
Received: 6 August 2023 - Revised: 18 February 2024 - Accepted: 28 March 2024

DOI: 10.1002/ejsc.12110

OR I G I NA L PA P E R

Low‐ and moderate‐intensity aerobic exercise improves the
physiological acclimatization of lowlanders on the Tibetan
plateau

Rui Su1,2,3 | Chenxiao Han1 | Guiquan Chen4 | Hao Li1 | Wanying Liu1 |

Chengzhi Wang1 | Wenrui Zhang1 | Yuming Zhang1 | Delong Zhang1,5,6 |

Hailin Ma1,3

1Tibet Autonomous Region Key Laboratory of High Altitudes Brain Science and Environmental Acclimation, Tibet University, Lhasa, China

2School of Psychological and Cognitive Sciences and Beijing Key Laboratory of Behavior and Mental Health, Peking University, Beijing, China

3Academy of Plateau Science and Sustainability, People's Government of Qinghai Province/Beijing Normal University, Beijing, Qinghai, China

4Department of Acupuncture and Rehabilitation, The Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University, Luzhou, Sichuan Province,

China

5Key Laboratory of Brain, Cognition and Education Sciences, Ministry of Education, Beijing, China

6School of Psychology, Center for Studies of Psychological Application, and Guangdong Key Laboratory of Mental Health and Cognitive Science, South China Normal

University, Guangzhou, China

Correspondence

Hailin Ma, 10 Zangda East Road, Chengguan

District, Lhasa 510631, China.

Email: David_ma79@163.com

Funding information

National Natural Science Foundation Regional

innovation development joint fund project of

China, Grant/Award Number: U23A20476;

Science and Technology Major Project of

Tibetan Autonomous Region of China, Grant/

Award Number: XZ202201ZD0001G;

National Natural Science Foundation of China,

Grant/Award Number: 32260212; Scientific

Development funds for Local Region from the

Chinese Government in 2023, Grant/Award

Number: XZ202301YD0032C

Abstract

This study investigates whether exercise as a strategy for improving physical fitness

at sea level also offers comparable benefits in the unique context of high altitudes

(HA), considering the physiological challenges of hypoxic conditions. Overall, 121

lowlanders who had lived on the Tibetan Plateau for >2 years and were still living at

HA during the measurements were randomly classified into four groups. Each in-

dividual of the low‐intensity (LI), moderate‐intensity (MI), and high‐intensity (HI)

groups performed 20 sessions of aerobic exercise at HA (3680 m) over 4 weeks,

while the control group (CG) did not undergo any intervention. Physiological re-

sponses before and after the intervention were observed. The LI and MI groups

experienced significant improvement in cardiopulmonary fitness (0.27 and 0.35 L/

min increases in peak oxygen uptake [ _VO2peak], both p < 0.05) after exercise

intervention, while the hematocrit (HCT) remained unchanged (p > 0.05). However,

HI exercise was less efficient for cardiopulmonary fitness of lowlanders (0.02 L/min

decrease in _VO2peak, p > 0.05), whereas both the HCT (1.74 %, p < 0.001) and

glomerular filtration rate (18.41 mL/min, p < 0.001) increased with HI intervention.

Therefore, LI and MI aerobic exercise, rather than HI, can help lowlanders in Tibet

become more acclimated to the HA by increasing cardiopulmonary function and

counteracting erythrocytosis.
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Highlights

� Low‐ and moderate‐intensity exercise at HA can improve oxygen transport of lowlanders

that may help them to become more acclimated to high altitude.

� High‐intensity exercise performed by lowlanders may result in erythrocytosis without

improving oxygen transport.

� The relationship between physiological system changes induced by exercise performed at

HA is modulated by exercise intensity.

1 | INTRODUCTION

It has been documented that around 400 million people live at alti-

tudes above 1500 m, and more than 100 million lowlanders travel to

high altitudes (HA) annually (Mallet et al., 2021). With increasing

altitude, reductions in barometric pressure, and a fraction of inspired

oxygen (FIO2), a subsequent decrease in ambient partial pressure of

oxygen (PaO2), associated with a decline in arterial oxygen saturation

(SaO2) will challenge the oxygen (O2) transport chain and O2 supply.

Due to the limited O2 delivery, individuals who are acutely exposed

to HA hypoxia environments may be at a risk for acute mountain

sickness (AMS). This condition presents symptoms, including head-

ache, anorexia, sleep difficulty, or a combination of these symptoms

(Bärtsch & Swenson, 2013). However, for chronic HA exposure

lowlanders (people who originally lived near sea level but moved to

HA for months or years), a series of physiological acclimatization

responses is required to support tissue oxygenation.

This HA acclimatization in lowlanders is a well‐coordinated set of

physiological responses to ensure O2 availability through adjustment

in the respiratory system, cardiovascular system, and hematologic

system (Goldfarb‐Rumyantzev & Alper, 2014; Luks & Hackett, 2022).

Ventilatory response is the initial major physiological response to HA

exposure, which increases minute ventilation ( _VE) and partially at-

tenuates reductions in PaO2 (West, 2006). A subsequent increase in

cardiac output (CO), associated with an increase in heart rate (HR),

alters the distribution of blood flow, and enhances O2 extraction

from capillary blood to improve tissue oxygenation (Harold

et al., 2012; Naeije, 2010). After chronic HA exposure, CO in low-

landers returns to normal levels with a slight increase in HR and a

decrease in stroke volume (SV) (Hartley et al., 1967; Naeije, 2010).

When CO remains stable and cannot contribute to an increased O2

extraction, acclimatization to HA hypoxia in most lowlanders involves

an increase in hematocrit (HCT) level to maintain arterial O2 content

(Gassmann et al., 2019). However, despite the increase in HCT that

can contribute to acclimatization, lowlanders living at HA still have

some degree of compromised adaptation to chronic hypoxic stress.

This is because high HCT levels are associated with increased blood

viscosity and increased risk of cardiac events, which results in a

reduction in fitness and maladjustment (Vargas & Spielvogel, 2006).

Meanwhile, the O2 supply in acclimated lowlanders also remains

insufficient, as indicated by reduced maximal oxygen uptake ( _VO2max)

(Calbet et al., 2003). Although most of the HA residents are free of

disease, they live in a state of chronic tissue hypoxia, and often have

severe hypoxemia (West, 2017). How to ensure that HA lowlanders,

such as the military and mountaineers, remain unaffected by un-

avoidable hypoxia stress is still unclear.

Exercise significantly improves aerobic capacity under normo-

baric normoxic conditions (Crowley et al., 2022) and enhances the

release of oxygen and the deformability of red blood cells, both of

which contribute to the improvement of tissue O2 supply (Mair-

bäurl, 2013). Given that limited O2 supply is a most prominent

challenge after HA exposure, it is reasonable to predict that exercise

may improve the level of HA acclimatization level by increasing tissue

oxygenation. However, the relevant findings from HA hypoxia con-

dition research remain less consistent. Previous studies have

revealed that high‐intensity intermittent exercise at HA may worsen

pulmonary interstitial edema (Edsell et al., 2014); however, the

findings have been challenged by recent evidence. For example, a

review study concluded that dual stimulation from hypoxia and ex-

ercise can induce HA acclimatization (Zhang & Chen, 2018). Another

study reported that submaximal exercise performed under conditions

of light or moderate hypoxia induced greater metabolic and cardiac

responses (Park et al., 2022). Exercise intensity is one of the most

important factors regarding the physiological responses to HA ex-

ercise, which may contribute to these contradictory findings. The

intensity of exercise at HA plays a major role in the subsequent

physiological acclimatization (e.g., respiratory, cardiovascular, and

hematologic changes) (Mazzeo, 2008). However, most available re-

ports attempting to classify exercise intensity are inaccurate as they

do not consider the effects of HA exposure on HR and _VO2max

(Mourot, 2018). Given that chronic HA exposure lowlanders are not

fully adapted to the hypoxia environment, excessively high exercise

intensity may have detrimental effects. Hence, a comprehensive

investigation is needed to determine the optimal exercise intensity to

promote HA physiological acclimatization.

To systematically study the effects of exercise with different

intensity on the physiological acclimatization of HA lowlanders, the

present study implemented exercise interventions with low‐,
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medium‐, and high‐intensity performed by young lowlanders who had

lived at HA for more than 2 years. This was followed by measuring

the cardiovascular function, O2 transport of red blood cells, renal

function (Palubiski et al., 2020), and immune function (Mishra &

Ganju, 2010; Pham et al., 2021), given the reports of their association

with HA acclimatization. Based on accumulated evidence, hypotheses

are made as follows: (H1) LI aerobic exercise does not cause changes

in physiological performance; (H2) MI aerobic exercise can improve

O2 transport capacity but not alter the blood viscosity; (H3) HI

aerobic exercise can also improve O2 transport capacity, but increase

the blood viscosity, renal, and immune response.

2 | MATERIALS AND METHODS

2.1 | Participants

A total of 160 male students from Tibet University were recruited.

All participants were expected to meet the following inclusion

criteria: Healthy Han Chinese immigrants (lowlanders) living in Lhasa,

on the Tibetan Plateau (3680 m) for >2 years, and their birthplace

altitude was <1500 m; had not visited HA areas before attending

university; no addiction to cigarette or alcohol; no respiratory or

motor system disease, and were fit for exercise according to the

Physical Activity Readiness Questionnaire (Shephard, 1988). Thirty‐
nine subjects were excluded from data analysis for reasons

including scheduling conflicts (n = 27) and missing data (n = 12). Thus,

121 participants were included in the final data analysis. Their daily

activity was assessed using the International Physical Activity

Questionnaire (IPAQ). Further, all participants were asked to main-

tain their habitual lifestyle during the study.

The ethics committee of Tibet University approved this study

(protocol code: XZTU2021ZRG‐06), and participants provided writ-

ten informed consent. Data measurement and exercise interventions

for all participants were conducted at Lhasa, Tibet.

2.2 | Experimental procedure

Before the exercise intervention, blood sampling collection, self‐
reported questionnaire on demographic data, basic physiological

parameters (including HR, percutaneous arterial oxygen saturation

[SpO2], body temperature, and blood pressure), and cardiopulmonary

exercise testing (CPET) were carried out. Participants were randomly

categorized into four groups: low‐intensity (LI; n = 34), moderate‐
intensity (MI; n = 30), and high‐intensity (HI; n = 25) exercise

groups and the control group (CG; n = 32), which did not involve any

intervention. The HR range of each exercise intensity was classified

according to individual heart rate reserve (HRR). HRR was calculated

by subtracting resting HR (HRresting) from peak HR (HRpeak). This is as

follows: LI interval = [0.3 HRR þ HRresting, 0.39 HRR þ HRresting];

MI interval = [0.4 HRR þ HRresting, 0.59 HRR þ HRresting]; HI inter-

val = [0.6 HRR þHRresting, 0.89 HRR þHRresting] (Garber et al., 2011).

Participants in the intervention groups were instructed to

perform 20 exercise sessions within 30 days. At each exercise

intervention, the HR of participants was monitored using a polar

heart rate meter (Polar OH1, Polar Electro Oy). We asked partici-

pants to reach their target HR within the first 5 min of exercise, and if

their HR was not within the target range, they were reminded to

adjust their speed. A single intervention ended when participants

exercised at their target HR for 20 min, with the total duration not

exceeding 30 min. Exercise was conducted on a motorized treadmill

at the Exercise and Physiology Laboratory of Tibet University in

August and September 2021. Participants completed the experi-

mental posttest within 72 h after the last intervention to replicate all

measures conducted before the start of the experiment.

2.3 | Blood tests

Participants were asked to refrain from drinking alcohol and vigorous

exercising before blood collection. Fasting blood samples were

collected via standard venipuncture techniques approach in a sitting

position from 7:00 a.m. to 9:00 a.m. at Fokind Medical Care hospital

in Lhasa, Tibet. Venous blood samples were drawn for plasma anal-

ysis of the erythrocyte index (red blood cell count [RBC], hemoglobin

[HGB], hematocrit [HCT], mean corpuscular volume [MCV], mean

corpuscular hemoglobin concentration [MCHC], standard deviation

of red cell distribution width [RDW‐SD], coefficient of the variation

of red cell volume distribution width [RDW‐CV]), immune function

(total protein [TP], globulin [GLB], albumin [ALB], and albumin/glob-

ulin [A/G]), renal function (creatinine [CREA], uric acid [UA], urea and

glomerular filtration rate [GFR]). The GFR was calculated using the

chronic kidney disease epidemiology collaboration equation (Levey

et al., 2009). Blood samples were analyzed in a standardized envi-

ronment within 12 h after collection at Fokind Medical Care.

2.4 | Electrocardiography measures

Assessment of HRresting, CO, and stroke volume (SV) was done using

the Biopac MP150 hardware system (MP150, BIOPAC® Systems,

Inc.). Specifically, the electrocardiogram (ECG) signal was recorded

using an ECG100 C module for calculating HRresting, the ECG lead

numbers were 3, and the sampling frequency was 1 kHz. The

impedance cardiography signal was recorded using an EBI100 C

module to assess the SV and CO. The EBI100 C connected pairs of

EL500 electrodes were attached to the neck and torso, and the

amplifier, high‐pass filter, low‐pass filter, and frequency were set at

5 Ω/V, DC, 10 Hz, and 5 kHz, respectively. During the experiment,

participants were asked to sit comfortably and quietly for 10 min.

Raw ECG was used to measure the HRresting of participants, while SV
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and CO were exported using the noninvasive cardiac output analysis

employing AcqKnowledge software (v 4.2, Biopac Systems Inc.).

2.5 | Cardiopulmonary exercise testing

Cardiopulmonary function was assessed using CPET. After a 1‐min

rest on the power bicycle (EC3000e, Ergoline GmbH), participants

then pedaled, maintaining a speed of 55–65 revolutions/min. The

resistance of the power bicycle was increased by 30 W/min, starting

from 0. Exhaustion was considered to have been reached when the

participant could not maintain speed and the respiratory exchange

ratio was exceeding 1.1 or when neither _VO2 nor HR increased

further with increasing speed/power (Lach et al., 2021). The _VO2

measured at this point was considered the true peak oxygen uptake

( _VO2peak) of the participants in the HA environment followed by

obtaining the HRpeak, _VE, and work rate (WR) corresponding to this

point.

2.6 | Statistical analysis

The Kolmogorov–Smirnov normality test was used to verify the

normality of the observations. Based on the test outcome, the ob-

servations that did not satisfy the normality criterion were subjected

to logarithmic transformation for subsequent analysis. One‐way

analysis of variance (ANOVA) was used to compare baseline data

between groups. The remaining data were analyzed using 2 (time:

pretest and posttest) � 4 (group: CG, LI, MI, and HI) repeated mea-

sures ANOVA, where the group was a between‐participants factor

and time was a within‐participants factor. Bonferroni post hoc test

was used to detected significant differences between groups and

times. The criterion for significance was 0.05, and all p‐values were

two‐tailed. Effect sizes were calculated using Cohen's method; low

correlation range was 0.0–0.39, moderate 0.4–0.69, and high ≥0.7

(Cohen, 1988). Data are presented as means (SD) unless otherwise

indicated.

The changes in the observations were calculated by subtracting

the pretest value from the posttest value for correlation and medi-

ation analyses. Pearson's correlation was applied to estimate the

relationships between the changes in physiological responses.

Structural equation modeling was performed to further assess the

mediation effect between physiological functions. We used the

bootstrapping methods recommended by Preacher and Hayes for

testing mediation hypotheses using a resampling procedure of 5000

bootstrap samples (Preacher & Hayes, 2004). The ANOVA test and

correlation analysis were calculated using IBM SPSS statistics 23

(IBM Corp.) software. Further mediation analysis was performed

using the Mplus statistical package (version 8, Muthe'n & Muthe'n).

Data visualization was done with RStudio (Version 2022.07.2,

RStudio).

3 | RESULTS

Table 1 presents the fundamental demographic information of the

four groups. The participants in each group were matched in age,

height, weight, body mass index, SpO2, HRresting, and IPAQ (both

p > 0.077). In addition, the baseline characteristics showed no sig-

nificant differences across the four groups (both p > 0.05).

3.1 | Cardiopulmonary function

The changes in cardiopulmonary function before and after the ex-

ercise intervention were analyzed. The time � group interactions for

_VO2peak [F (3, 117) = 11.561, p < 0.001, η2 = 0.229] were significant.

Figure 1A illustrates that the LI and MI exercises induced an increase

in _VO2peak (both p < 0.001), whereas there was no significant change

in HI group (p = 0.680). Although CG also exhibited a significant in-

crease in _VO2peak, the improvement in _VO2peak was almost twofold

higher in LI and MI compared with CG (Table 2). Further, CO was

significantly elevated in the LI group (p = 0.001), while HRresting

remained unchanged in this group (Figure 1A, Table 2). This sug-

gested that the improvement in SV (12.64 mL/beat) could contribute

to the increased CO during low intensity exercise. Furthermore, the

LI and MI exercise had a significant increase in _VE (p = 0.002 and

p < 0.001), while it was unchanged in the HI group (Table 2). The

results suggested that exercise intensity is important for the

improvement in cardiorespiratory fitness in HA lowlanders.

TAB L E 1 Baseline characteristics for the control group and three intervention groups.

Variables Control group (n = 32) Low‐intensity group (n = 34) Moderate‐intensity group (n = 30) High‐intensity group (n = 25)

Age (yrs) 21.00 (0.98) 21.26 (1.05) 21.50 (1.31) 20.88 (1.13)

Height (m) 1.73 (0.07) 1.74 (0.06) 1.77 (0.05) 1.75 (0.05)

Weight (kg) 66.6 (15.5) 64.0 (6.9) 67.3 (10.3) 63.4 (9.4)

BMI (kg/m2) 22.23 (4.49) 21.20 (2.08) 21.55 (2.80) 20.79 (3.06)

SpO2 (mmHg) 91.3 (2.3) 89.6 (4.0) 90.3 (3.6) 91.2 (2.4)

HRresting (bpm) 81 (11) 82 (12) 80 (15) 88 (9)

IPAQ 2036 (1321) 2602 (1752) 3250 (3993) 1982 (1323)

Abbreviations: BMI, body mass index; HRresting, resting heart rate; IPAQ, international physical activity questionnaire; SaO2, arterial oxygen saturation.
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3.2 | Erythrocyte index

The exercise intervention significantly affected the blood O2 trans-

port of lowlanders. For HCT, the time � group interaction [F (3,

117) = 2.714, p = 0.048, η2 = 0.065] was significant. A total of 1.74%

increase in HCT was observed during the 4‐week period in the HI

group (p < 0.001), whereas HCT appeared to be less affected in the LI

(p = 0.165) and MI (p = 0.657) groups (Figure 1B, Table 2). In

contrast, MCHC, an indicator of the average oxygen‐carrying ca-

pacity of the red blood cells, significantly increased in the MI group

(p = 0.038) and deceased in the HI group (p = 0.009). Interestingly,

we also found an increased HCT in CG compared with baseline

(p = 0.007), whereas RBC and HGB remained unchanged during the

4‐week period in both control and exercise groups (Table 2).

3.3 | Renal function

The renal function outcomes are displayed in Table 3. There were no

significant changes in urea and UA levels in any of the four groups.

F I GUR E 1 The changes and correlations among cardiopulmonary function, erythrocyte index, renal function, and immune function after
exercise intervention. (A) Changes in cardiopulmonary function before and after intervention among four groups. (B) Changes in erythrocyte
index before and after intervention among four groups. (C) Changes in renal function before and after intervention among four groups.
(D) Changes in immune function before and after intervention among four groups. (E) The relationship between each system. The colors

represent the relative direction. The numbers above the diagonal are Pearson’s correlation coefficients. (F) Two pathways by which
erythrocyte function affects immune function. *p <.05, **p <.005, ***p <.001. A/G, albumin/ globulin; ALB, albumin; CO, cardiac output; CREA,
creatinine; GFR, glomerular filtration rate; GLB, globulin; HCT, hematocrit; MCHC, mean corpuscular hemoglobin concentration; RBC, red

blood count; RDW‐CV, coefficient of variation of red cell volume distribution width; RDW‐SD, standard deviation of red cell distribution

width; TP, total protein; _VO2peak, peak oxygen uptake.
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TAB L E 2 Cardiopulmonary function and erythrocyte index before and after the 4‐week exercise.

Variables

Control group Low‐intensity group Moderate‐intensity group High‐intensity group
Interaction
effect

Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) p η2

Cardiopulmonary function

_VO2peak (L/min)

Pretest 2.05 (0.38) 0.162a 2.00 (0.36) 0.271a 2.11 (0.32) 0.350a 2.09 (0.28) −0.020d <0.001 0.229

Posttest 2.22 (0.36) 2.27 (0.40) 2.46 (0.38) 2.07 (0.29)

HRpeak (bpm)

Pretest 177 (12) −0.563 173 (13) 1.529 174 (15) −1.167 180 (8) −8.680a 0.004 0.109

Posttest 177 (9) 175 (12) 173 (12) 171 (12)

_VE (L/min)

Pretest 119.14 (28.80) 5.466 110.71 (23.55) 12.327a 116.04 (26.12) 16.020a 115.06 (17.29) −4.140d 0.005 0.105

Posttest 124.61 (26.95) 123.03 (28.38) 132.06 (26.67) 110.92 (20.65)

WR (W)

Pretest 199 (30) 9.375 204 (33) 6.471 209 (33) 6.000 200 (22) 2.600 0.682 0.013

Posttest 208 (26) 210 (29) 215 (27) 203 (23)

CO (L/min)

Pretest 8.36 (2.29) 0.700 9.09 (1.68) 1.249a 9.18 (2.67) 0.545 9.52 (2.14) −0.390 0.041 0.068

Posttest 9.06 (2.30) 10.34 (2.46) 9.72 (2.21) 9.13 (2.32)

SV (mL/beat)

Pretest 103.42 (26.63) 7.039 112.73 (24.41) 12.640 116.70 (29.85) 6.205 108.56 (22.72) 7.485 0.603 0.016

Posttest 110.46 (26.40) 125.37 (25.06) 122.90 (32.68) 116.05 (26.40)

LCWI (kg.m)

Pretest 4.83 (1.40) 0.392 5.02 (1.32) 0.712a,b 5.11 (1.49) 0.271 5.44 (1.13) −0.176 0.049 0.065

Posttest 5.22 (1.46) 5.90 (1.33) 5.38 (1.23) 5.26 (1.24)

HRresting (bpm)

Pretest 81 (11) 3.456 82 (12) 0.131 80 (15) −0.159 88 (9) −9.549a 0.001 0.139

Posttest 85 (12) 82 (10) 80 (11) 78 (12)

_VO2/HR (mL/min/bpm)

Pretest 14.16 (2.78) 0.406 13.65 (2.55) 1.971a 14.23 (2.25) 2.500a 13.56 (2.20) 1.120a 0.009 0.093

Posttest 14.56 (2.40) 15.62 (3.14) 16.73 (3.75) 14.68 (2.79)

_VE/ _V CO2

Pretest 47.17 (6.53) 1.056 43.32 (7.63) 3.521a 42.44 (6.11) 5.430a 46.44 (4.09) 1.308 0.038 0.069

Posttest 48.23 (7.64) 46.84 (5.85) 47.87 (5.47) 47.75 (5.17)

Erythrocyte index

RBC (10^12/L)

Pretest 5.85 (0.41) 0.115 5.87 (0.30) 0.083 5.92 (0.42) 0.042 5.66 (0.36) 0.111 0.662 0.013

Posttest 5.96 (0.41) 5.96 (0.39) 5.96 (0.40) 5.77 (0.34)

HGB (g/L)

Pretest 182.03 (9.11) 3.000 178.17 (11.93) 2.618 181.47 (9.23) 2.000 177.40 (8.14) 4.080 0.746 0.010

Posttest 185.03 (9.50) 180.79 (10.34) 183.47 (8.99) 181.48 (8.45)

(Continues)
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However, the significant time � group interactions for CREA [F (3,

117) = 9.405, p < 0.001, and η2 = 0.194], and GFR [F (3, 117) = 9.672,

p < 0.001, and η2 = 0.199] were found. The CG and HI groups

experienced significant decrease in CREA (both p < 0.001) and in-

creases in GFR (both p < 0.001), whereas there were no changes in

the LI and MI groups after 4 weeks of exercise (Figure 1C, Table 3).

Meanwhile, the CREA was reduced to a lesser extent in the HI group

than in the MI group (p = 0.005).

3.4 | Immune function

As shown in Table 3, the levels of TP, ALB, and GLB increased to a

similar extent in CG and LI and MI groups at posttest compared to

pretest (both p < 0.001), whereas the A/G was decreased in CG and

LI and MI groups (both p < 0.001). Those results suggested a slight

increase in the immune responses during the 4‐week period in the

above groups. In contrast, the immune function remained unaltered

in the HI group after the 4‐week exercise interventions (Figure 1D,

Table 3).

3.5 | A moderated mediation model

The relationship between changes in physiological functions after

exercise performed in an HA environment and the role of different

exercise intensities were explored by calculating the changes in

physiological responses by subtracting the pretest from the posttest

value using a structural equation model. Before the structural

equation analysis, Pearson's correlation coefficients were calculated

to estimate the relationship between changes in physiological func-

tions. The relationships between multiple datasets are shown in

Figure 1E.

According to the model (Figure 1F), the kidney function mediated

the relationship between erythrocyte indices and immune function

(β = −0.104, 95% confidence interval [CI95] [−0.203, −0.040]). The

direct effect of erythrocyte indices on immune function was signifi-

cant (β = −0.317, CI95 [−0.537, −0.159]). The moderating effect of

exercise intensity was also significant. When exercise intensity was

low, the indirect effect of erythrocyte indices on immune function

was significant (β = 0.182, CI95 [0.047, 0.357]); however, when ex-

ercise intensity was moderate (β = 0.020, CI95 [−0.066, 0.124]) or

T A B L E 2 (Continued)

Variables

Control group Low‐intensity group Moderate‐intensity group High‐intensity group
Interaction

effect

Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) p η2

HCT (%)

Pretest 53.92 (3.01) 1.059a 53.13 (3.33) 0.521 54.18 (2.57) 0.177 52.40 (2.56) 1.740a 0.048 0.065

Posttest 54.98 (3.10) 53.65 (2.99) 54.35 (2.73) 54.14 (2.50)

MCHC (g/L)

Pretest 337.91 (6.23) −1.281 335.32 (6.72) 1.882 335.03 (7.47) 2.567a 338.72 (4.97) −3.560a 0.002 0.116

Posttest 336.63 (6.37) 337.21 (7.09) 337.60 (7.69) 335.16 (3.68)

MCV (fL)

Pretest 92.33 (3.56) 0.034 90.58 (5.97) −0.259 91.82 (6.10) −0.353 92.67 (3.44) 1.236a,b 0.005 0.105

Posttest 92.36 (3.40) 90.32 (6.11) 91.47 (6.79) 93.91 (3.67)

RDW‐SD (fL)

Pretest 43.64 (2.61) −0.297 43.10 (2.44) 0.750a 43.18 (3.50) 0.647a 44.36 (1.76) −0.664 0.009 0.093

Posttest 43.34 (1.93) 43.85 (2.15) 43.82 (3.10) 43.69 (1.92) 0.006 0.101

RDW‐CV (%)

Pretest 13.26 (0.67) −0.063 13.37 (0.82) 0.274a,b 13.18 (0.77) 0.217a 13.56 (0.72) −0.484a,c <0.001 0.212

Posttest 13.20 (0.67) 13.65 (0.83) 13.40 (0.62) 13.08 (0.55)

Abbreviations: CO, cardiac output; Delta (Δ), the changes calculated by subtracting the pretest value from the posttest value; HCT, hematocrit; HGB,

hemoglobin; HRmax, peak heart rate; HRresting, resting heart rate; LCWI, left ventricular stroke work index; MCHC, mean corpuscular hemoglobin

concentration; MCV, mean corpuscular volume; RBC, red blood cell count; RDW‐CV, coefficient of variation of red cell volume distribution width;

RDW‐SD, standard deviation of red cell distribution width; SV, stroke volume; _VE, ventilation; _VO2peak, peak oxygen uptake; _VE= _VCO2, ventilatory

equivalent for carbon dioxide; _VO2=HR, maximal oxygen pulse; WR, work rate.
ap < 0.05 for comparing changes in with‐in group from pretest to posttest.
bp < 0.05 for the changes in posttest compared with control group.
cp < 0.05 for the changes in posttest compared with low‐intensity group.
dp < 0.05 for the changes in posttest compared with moderate‐intensity group.
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high (β = 0.009, CI95 [−0.250, 0.046]), the indirect effect was not

significant. Model fit was assessed using a comparative fit index

(CFI = 0.879) and the Tucker‐–Lewis index (TLI = 0.853).

4 | DISCUSSION

Our study examined the effect of long‐term aerobic exercise with

different intensities on the physiological responses of acclimated

lowlanders. We found that LI and MI exercises are effective stimuli

for the improvement in O2 transport and the prevention of eryth-

rocytosis in acclimatized lowlanders. However, HI exercise is less

effective than LI and MI exercise as results in erythrocytosis, and

induces an overloaded renal adaption to HA with no improvement in

O2 transport. These results have essentially validated the previously

formulated hypotheses.

Given that hypobaric hypoxia is unavoidable and sustained at

HA, maintaining aerobic metabolism and adjusting physiological

acclimatization is important at HA (McClelland & Scott, 2019). The

indigenous people living on the Tibetan plateau are a prime example

TAB L E 3 Change of the renal and immune function after the 4‐week aerobic exercise.

Variables

Control group Low‐intensity group Moderate‐intensity group High‐intensity group
Interaction
effect

Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) Mean (SD) Delta (Δ) p η2

Renal function

CREA (mg/dL)

Pretest 100.16 (9.93) −8.469a 94.09 (9.00) −0.912 96.27 (13.45) 0.367 97.68 (9.22) −12.720a,c 0.000 0.194

Posttest 91.69 (14.12) 93.18 (10.45) 96.63 (14.37) 84.96 (10.30)

GFR (mL/min)

Pretest 93.33 (11.63) 12.247a 100.31 (11.41) 1.776 98.62 (15.90) −0.013 96.13 (11.12) 18.415a,b,c 0.000 0.199

Posttest 105.57 (19.24) 102.09 (14.92) 98.61 (17.71) 114.54 (16.22)

Urea (mg/dL)

Pretest 5.13 (1.38) −0.103 4.80 (1.04) −0.053 5.09 (1.03) 0.253b 5.03 (1.34) 0.468a,b 0.109 0.050

Posttest 5.02 (1.34) 4.75 (0.93) 5.34 (1.12) 5.50 (1.08)

UA (mg/dL)

Pretest 467.91 (93.68) −3.594 474.85 (84.10) −16.588 440.07 (80.88) 4.300 456.80 (86.29) 20.360 0.202 0.039

Posttest 464.31 (85.99) 458.26 (94.26) 444.37 (84.79) 477.16 (68.12)

The immune function

TP (g/L)

Pretest 74.27 (4.84) 2.766a 73.29 (4.20) 3.721a 73.24 (4.43) 3.940a 75.90 (3.90) −0.096 0.002 0.119

Posttest 77.03 (4.77) 77.01 (2.87) 77.18 (4.04) 75.81 (3.47)

ALB (g/L)

Pretest 51.15 (2.17) 0.919a 50.65 (1.55) 1.394a 50.13 (2.07) 1.517a 50.97 (1.72) 0.096 0.097 0.052

Posttest 52.07 (2.34) 52.04 (1.43) 51.64 (2.48) 51.07 (1.71)

GLB (g/L)

Pretest 23.12 (3.51) 1.847a 22.64 (3.16) 2.326a 23.11 (3.47) 2.423a 24.93 (2.85) −0.192 0.000 0.177

Posttest 24.96 (3.15) 24.97 (2.28) 25.54 (3.10) 24.74 (2.71)

A/G

Pretest 2.26 (0.35) −0.147a 2.27 (0.26) −0.171a 2.21 (0.34) −0.157a 2.07 (0.22) 0.016 0.000 0.185

Posttest 2.12 (0.24) 2.10 (0.21) 2.06 (0.29) 2.08 (0.24)

Abbreviations: A/G, albumin/globulin; ALB, albumin; CREA, creatinine; Delta (Δ), the changes calculated by subtracting the pretest value from the

posttest value; GFR, glomerular filtration rate; GLB, globulin; TP, total protein; UA, uric acid.
ap < 0.05 for comparing changes in with‐in group from pretest to posttest.
bp < 0.05 for the changes in posttest compared with low‐intensity group.
cp < 0.05 for the changes in posttest compared with moderate‐intensity group.
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of successful adaptation to HA (Wu, 2001). Studies have shown that

Tibetan natives, compared to lowlanders at HA, exhibit greater ex-

ercise capacity and lower HGB concentrations (Simonson

et al., 2015). Lowlanders exposed to HA obtain higher O2 uptake

mainly by increasing HGB; however, excessive erythrocytosis is

associated with risk for cardiovascular disease and is considered

maladaptive (Julian & Moore, 2019). Our study showed that LI and

MI exercises improve O2 transport without erythrocytosis. Partici-

pants in the LI and MI groups experienced an increase in _VO2peak

after the intervention, consistent with a previous study finding that

exercise training in highlanders can successfully improve aerobic

capacity and exercise workload (Macarlupu et al., 2021). Additionally,

we found that LI exercise increased CO, as has been reported pre-

viously (Nystoriak & Bhatnagar, 2018). Increased CO level is the

initial cardiovascular response to altitude and can increase aerobic

capacity; lowlanders chronically exposed to HA are known to return

to the normal baseline CO (Naeije, 2010). This observation provides

new insights into the simultaneous increase of CO and _VO2peak in an

HA environment, both of which can increase the diffusional transport

of O2.

Further analysis showed that LI and MI exercises did not produce

a significant increase in the erythrocyte index after the intervention,

which differs from the results of the “Living Low‐Training High”

(LLTH) model. The success of this model is attributable to the

erythropoietic effects of hypoxia (Wilber et al., 2007). Some studies

have confirmed that the erythrocytes of lowlanders during prolonged

exposure to HA tend to stabilize as the duration of altitude exposure

extends (Luks & Hackett, 2022). Therefore, the LI exercise does not

disrupt homeostasis and does not lead to erythrocytosis. It is suffi-

cient to change the body's respiratory function (Crowley et al., 2022)

and improve O2 uptake. In particular, we found an increase in im-

mune response after LI and MI exercise. The results are consistent

with previous studies reporting an increase in oxidative stress and

the subsequent inflammatory response in LI exercise at chronic HA

exposure (Quindry et al., 2016). This may serve a protective role by

setting an immune response in motion (Pham et al., 2021). Thus, the

upregulated immune response in our study could be considered as an

adaptive regulation of inflammation to promote O2 supply (Harris

et al., 2014).

However, in the present study, lowlanders experienced some

adverse effects when performing HI exercise at HA, such as eryth-

rocytosis without any improvement in aerobic capacity. Unlike the

LLTH study that was performed at moderate altitudes, our study was

performed at 3680 m, and showed that the increase in RBC induced by

HA exercise did not lead to an increase in O2 transport capacity. This

may be because exercise is a stressor, and the effect of stress on or-

ganisms is dose‐dependent (Salminen&Kaarniranta, 2010), suggesting

that a higher intensity of stress overwhelms the organism and can

evoke detrimental effects (Gems & Partridge, 2008) and disrupt

physiological homeostasis. Moreover, an elevated RBC level increases

HCT level and blood viscosity; therefore, the O2 uptake of the partic-

ipants did not improve by exercise (Crawford et al., 2017). In addition,

F I GUR E 2 Changes in physiological acclimatization of lowlanders after low‐moderate intensity exercise. _VO2max and CO increased after
the exercise intervention, and the erythrocyte index positively affected renal function, as indicated by the red arrow. The erythrocyte index and
renal function negatively affected immune function, indicated by the gray arrows. ALB, albumin; CO, cardiac output; GFR, glomerular filtration

rate; GLB, globulin; TP, total protein; _VO2max, maximal oxygen uptake.

842 - SU ET AL.



we found that different from LI and MI of exercises, GFR increased as

HCT increased after the HI exercise. However, previous studies

showed that the increase in HCT was accompanied by an increase in

blood viscosity at chronic exposure to HA, which may lead to a

decreased GFR (Palubiski et al., 2020). In our study, given the physio-

logical challenge of both hypoxia and HI exercise, renal adaption to HA

could be overloaded, potentially resulting in an elevated GFR.

Notably, during the current experiment, some changes occurred

in the CG, including slight increases in _VO2peak, HCT, GFR, and TP,

which may have been caused by a decrease in FIO2 and oxygen

concentration in atmosphere. Shi et al. (2021) found that oxygen

concentration on the Tibetan plateau is positively related to air

temperature. Our study was conducted over a month from August to

September, when the air temperature gradually decreased from 18°C

to 13°C and the oxygen concentration decreased from 20.282% to

20.176%. Thus, the increase of _VO2peak in CG is associated with in-

creases in blood viscosity and renal function responses, which may be

a potential compensation mechanism to resist the adverse impacts of

decrease in O2 supply (Luks, 2015; Palubiski et al., 2020; Simonson

et al., 2015). This mechanism is commonly employed by the low-

landers who experience chronic exposure to HA to ensure enough O2

supply (West, 2017). However, for LI and MI groups, the increase in

_VO2peak did not lead to physiological compensation, even when ac-

counting for the challenge of a decline in oxygen concentration.

Finally, our study demonstrated that GFR mediates the effect of

erythrocytes on the immune function, which was strengthened by

lower intensity activity. Considering that human erythrocytes have an

important function in the innate immune system (Hotz et al., 2018), the

direct relationship between the erythrocyte index and immunity may

be expected. Additionally, as mentioned above, the blood viscosity of

lowlanders was increased at chronic HA exposure due to the increase

in HCT, which was accompanied by an adaptative response in renal

plasma flow and caused the change in GFR (Palubiski et al., 2020). The

kidneys further regulate fluid and acid–base homeostasis to ensure

physiological adaptation to HA, which may be related to individual

response to inflammation (Goldfarb‐Rumyantzev&Alper, 2014), since

resistance to hypoxia stress is associated with anti‐inflammation re-

sponses. By this means, renal function mediates the relationship be-

tween erythrocytes and immunity. The intensity and duration of

exercise stress have a dose‐dependent effect on the induction of in

vivo immunity in humans (Diment et al., 2015). The change in renal

function during LI exercise positively affects the change in immune

function, which is a normal physiological regulation of the body.

However, intense physical activity at HA exacerbates the extent of the

oxidative challenge (Dosek et al., 2007). Therefore, this regulatory

response gradually diminishes with an increase in exercise intensity.

This finding provides further evidence that an intensity threshold ex-

ists for exercise performed at HA and that excessively high intensities

of exercise can have negative effects.

While this study fills the gap in understanding the physiological

response after HA exercise with different intensities, it also

unavoidably possesses certain limitations. First, the participants were

homogeneous and the experiment was conducted at a fixed altitude

(3680 m), challenging the generalizability of the results. Second, the

measurements used to evaluate the individual systems and mecha-

nistic explanation were not comprehensive; for example, only im-

mune proteins in the blood were used to assess immune function.

Future studies combining enzyme‐linked immunosorbent assay

(ELISA) need to be conducted to explore the molecular mechanism of

exercise effect on HA acclimatization. Third, although previous

studies found similar HRpeak values (Basset & Boulay, 2003; Zhou

et al., 1997) or slightly higher values (Price et al., 2022) in treadmill

testing compared with cycle ergometers, conducting an HRpeak

testing through cycle ergometers, but using treadmill exercise for

intervention limits the accuracy of the exercise prescription of this

study. The uniformity in measurement and intervention is expected

to be improved in the future.

In conclusion, for lowlanders at HA, the benefits of exercise

cannot be generalized. This study demonstrates that LI and MI ex-

ercises improve O2 uptake capacity while avoiding an excessive in-

crease in red blood cells and inflammation (Figure 2); thus, further

improving HA acclimatization among lowlanders on the Tibetan

plateau. However, HI exercise does not improve O2 uptake capacity

and increases blood viscosity. Therefore, subsequent studies should

consider exercise mode, duration, and altitude to identify more

effective exercise approaches to promote HA acclimatization.
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