event.

2.7. Serum biomarkers

We collected the blood samples at almost same time of day 30min
before exercise and as soon as exercise finished. Blood samples were
collected from a vein in an upper extremity without the use of a tour-
niquet. 5 ml blood sample was collected into a vacutainer tube con-
taining sodium fluoride, immediately placed on ice. After gathered,
blood samples were delivered to routinely centrifuge for 5min at
10,000 rpm to obtain serum. All serum samples were stored and
transported to Shanghai in liquid nitrogen. The measurement of serum
markers was performed by laboratory personnel of Sangon Biotech
(Sangon Biotech Co. Shanghai, China), who were blinded to the sample
sources and study design. Serum markers were measured by a colori-
metric assay with an enzymatic reaction using an auto-analyzer
(Roche/Hitachi Cobas C Systems, USA), according to the manu-
facturer’s protocol.

2.8. Blinding

The starch tablets were similar to the TMZ tablets in shape, size, and
color. The independent physician mentioned above repackaged these
drugs in medicine boxes for each subject and retained the blinding
code. The subjects, researchers, and other physicians were blinded.

2.9. Statistical analysis

All analyses were performed using SPSS 19.0 software. The nor-
mally distributed measurement variables are presented as the mean
± standard deviation (SD), while the non-normally distributed vari-
ables are expressed as the median (interquartile range). The frequencies
of AMS and related symptoms were compared between the two groups
using Fischer's exact chi-squared tests. Between-group differences were
analyzed with unpaired two-tailed Student's t-test for normally dis-
tributed data, and within-group differences were analyzed with a paired
t-test. Data that did not fit a normal distribution were analyzed with the
Wilcoxon signed-rank test (within-group) and the Wilcoxon rank sum
(between-group). Pearson or Spearman correlation tests were utilized
for correlation analyses, as appropriate. The variable was subjected to

Fig. 2. Depicts a flow chart of the trial design used to complete this study.
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an adjusted binary logistic regression model to identify the adjusted
independent protective factors for HAF. Cohen's d was used to calculate
effect size, 0.2, 0.5, and 0.8 were considered small, medium, and large
effect sizes, respectively. Statistical significance was defined as
P < 0.05.

3. Results

3.1. Demographic data

Two groups did not differ in terms of the demographic data as
shown in Table 1, including age, weight, height, race, as well as to-
bacco, alcohol and high-altitude exposure history. One subject from
TMZ group withdrew from trail as a result of noncompliance, while one
subject from PL group lost to follow up due to without high-altitude
exposure. Finally, 37 participants (TMZ [n=19] and PL [n=18])
completed all the follow-ups (Fig. 2, Flow chart).

3.2. Physiological data at sea level and high altitude

HR was elevated but SpO2 was reduced after acute exposure at high
altitudes compared with sea level in two groups (Supplemental
Fig. 1A–B). However, there was no significant difference in HR or SpO2

between the PL and TMZ groups. Moreover, systolic blood pressure
(SBP) and diastolic blood pressure (DBP) showed no remarkable dif-
ference between the PL and TMZ groups at sea level or high altitudes
(Supplemental Fig. 1C–D).

3.3. High-altitude fatigue and AMS incidence

There was no significant difference in the incidence (P=0.725) and
the severity (P=0.728) of AMS between the TMZ and the PL groups
(Fig. 3A and Table 2). Moreover, we compared the primary AMS
symptoms, including headache, gastrointestinal symptoms, fatigue and
dizziness in the two groups. As shown in Fig. 3B and Table 2, TMZ
remarkably reduced the occurrence of fatigue (PL: n= 9, TMZ: n=3,
P=0.038, d=0.785) during acute ascending, without pronounced
influences on other symptoms. The data imply that TMZ did not exert a

significant impact on preventing AMS but effectively decreased the
incidence of fatigue during acute high-altitude exposure.

3.4. Cardiorespiratory fitness

As shown in Fig. 3C and Table 3, there was no significant difference
in the baseline of PWC170 in the two groups, but cardiorespiratory
fitness was impaired in the PL participants (748.33 ± 63.33 vs.
797.12 ± 72.75 kg×m/min; P= 0.020) after high-altitude exposure
compared with the baseline data. In contrast, no significant change was
observed in participants in the TMZ group between sea level and high
altitude (780.99 ± 40.30 vs. 788.50 ± 61.42 kg×m/min;
P= 0.659). This indicates that TMZ effectively reversed high altitude-
induced cardiorespiratory fitness impairment.

3.5. Myocardial energy metabolism and left ventricular systolic function

TMZ improved the oxygen utilization efficiency of the myocardium
in hypoxia. As shown in Table 4, there was no difference in left ven-
tricular systolic function, including LVEDD, LVEF, LVEDV, LVESV, SV
and CO, between the PL and TMZ groups before ascending. However,
the TMZ group showed significantly increased LVEF (P= 0.015) and
reduced LVESV (P=0.032) in comparison to the PL group after acute
high-altitude exposure with a large effect size (dLVEF= 0.843 and
dLVESV= 0.736, Table 4).

To evaluate the effect of TMZ on myocardial energy metabolism, we
measured the level of circulating lactic dehydrogenase (LDH), which
represents the anaerobic metabolism level [23,24]. As shown in
Table 5, acute high-altitude exposure elevated the level of serum LDH
in the PL group, while TMZ significantly inhibited this effect
(P= 0.025, d=0.771). In addition, we detected serum lactate levels
before physical exercise and immediately after physical exercise at sea
level and high altitude in both groups. The exercise was carried out
according to a modified two-step physical working capacity, which
ensured that all the participants performed the equal work at the same
time. The data indicated that the concentrations of serum lactate in the
TMZ group were remarkably lower than those in the PL group both in
the calm condition (P < 0.001, d > 1.339) and after physical exercise
(P= 0.012, d > 0.872) at high altitudes (Table 5). The results above
imply that TMZ encourages glucose aerobic oxidation, especially in
cardiomyocytes, to provide energy instead of glycolysis during hypoxia.
This reduced the production and accumulation of lactate at rest and
after exercise at high altitudes.

3.6. Regression analysis of associated-variables with HAF

To explore the possible mechanism through which TMZ reduces the
incidence of HAF and reverses cardiorespiratory fitness, we employed
logistic regression analysis. In a univariate regression analysis, LVEF
(OR=0.867, 95%CI=0.741 to 0.996, P= 0.044) was a protective
factor against HAF in the TMZ treatment group as shown in Fig. 4.
Multivariate regression was not carried out as a result of only LVEF
associated with HAF. Furthermore, a correlation analysis indicated that
none of the left ventricular systolic function, physiological parameters
or serum markers showed a correlation with the PWC170 (Supple-
mental Table 1). We did not include the HR in the correlation analysis
because the PWC170 was calculated using a formula that included HR.

4. Discussion

For this trial, we recruited volunteers and divided them randomly
into PL and TMZ groups. Both groups underwent acute high-altitude
exposure and follow-up examinations. This study provides several novel
results: (i) Taking TMZ orally reduced the occurrence of HAF and re-
versed cardiorespiratory fitness impairment; (ii) TMZ improved LVEF
and transformed the energy metabolism to aerobic oxidation at high

Table 1
General characteristics of the study participants.

Variable Placebo (n= 19) TMZ P Value

Age (year) 20.00 ± 2.03 20.06 ± 1.79 0.333
Weight (kg) 64.21 ± 4.38 64.30 ± 4.16 0.948
Height (cm) 171.00 (5.00) 171.00 (5.00) 0.966
Ethnicity 1.000
Han, n (%) 18 (94.74) 18 (90.00)
Non-Han, n (%) 1 (0.053) 2 (10.00)
Tobacco history 0.667
Never, n (%) 6(31.60) 5(25.00)
Occasionally, n (%) 10(52.60) 11(55.00)
Mild, n (%) 3(15.80) 4(20.00)
Moderate, n (%) 0(0.00) 0(0.00)
Severe, n (%) 0(0.00) 0(0.00)
Alcohol history 1.000
Never, n (%) 17(89.50) 18(90.00)
Mild, n (%) 2(10.50) 1(5.00)
Moderate, n (%) 0(0.00) 1(5.00)
Severe, n (%) 0(0.00) 0(0.00)
Mountaineering history 1.000
Yes, n (%) 0 (0) 0 (0)
No, n (%) 19 (100%) 20 (100%)
Medicine therapy 1.000
Yes, n (%) 0 (0) 0 (0)
No, n (%) 19 (100%) 20 (100%)

Data of normal distribution are presented as mean ± SD, abnormal distribu-
tion are shown by median (quartile). n, number of subjects. P values for test of
placebo and TMZ groups by Fisher’s exact test.
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Fig. 3. The incidence of AMS, AMS-related
symptoms, and cardiorespiratory fitness during
high-altitude exposure. (A) There was no sig-
nificant difference in the incidence and se-
verity of AMS between TMZ and PL groups. (B)
TMZ remarkably ameliorated the occurrence of
fatigue at high altitudes without significantly
effect on other three symptoms. (C) Acute
high-altitude exposure significantly impaired
cardiorespiratory fitness in PL (P=0.020),
TMZ reversed this effect (P=0.659). There
was no significant difference between two
groups at sea level (P= 0.699) and high alti-
tudes (P= 0.068).

Table 2
The effect of TMZ on AMS and AMS-related symptoms.

High altitude Placebo
(n= 18)

TMZ
(n= 19)

P Values Effect size
(d)

Non-AMS (n, %) 11 12 0.725 0.195
AMS (n, %) 7 5
Mild 6 (33.33) 4 (21.05) 0.708 0.213
Moderate and Severe 1 (5.56) 1 (5.26) 1.000 0.018
AMS-related symptoms

(n, %)
Headache 10 (55.56) 10 (52.63) 1.000 0.058
Gastrointestinal

symptoms
6 (33.33) 11 (57.89) 0.191 0.508

Fatigue 9 (50.00) 3 (18.75) 0.038 0.785
Dizziness 8 (44.44) 6 (31.58) 0.508 0.267

The incidence and severity of AMS showed no significant difference between
the PL and the TMZ groups. However, in the AMS-related symptoms, the
number of fatigue patients in TMZ was 3 in comparison to 9 in PL group
(P=0.038, d=0.785), which showed significant deviation. No prominent
difference was observed in other three symptoms. Cohen's d was used to cal-
culate effect size and the values of d represented the effect size. The occurrence
of AMS and related symptoms are presented as number (%). P values for test of
placebo and TMZ groups by Fisher’s exact test.

Table 3
TMZ reversed cardiorespiratory fitness impairment at high altitudes.

Placebo (n= 18) TMZ (n= 19)

Sea level High altitude Sea level High altitude

Cardiorespiratory fitness (PWC170, kg×m/min) 797.12 ± 72.75 748.33 ± 63.33 788.50 ± 61.42 780.99 ± 40.30
P values and Effect size (d) 0.020, 0.717 0.659, 0.145

Acute high-altitude exposure reduced the cardiorespiratory fitness from 797.12 ± 72.75 to 748.33 ± 63.33 kg×m/min in PL group (P=0.020), but in TMZ group
this effect was reversed with 788.50 ± 61.42 kg×m/min at sea level and 780.99 ± 40.30 kg×m/min at high altitudes. Cohen's d was used to calculate effect size
and the values of d represented the effect size. Data are mean ± SD. P values presented as test between sea level and high altitude by paired sample t-test.

Table 4
Effect of TMZ on cardiac function at high altitudes.

Sea level Placebo (n=18) TMZ (n= 19) P Value Effect size (d)

LVEDD (cm) 4.50 (0.53) 4.50 (0.50) 0.226 –
LVEF (%) 62.25 ± 8.26 63.10 ± 9.45 0.775 0.096
LVEDV (ml) 88.71 ± 23.35 89.89 ± 25.51 0.884 0.048
LVESV (ml) 33.96 ± 12.53 32.79 ± 10.45 0.760 0.102
SV (ml) 54.75 ± 14.39 57.10 ± 18.80 0.672 0.140
CO (L/min) 3.40 ± 0.91 3.49 ± 1.15 0.808 0.087
High altitude
LVEDD (cm) 4.36 ± 0.59 4.29 ± 0.48 0.709 0.056
LVEF (%) 61.88 ± 6.21 68.79 ± 9.70 0.015 0.843
LVEDV (ml) 85.28 ± 21.04 85.65 ± 18.77 0.955 0.019
LVESV (ml) 32.06 ± 8.14 26.25 ± 7.66 0.032 0.736
SV (ml) 53.22 ± 15.80 59.40 ± 17.52 0.268 0.370
CO (L/min) 4.28 ± 1.09 4.73 ± 1.71 0.355 0.312

There showed no difference in LVEDD, LVEF, LVEDV, LVESV, SV and CO, be-
tween the PL and TMZ groups at sea level. TMZ group showed prominent in-
creased LVEF (P=0.015) and reduced LVESV (P=0.032) in comparison to PL
group after acute high-altitude exposure. Cohen's d was used to calculate effect
size and the values of drepresented the effect size. Data of normal distribution
are presented as mean ± SD, abnormal distribution are shown by median
(quartile).
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altitudes. Left ventricular systolic function improvement might con-
tribute to the alleviation of HAF.

Acute high-altitude exposure stimulates a series of neurohumoral
and hemodynamic responses to enable the body to face the challenge
and adapt to the new environment [25]. However, this will induce a
series of uncomfortable symptoms, including headache, fatigue, nausea
and sleep disturbance. Most of these symptoms could be categorized as
AMS. Fatigue is one of major diagnostic symptoms to AMS. Previous
reports revealed that the incidences of fatigue at high altitude ranged
from 10 to 50% in different populations [3–6]. Similarly, in this study,
the incidences of fatigue in two groups were 50.0% and 18.75%, re-
spectively. Interestingly, we found that the incidence of fatigue was
higher than that of AMS in PL group, which implied that HAF might be
an independent symptom. Individuals who suffered HAF may not be
AMS patients and their symptoms and treatments may be ignored at
high altitudes.

Although, many researches have proved that some pharma-
cotherapies, such as acetazolamide and dexamethasone were effective
in AMS prevention, hardly any information involving prevention or
treatment for HAF has been reported before. In this trial, we found that
TMZ treatment reduced the incidence of HAF, but hardly had effect on
AMS as well as other AMS-related symptoms, including headache and

dizziness. However, the incidence of gastrointestinal symptoms ap-
peared to be a little higher (p= 0.191) in TMZ group compared with
that in PL group. Previous study has indicated that the most frequently
reported adverse events in TMZ recipients were gastrointestinal dis-
orders, although the incidence of these events was very low [26]. Be-
sides, we employed to orally take TMZ 20mg tid 2 weeks prior to acute
high-altitude exposure as this dose of TMZ was widely used and ac-
ceptable in treatment of angina, heart failure and myocardial infarc-
tion. Thus, we considered that high incidence of gastrointestinal
symptoms might be associated with TMZ treatment, this may account
for its little effect on preventing AMS. Although, TMZ seems to in-
creased gastrointestinal disorders slightly, its benefits in fatigue pre-
vention at high altitudes were far greater.

All participants were oral intake TMZ in our trial, skeletal muscle
and other tissue might be affected by circulating TMZ. However, glu-
cose oxidation is the major metabolic pattern in skeletal muscle, while
free fatty acids β-oxidation only takes place during long-time and low-
intensity exercise [27,28]. On the contrary, free fatty acids β-oxidation
accounts for 60% of cardiac energy utlization in most of the time. Thus,
cardiomyocytes are the main target of TMZ. Furthermore, we as well
accordingly measured the left- and right-hand grips, but hardly any
difference was observed between the two groups (Supplemental

Table 5
The circulating level of LDH and lactate before and after exercise.

Sea level High altitude

Before exercise After exercise Before exercise After exercise

Placebo TMZ Placebo TMZ Placebo TMZ Placebo TMZ

Lactate (mM) 3.15 ± 1.14 3.47 ± 1.52 5.09 ± 2.08 4.40 ± 1.44 2.92 ± 0.92 1.95 ± 0.47 4.94 ± 1.93 3.59 ± 1.07
P and effect size (d) 0.477,0.237 0.247, 0.388 < 0.001,1.339 0.012, 0.872

Sea level High altitude
Placebo TMZ Placebo TMZ

LDH (U/L) 159.00 ± 46.37 166.83 ± 46.21 188.74 ± 38.47 157.94 ± 41.32
P and effect size (d) 0.610, 0.169 0.025, 0.771

PL and TMZ groups showed no significant difference in circulating LDH (P= 0.610) and lactate level before and after exercise at sea level (P= 0.477, P= 0.247).
High-altitude exposure increased the level of LDH in PL group, while TMZ reduced this effect. Meanwhile, TMZ group showed lower lactate level both before and
after exercise (P < 0.001, P= 0.012) related to PL group. Cohen's d was used to calculate effect size and the values of drepresented the effect size. Data are
represented as mean ± SD.

Fig. 4. Regression analysis of variables with HAF. In a univariate analysis, LVEF was a protective factor (OR=0.867, 95%CI= 0.741 to 0.996, P= 0.044) against
HAF in TMZ group.
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Table 2). Therefore, we considered that cardiomyocytes are more sen-
sitive to TMZ related to skeletal muscle cell as their difference in energy
metabolism pattern. In addition, TMZ has been indicated to increase
glucose uptake in all dissected regions of brain and protect cells in
cerebral tissue [29,30]. However, the impact of TMZ on brain may be
partly due to its effect on the heart. Therefore, in our study, we con-
sidered that TMZ served as a protective role at high altitudes probably
through energy metabolism pattern shifting in heart.

Our trial is the first to reveal the effect of TMZ on reducing the
incidence of HAF. The development of fatigue is regulated by various
factors, such as CO, glycogen stores and circulating metabolites, but the
endpoint of increased fatigue is in the CNS [31]. Serotonin and GABA
are the primary modulators of fatigue in the CNS [32]. Release of in-
hibitory neurotransmitters, such as serotonin and GABA in the CNS, is
related to the development of fatigue [7,15,33–35]. Therefore, we ac-
cordingly measured the level of serous serotonin and GABA. No sig-
nificant difference was observed between the two groups at sea level or
at high altitudes (Supplemental Fig. 2). We considered that circulating
level of inhibitory neurotransmitters might not represent the con-
centrations in the CNS as a result of the blood-brain barrier. Due to
ethical issue and sterile limitation, it is difficult for us to obtain cere-
brospinal fluid to get further analysis to evaluate fatigue.

In our study, we found that SV and CO in TMZ group were slightly
higher in comparison to placebo group, and LVEF was closely asso-
ciated with fatigue. Due to LVEF is calculated by LVEDV and LVESV,
LVEF increment in TMZ group was attributed to reduction of LVESV.
TMZ has been confirmed to improve LVEF and preservation of phos-
phocreatine/adenosine triphosphate ratio [36]. Lower myocardial
contractility contributes to cardiac output insufficient, tissue hypo-
perfusion and increment of anaerobic metabolism, that promote fa-
tigue. Therefore, we considered that TMZ prevented high-altitude fa-
tigue through optimizing myocardial energy metabolism pattern and
improving myocardial contractility, however, further research on the
mechanism of TMZ in cardiomyocytes during acute hypoxia exposure
need to be carried out in near future.

Hypobaric hypoxia causes a rapid decrease in high-energy phos-
phate metabolism in the human cardiac left ventricle, which may lead
to left ventricle diastolic and systolic dysfunction [37,38]. Previous
studies have demonstrated that CO and HR were elevated upon the
initial ascent to high altitude [39–41]. After a relatively short period of
acclimatization (3–5 days), CO gradually recovered to that at sea level,
but left ventricle diastolic filling and diastolic function were still im-
paired, which might be associated with hypoxia-induced tachycardia
and pulmonary vasoconstriction [42]. In our study, CO and HR in-
creased significantly with end diastolic volume reduction in the two
groups following acute high-altitude exposure. Intriguingly, TMZ
treatment remarkably improved LVEF, which was attributed to the
decrease in left ventricular end systolic volume. This implies that TMZ
treatment enhanced left ventricular systolic function at high altitudes.
Our regression analysis further pointed out that this effect might be
associated with fatigue prevention at high altitudes.

High-altitude exposure is associated with decreased aerobic exercise
capacity and impaired cardiac performance [22]. The hypobaric hy-
poxia environment is the leading cause of cardiorespiratory fitness
impairment. The current treatment focuses on reducing pulmonary
arterial pressure and/or improving CO using sildenafil and endothelin
receptor antagonism combined with ephedrine or theophylline
[43–45]. However, most of these therapeutic strategies have only been
used in animal models. In addition, ephedrine and theophylline are not
recommended for long-term use because they have obvious side effects
or are unsuitable for individuals with hypertension. This study revealed
that TMZ was beneficial for attenuating cardiorespiratory fitness im-
pairment at high altitudes. However, there was not a significantly re-
duction of cardiorespiratory fitness in PL group compared with that in
TMZ group. We considered that a longer time of TMZ intaking might
make this effect more pronounced.

Although we demonstrated in this randomized, double-blinded,
placebo-controlled clinical trial, that taking TMZ orally was beneficial
to alleviate HAF and cardiorespiratory fitness impairment, there were
several limitations for our study. (i) Individuals we recruited in this trial
were Chinese young men and sample size was small; (ii) Our study
focused on TMZ and lacked a comparison between TMZ and other
prevention strategies. Therefore, a further larger scale comparison re-
search including different sex, age and race should be carried out to
confirm the preventive effect of TMZ. This study provides novel evi-
dence and possible intervention that has positive effect against HAF and
cardiorespiratory fitness impairment.
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