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This study is part of the HIGHCARE LAPS project (HIGH
Altitude Cardiovascular Research

— Latin American Population Study), which investigates
the biological impact of chronic hypoxia in high- altitude
populations, focusing on Andean communities in Peru. These
highlanders have developed distinctive genetic, physiologi-
cal and lifestyle adaptations that support survival in low-oxy-
gen environments and may reduce the prevalence of certain
diseases. At the same time, some health conditions might be
overlooked, such as hypertension, which could be under-
estimated due to altered blood pressure regulation at high
altitude [1,2].In this cohort, genomic analyses revealed only
minor differences between individuals living at sea level in
Lima and those residing above 4000 meters in Cerro de Pas-
co, while analyses of DNA methylation, a well-established
marker of epigenetic regulation, identified several differences,
particularly at CpG sites involved in adrenergic signaling in
cardiomyocytes, suggesting a potential epigenetic contribu-
tion to high-altitude adaptation. However, it remains unclear
whether DNA methylation actively shapes phenotypic pecu-
liarities associated with high-altitude adaptation, such as en-
hanced oxygen transport, or contributes to health risks related
to chronic hypoxia.

AIM

The study investigates whether epigenetic regulation, as-
sessed through genome-wide DNA methylation, mediates
phenotypic effects of chronic hypoxia in a Peruvian cohort of
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96 highlanders (above 4000 meters) and 96 lowlanders (at
sea level). The focus is on traits including hemoglobin, hemat-
ocrit, oxygen saturation, 24-hour systolic and diastolic blood
pressure, 24-hour heart rate, respiratory rate, and hyperten-
sion risk, accounting for genetic background and various clin-
ical and environmental confounders.

METHODS

DNA methylation and genotyping data were obtained
from whole blood using the lllumina MethylationEPIC v1.0 ar-
ray (866000 CpGs) and the lllumina Global Screening Array
(650000 SNPs); raw data were subsequently processed for
quality control and normalization using R (minfi and ChAMP
packages) and PLINK [3,4]. Genetic background related to
hypoxia adaptation was captured using principal components
from SNPs in 25 hypoxia-related genes. Factorial analysis of
mixed data (FAMD) was used to summarize a wide set of
variables including lifestyle, diet, psychological, anthropolog-
ical, exposure-related, and immune cell components. Select-
ed FAMD and genetic principal components were screened
for collinearity and included as covariates. High-dimensional
mediation analysis (HDMA) was performed to test whether
DNA methylation mediates phenotypic traits related to chron-
ic high-altitude hypoxia. The approach combined Sure Inde-
pendence Screening (SIS) for CpG preselection with de- bi-
ased Lasso regression to estimate the exposure—mediator (a)
and mediator—outcome () paths. Mediation was considered
significant based on the maximum p-value from both paths,
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with global indirect effects calculated by summing all signifi-
cant a3 products, and direct effects obtained by subtracting
the total indirect effect from the total effect [5].

RESULTS

DNA Methylation significantly mediated the effect of high
altitude on several traits that were hemselves significantly as-
sociated with altitude. For 24-hour heart rate, the total effect
was +1.79 bpm, with 50% mediated by two CpG sites in
B3GNT2 and KIAA0368. Hemoglobin increased by 3.87
g/dL, with 2% mediated by two CpG sites in SEMA4F; he-
matocrit increasing by 11.41 percent, with 1.7% mediated
through two CpG sites in SEMA4F. Respiration rate increased
by 2.22, with an inverse mediation effect of =0.21 (9%) in-
volving three CpG sites associated with: MRPS34, EME2, and
ARHGEF4. Oxygen saturation dropped by 2.2 points, 2.8%
of which was mediated by an unannotated CpG. 24 hour
systolic and diastolic blood pressure decreased by 8.25 and
2.21 mmHg, with 8.1% and 24% mediation through ST3GALI1
and CSGALNACT2, respectively. Finally, high-altitude ex-
posure was associated with an estimated 80% reduction in
hypertension risk (OR =0.20, 95% CI [ 0.078, 0.515]), with
3% of this protective effect mediated by DNA methylation at
three CpG sites in ABCG1 and ARHGEF4.

CONCLUSION

These findings suggest that DNA methylation may contrib-
ute to high-altitude adaptation by modulating physiological
functions, particularly those related to oxygen transport and
cardiovascular regulation. In addition to quantifying mediat-
ed effects, the analysis also provided insights into the genom-
ic context in which these effects occur, by identifying specific
CpG sites within genes that may hold biological relevance.
For example, ABCG1 included one of the mediating CpG
sites; although this gene has been previously linked to hyper-
tension, its role in chronic hypoxia remains to be clarified [6].
This may offer a novel entry point for future research into the
molecular mechanisms of high-altitude adaptation. Other,
less-characterized genes also emerged and require further
investigation to understand their potential contribution.
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