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Homeostasis of glucose and lipid
metabolism during physiological responses
to a simulated hypoxic high altitude
environment

Yi Lin 1,2,3,4, Bingyu Li 1,2,4, Xinying Shi 1,2,3,4, Yangkang Chen1,2,
Shengkai Pan 1,2,3, Zhenzhen Lin1,2,3, Zhongru Gu 1,2,3, Frank Hailer 3,5,
Li Hu 2,3,6 & Xiangjiang Zhan 1,2,3,7

Homeostasis facilitates maintenance of physiological processes despite
extrinsic fluctuations. In aerobic organisms, homeostasis is mainly fueled by
metabolism of glucose and lipids, and requires oxygen as a metabolic sub-
strate. Lack of oxygen can therefore trigger an imbalance of homeostasis
in vivo. How animals living at high altitude hypoxic conditions can maintain
homeostasis between the two types of metabolism remains largely unknown.
Here, we establish a ‘falconized’ mouse model based on an adaptive EPAS1
genetic variant identified from saker falcons (Falco cherrug) on the Qinghai-
Tibet Plateau (QTP). We show that homeostasis between glucose and lipid
metabolism in the liver under chronic hypoxia ismaintained inmale falconized
mice. This homeostasis is mediated by genetic factors and behavioral plasti-
city, resulting in higher survival rates even under acute hypoxia than wild type
mice. Our study highlights a key role of metabolic homeostasis maintenance
for survival in extreme environments, and provides potential targets for the
treatment of associated metabolic diseases.

Homeostasis, the maintenance of stable physiological conditions
in vivo through self-regulation, is crucial for an organism’s survival1.
When organisms are exposed to external stressors, this homeostasis
can be disrupted. To counteract such disruption, organisms display a
range of transient and reversible physiological and behavioral
responses to recover internal stability2,3. These responses require
energy, e.g., for up-regulation of biochemical reactions4. Across
eukaryotes, metabolism of glucose and lipids represents the twomain
pathways for meeting such energetic demands5.

High altitude habitats (above 2500m) are characterized by
reduced oxygen partial pressures, which pose severe physiological and
metabolic challenges to aerobic organisms6,7. To cope with the stress
imposed by hypoxia, organisms such as birds8,9, humans10,11, and other
mammals12,13 exhibit a range of adaptations and responses to maintain
oxygen homeostasis. These include physiological responses like higher
hemoglobin-oxygen affinity, enhanced oxygen saturation, and
improved cardiovascular function8–13. These adaptations and responses
helpmaximize oxygen delivery to tissues under low-oxygen conditions.
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In addition to these physiological changes, metabolic repro-
gramming also plays a crucial role in facilitating efficient oxygen uti-
lization under hypoxia14. Reduced oxygen availability triggers
alterations in cellular metabolism, particularly in glucose and lipid
utilization, as the body adjusts to meet energy requirements, with
potentially dramatic consequences for fitness and survival15,16.
Although glucose metabolism requires less oxygen per mole of ATP
synthesized and thus is more oxygen-efficient than lipid metabolism17,
animals living at high altitudes exhibit different metabolic strategies.
For example, mammals native to high altitude environments such as
the Tibetan antelope (Pantholops hodgsonii) and American pika
(Ochotona princeps) preferentially metabolize glucose18. On the other
hand, some small high altitude endothermic animals maintain their
thermogenic capacity mainly by mobilizing lipids, which exhibited a
higher energy density (e.g., deer mice (Peromyscus maniculatus)19 and
ground tits (Parus humilis)20, but see Andean mice (Phyllotis andium
and P. xanthopygus)21 for exceptions).

However, how animals living at high altitudes maintain home-
ostasis between the two types of metabolism remains largely
unknown, as does whether metabolic homeostasis could play any role
in facilitating their persistence under hypoxia. Most previous studies
explored glucose metabolism or lipid metabolism separately, or were
restricted to only one energy source and pathway. However, glucose
and lipid are not metabolized independently, but rather are co-
regulated in the glucose-fatty acid cycle22,23. Hence, if one metabolism
mode is up- or down-regulated, the balance between the two meta-
bolismmodes could become disrupted, riskingmetabolic damage24 or
oxidative stress from reactive oxygen species (ROS)25. Important
aspects of the co-regulation of glucose and lipid pathways and the
organismal responses to hypoxic stress are therefore not yet fully
understood. Onemain reason for the lack of information on this is the
absence of a suitable animal model that would allow the study of
interactions between glucose metabolism and lipid metabolism of
animals under hypoxic versus normal conditions. To address this, we
designed an in vivo experiment and predicted that the balance
between glucosemetabolism and lipidmetabolismmay play a key role
during organismal responses to high altitude-induced hypoxia.

EPAS1 (endothelial PAS domain protein 1, also known as hypoxia-
inducible factor 2α (HIF2α)) is a regulatory gene recently identified in a
range of vertebrate species to be critical for adaptation to low-oxygen
conditions on the Qinghai-Tibet Plateau (QTP)26–28. Under normoxia,
EPAS1 is hydroxylated by prolyl hydroxylase (PHD), triggering its ubi-
quitination by von Hippel-Lindau protein (pVHL) and subsequent
degradation. In contrast, under hypoxia, the regulatory function of
EPAS1 is initiated through the formation of heterodimers with the aryl
hydrocarbon receptor nuclear translocator (ARNT) via the Per-Arnt-
Sim domain, then HIF downstream pathways can be activated (e.g.,
metabolism, angiogenesis)29. As a key transcription factor, EPAS1 reg-
ulates pathways involved in both glucose and lipid metabolism30–32,
EPAS1 is therefore an ideal candidate for investigation of the cellular
mechanisms that enable the maintenance of metabolic homeostasis
under hypoxic stress. This gene is involved in the development of
diabetes and obesity33,34 as well as high altitude associated syndromes,
such as hypoxemia35, polycythemia36, anorexia37 and other cardiovas-
cular or respiratory diseases38. Previous studies on species on the QTP
have identified adaptive EPAS1 variations in humans26, mammals39,
birds28 and snakes40, but no studies to date have investigated the
impact of the QTP fixed or dominant variants on both metabolic
pathways jointly. Here, we developed knock-in mice containing a
specific EPAS1mutation found in high altitude-adapted saker falcons—
recent colonizers of the QTP9—to study the co-regulation of glucose
and lipid metabolism in animals experimentally exposed to hypoxic
conditions. Through physiological, transcriptome and metabolome
analyses of this animal model, we discover that homeostasis between
glucose and lipidmetabolism under hypoxia ismaintained in adapted,

knock-in mice, but not in the wild type. We further uncover a range of
genetic and behavioralmechanisms that contribute to persistence and
survival under hypoxic conditions. Finally, we present evidence that
the regulatory effects of the falcon-derived EPAS1 mutation in mice
also apply to wild saker falcons on the QTP. Our study highlights the
contribution of metabolic homeostasis to increased survival under
hypoxia, and also provides a potential therapeutic target for the
treatment of glucose and lipid metabolism disorders.

Results
Physiological andkeymetabolic characteristics of EPAS1V162T/V162T

falconized mice under hypoxia
To explore homeostatic regulation patterns between glucose and lipid
metabolism in animals in hypoxic environments, we knocked a saker
falcon-derived variant28 into the EPAS1 gene of C57BL-6J mice, using a
CRISPR-Cas9 approach41. The mutant was obtained by editing AC into
GT in Exon 5 of the mouse EPAS1 gene on chromosome 17, changing
Valine (Val) to Threonine (Thr) for the 162th amino acid residual
(Fig. 1a; Supplementary Fig. 1). Resulting knock-in (‘falconized’) mice
and their offspring were genotyped and verified by Sanger sequencing
(Fig. 1a). In this study, we used homozygous mutant mice
(EPAS1V162T/V162T; ‘falconized’) as the experimental group, since this is the
predominant genotype identified in the QTP saker population9.

We investigated energy mobilization (glucose or lipid) in homo-
zygous mutant (EPAS1V162T/V162T) and wild type mice (EPAS1+/+), when
exposed to 1) normal O2 concentrations (normoxia; 21% O2, observed
at sea level42), and 2) hypoxic conditions (hypoxia; 10% O2; equivalent
of > 5000m above sea level42). We then measured the respiratory
exchange ratio (RER; carbon dioxide production divided by oxygen
uptake) for each tested mouse before and after each hypoxic treat-
ment, to study the shift in substrate utilization by using a TSE meta-
bolic cage system43 (Methods). We found that mutant and wild type
mice had the same RER patterns under normoxia (RER of around 0.75;
Supplementary Fig. 2). In contrast, the patterns were distinct under
hypoxic conditions:mutantmicemaintained a significantly higher RER
compared to wild type mice (Fig. 1b). In addition, we observed no
consistent change over time in RER in mutant mice (RER values fluc-
tuating around 0.75 with no significant signal of decline) between
hypoxic and normoxic conditions (Fig. 1c), in contrast with wild type
mice which exhibited a trend of decreasing RER across the seven days
(Fig. 1d). These results suggest a stable ratio in substrate utilization of
glucose and lipid in response to hypoxia in falconized mice, while the
lower and decreasing RER in wild type mice suggests a shift in energy
utilization from glucose to lipids44.

Given that our mutant mice demonstrated similar RER values
before and after hypoxic treatment at each time point (Fig. 1c), we
hypothesized that the maintenance of metabolic homeostasis in
mutant mice is achieved by balancing glucose metabolism and lipid
metabolism. To test this, we performed a widely targeted metabo-
lomics/lipidomics analysis on mouse hepatic tissue samples, using
the ultra-performance liquid chromatography and tandem mass
spectrometry (UPLC-MS/MS)45 to quantify the carbohydrate and lipid
metabolites at different hypoxic treatment intervals: normoxia (day 0;
D0), early hypoxia (days 2-4; D2-D4), and late hypoxia (day 7; D7). An
orthogonal partial least squares-discriminant analysis (OPLS-DA) of
carbohydrate and lipidmetabolites clearly separatedmutant fromwild
type mice throughout the duration of hypoxic treatments (Supple-
mentary Figs. 3 and 4), as did a principal component analysis (PCA)
(Supplementary Figs. 5 and 6). These results indicate distinct carbo-
hydrate and lipid metabolism landscapes in the two types of mice
under hypoxic conditions.

We then examined hepatic carbohydrate levels in both types of
mice and found that the total content of glucose exhibited a common
turning point fromdecline to recovery onD3 (Fig. 2a). However, under
hypoxic conditions, mutant mice gained hepatic glucosemore quickly
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and recovered after D3 to a similar level as they previously had under
normoxia, in contrast with consistently reduced hepatic glucose con-
tents observed in wild type mice (Fig. 2a). We also observed that the
mutant mice maintained a higher hepatic glucose level than wild type
mice under hypoxia (Fig. 2a), consistentwith the results obtained from
the targeted metabolomics analysis (Supplementary Fig. 7). To verify
whether the mutant mice possessed a higher capacity to regulate
hepatic glucose under hypoxic conditions on D3, we conducted a
glucose tolerance test (GTT) on both types of mice under hypoxic
conditions on that day. As expected, we found that mutant mice
maintained significantly lower bloodglucose levels thanwild typemice
(Fig. 2b; q =0.0143; at 15min), despite the administration of glucose
during the GTT, while there was no significant difference between the
two mouse types under normoxia.

We next compared lipid contents in the livers of eachmouse type,
and found that abundances of most free fatty acids (FFAs) were
recovered after D3 or D4 to a similar level as under normoxia (D0) in
mutant mice (14/22; Supplementary Figs. 8 and 9), agreeing well with
the hepatic glucose recovery time point (Fig. 2a). In contrast, abun-
dances ofmost FFAs in wild typemice (21/30) were significantly higher
under hypoxia than initially on D0, and remained elevated after D3 or
D4 (e.g., Dodecanedioic acid, Tetradecanedioic acid, FFA (12:0); Sup-
plementary Figs. 8 and 10), which supports our conclusion that wild
typemice have a lipid-biased energy utilization (e.g., Fig. 1d). Similarly,
we found thatwildtypemice hadhigher FFA levels thanmutants under
hypoxia (e.g., Dodecanedioic acid, Tetradecanedioic acid, FFA (12:0);
Fig. 2c; Supplementary Fig. 11), and this result was in agreement with
that from the targetedmetabolomics analysis (Supplementary Fig. 12).
Because triglycerides (TGs) can be hydrolyzed into FFAs for energy
production23, we then examined the number of differentially expres-
sed TG types between mutant and wildtype mice. As expected, we
found that wild type mice had a higher lipid level than mutant mice
when faced with hypoxic stress: among the 41 subclasses of lipid
metabolites that were significantly altered between the two mouse

types, TG was the main subclass of differential lipid metabolites
(Supplementary Fig. 13), especially on D3 (235 among 374 lipid meta-
bolites, 62.83%) (Fig. 2d; Supplementary Fig. 14). Furthermore, the
relative abundance of TGs was significantly lower in mutant mice
(Fig. 2e; Supplementary Fig. 15), and correspondingly higher in wild
type mice.

Genetic mechanism balancing the homeostasis of glucose and
lipid metabolism
An amino acid substitution experimentally introduced into EPAS1 thus
generated unique hypoxic metabolism responses in mutant mice,
enabling us to study the genetic and physiological mechanisms
underlying themaintainedbalancebetween themetabolismof glucose
and lipid fuels. In these falconized mice, the Val to Thr substitution in
the PAS domain (Exon 5) is expected to increase hydrophilicity of
EPAS1, thus reducing its binding affinity to the ARNT, then affecting its
interaction with pVHL.

To test this, we performed co-immunoprecipitation (Co-IP) assays
to evaluate the protein-protein interactions between EPAS1 and ARNT,
as well as EPAS1 and pVHL. The EPAS1V162T/V162T and EPAS1+/+ were con-
structed with pCDNA3.1-EGFP vectors and expressed in Hela cells,
respectively. A western blot assay revealed a stable expression in both
types (Supplementary Fig. 16), suggesting that the point mutation had
no influence on the expression of EPAS1. The myc-tagged EPAS1 and
flag-tagged ARNT were then co-expressed in the Hela cells and
293T cells, respectively, to assess their interaction. Our Co-IP experi-
ment demonstrated that the EPAS1 mutant had a weakened protein-
protein interaction with ARNT compared to that of the wild type in
either cell line (Fig. 3a; Supplementary Fig. 16), suggesting that the
mutation reduces the binding affinity of EPAS1 to ARNT. Further Co-IP
experiment from the co-expression of myc-tagged EPAS1 and flag-
tagged pVHL in 293T cells revealed that the EPAS1 mutant exhibited a
stronger protein-protein interaction with pVHL compared to the wild
type (Supplementary Fig. 16). These results, together, suggested that

Fig. 1 | Physiological characteristics of EPAS1V162T/V162T falconized (mutant) mice
under hypoxia. a Genetically engineered knock-in (falconized) mice and their
verification by Sanger sequencing. b Comparison of respiratory exchange ratio
(RER) inEPAS1V162T/V162T (n = 10onD2, 3, 7 andn = 9onD4) and EPAS1+/+ (n = 10onD2,
3, 4 and n = 11 on D7) mouse individuals under hypoxia. Two-sided Welch’s t test
was applied for the testing on D4 and two-sided t tests for the remaining. Mixed
linear model analysis (dotted line) revealed significantly lower RER in the wild type
(p = 1.57E-06). c,d RERmeasurements for EPAS1V162T/V162T (n = 10 on D2, 3, 7 and n = 9
on D4) and EPAS1+/+ (n = 10 on D2, 3, 4 and n = 11 on D7) mouse individuals under

hypoxia and normoxia, respectively. Two-sided paired Welch’s t test was applied
for the testing on D3 and D4 in mutant mice and two-sided paired t tests for the
remaining. Regression analysis (dotted line):p =0.931,R2 = 9.79E-05 inmutantmice
under normoxia; p =0.845, R2 = 5.08E-04 in mutant mice under hypoxia; p =0.726,
R2 = 1.55E-03 in wild type mice under normoxia; p = 1.35E-11, R2 = 0.437 in wild type
mice under hypoxia. q values in (b–d) represent p values adjusted by multiple test
correction (FDRmethod). The bars display mean± SD. Source data are provided as
a Source Data file.
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the EPAS1 mutant exhibited reduced interaction with ARNT and
increased interaction with pVHL, supporting our hypothesis about a
blunted function of EPAS1 in the falconized mice.

In addition, polymorphismsof theHIF genesmay affect their gene
expression profiles46. To test this, we identified five full-length tran-
scripts of the EPAS1 gene using the Iso-seq data from the pooled liver
samples (Methods), and compared transcript expression differences
betweenmutant andwild typemiceusing theRNA-seqdata at different
hypoxic time points (D0, D2, D3, D4, D7). Our results showed that the
dominant transcript (accounting for more than 90% of EPAS1 expres-
sion, Supplementary Fig. 17) was significantly down-regulated onD3 in
mutant mice compared with wildtype mice (Supplementary Fig. 18;
Supplementary Data 1). Low expression of EPAS1 has previously been
implicated in mammalian responses to low oxygen stress26,47.

As a key eukaryotic transcription factor, the mutated EPAS1 is
predicted to have widespread effects on the complex gene expression
networks associated with carbohydrate and lipid metabolism in the
falconized mice. To investigate this, we applied a differential gene
regulatory network analysis to look for differences in the expression
landscape between the mutant and wild type mice using the tran-
scripts obtained fromourRNA-seq data (Methods), and found that the
mutated EPAS1 affected the regulation of genes involved in both
metabolic pathways under hypoxic conditions (Supplemen-
tary Fig. 19).

To elucidate these regulation mechanisms more precisely, we
firstly identified all the differentially expressed genes (DEGs) between
each experimental group and normoxic controls from the whole RNA-
seq data for mutant and wild type mice, respectively (Supplementary
Data 2 and 3). Among genes in the glucose metabolic pathways, we

found that the Gck expression, a key rate-limiting enzyme gene in
glycolysis, was significantly down-regulated in mutant mice on either
D2 or D3, but recovered (a similar expression level as D0) since D4
(Fig. 3b; Supplementary Figs. 20 and 21). In addition, both theGys2 and
Ugp2 that are involved in glycogen synthesis consistently exhibited up-
regulated expression, suggesting a potential for hepatic glycogen
accumulation inmutant mice (Fig. 3b; Supplementary Figs. 20 and 21).
In contrast to the mutants, wild type mice under hypoxic conditions
showed generally up-regulated expression ofG6pc, which functions as
an antagonistic enzyme of Gck (Fig. 3b; Supplementary
Figs. 20 and 22). As a rate-limiting enzyme in gluconeogenesis, an
elevated expression ofG6pc suggests that the wildtypemicemay have
compensated for the shortage of glucose viamobilizing lipids through
gluconeogenesis, in response to hypoxic stress. Furthermore, our
metabolomic analysis showed the relative abundance of two thirds
carbohydratemetabolites inmutantmicewas recovered to anormoxic
level since D4, in contrast to being only three recovered in wild type
mice (Fig. 3b, c; in green; Supplementary Data 4 and 5), resulting in
significantly higher relative abundance of carbohydrate metabolites in
mutant than wild type mice under hypoxia (Supplementary Fig. 23;
SupplementaryData 6). Theseelevated carbohydratemetabolite levels
in mutant mice could result from relatively sufficient substrate supply
(e.g., glucose) for metabolism under oxygen stress.

From all the identified DEGs (Supplementary Data 2 and 3), our
KEGG enrichment analysis further found that in both types of mice
under hypoxia, DEGs were enriched in pathways such as fatty acid
degradationandmetabolism (Supplementary Figs. 24 and 25).We then
examined those DEGs identified in the FFA metabolic pathways and
found that the genes exhibited variable up- and down-regulation in

Fig. 2 | Glucose and lipid metabolic characteristics of EPAS1V162T/V162T falconized
(mutant)mice underhypoxia. aChanges in glucose content in hepatic samples of
mutant (i) and wild type (ii) mice in comparison with their control group (D0), and
the differences between the two types of mice at each time point (iii). i: D2 vs D0
(q =0.0025), D3 vs D0 (q =0.0025); ii: D2, 3, 4 or 7 vs D0 (q =0.0002; 1.11E-06;
5.86E-06; 1.37E-05); iii: q values were labeled at each time point. Two-sided Mann-
Whitney U tests were applied for the testing: D3 vs D0 in mutant mice; D2 vs D0 in
wild type mice; D2 and D3 between the two mouse types. Two-sided t tests were
applied for the remaining tests (n = 8 for each group). b Glucose tolerance test
under hypoxia and normoxia on D3 (n = 9 for each group). A two-sided t test was
applied. c Changes in free fatty acids contents in hepatic samples and the differ-
ences between mutant and wild type mice at each time point. Two-sided Mann-
Whitney U tests were applied for the testing: D0, 2 and 4 (dodecanedioic acid); D0

and D2 (Tetradecanedioic acid); D0 (FFA (12:0)). Two-sided Welch’s t tests were
applied for the testing of FFA (12:0) on D4 and D7. Two-sided t tests were applied
for the remaining tests (n = 8 for each group). d The lipid number of differentially
expressed lipidmetabolites betweenmutant andwild typemiceonD3. Thenumber
means the number of differentially expressed lipidmetabolite subclasses detected
between the two types of mice. TG: Triglyceride, DG: Diacylglycerol, MG: Mono-
acylglycerol. e Volcano plots of differential abundance of triglycerides between
mutant and wild type mice on D3. The x-axis is the fold change (log2FC), and y-axis
is the variable important in projection (VIP). A down-regulated metabolite was
determined by VIP ≥ 1 and FC≤ 0.67. q values in a–c represent p values adjusted by
multiple test correction (FDRmethod). Thebarsdisplaymean ± SD. Source data are
provided as a Source Data file.
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each mouse type (Fig. 3d; Supplementary Figs. 21, 22 and 26; Supple-
mentaryData 7 and 8). However, the number of DEGs inwild typemice
was always higher than that in mutants, regardless of hypoxic treat-
ment intervals, suggesting a relatively active metabolic reprogram-
ming of lipid metabolism in wild type mice (Supplementary Fig. 27).

For example, the Plin4, Plin5 (involved in lipid accumulation48,49) and
Acsl1 (involved in initial step of FFA β-oxidation50) genes were always
significantly up-regulated in wild typemice during hypoxic treatments
in comparison with D0, suggesting high potential for lipid accumula-
tion and FFA utilization in the wild type liver (Fig. 3d; Supplementary

Fig. 3 | Genetic mechanism underlying the homeostasis of glucose and lipid
metabolism. a Interaction between the EPAS1V162T/V162T (Mut: mutant) or EPAS1+/+

(Wt:wild type)protein andARNTproteinwasdetectedby a co-immunoprecipitation
assay with the β-Tublulin as internal control. Each experiment was repeated
independently three times. NTC: negative control. b Summary statistic on sig-
nificantly up-/down-regulated liver genes or metabolites in the glucose meta-
bolic pathways between each of testing points and D0, and those between the
two mouse types on D3. Up- and down-regulated genes are in pink and blue,
respectively. Up- and down-regulated carbohydrate metabolites are in orange
and green, respectively. cVolcano plots of differentially expressed carbohydrate
metabolites in mutant and wild typemice under hypoxia in comparison with D0,
respectively. The y-axis is fold change (log2FC). Significance was determined by

having a variable important in projection value ≥ 1, and FC being ≥ 1.5 or FC ≤

0.67. d Summary statistic on significantly up-/down-regulated liver genes or
metabolites in the lipid metabolic pathways between D3 and D0, and those
between the twomouse types onD3. The symbols are the same as Fig. 3b. eKEGG
pathways of all differentially expressed lipid metabolites in wild typemice on D3
in comparison with D0. Differential abundance (DA) score: a normalized value
ranging from −1 to 1 that represents the overall regulatory trend of the pathway.
Circles represent the number of metabolites enriched in the pathways. Raw p
values were used. f,g Carbohydrate and lipid contents in plasma samples of wild
saker falcons with different EPAS1 genotypes. The bars show mean ± SD. A two-
sided Mann-Whitney U test and a two-sided t test were used. Source data are
provided as a Source Data file.
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Figs. 22 and 26). Supporting evidence for this conclusion comes from
our metabolomic analysis of liver lipid metabolites: in wild type mice
exposed to hypoxia, our KEGG enrichment analysis found that the
differentially expressed lipidmetaboliteswere significantly enriched in
lipolysis pathways from D3 to D7 (e.g., regulation of lipolysis in adi-
pocytes, glycerolipidmetabolism; Fig. 3e; Supplementary Fig. 28), with
a generally higher number of up-regulated lipidmetabolites alongwith
the hypoxic treatment compared to the normoxic control (Supple-
mentary Fig. 29).

In addition, we have also checked whether glucose and lipid
metabolic DEGs between different testing points and normoxia within
the same mouse type were also differentially expressed between the
two mouse types at the focal testing points (D3-D7) (Supplementary
Data 2, 3 and 9). As a result, we found a large overlap between the two
DEGdatasets (41/68 in eithermouse type, 41/44 betweenmouse types)
(Supplementary Table 1). Notably, we found consistent results in the
keyDEGs in the glucose (G6pc andGck) and lipid (Plin4, Plin5 andAcsl1)
metabolic pathways on the focal days (Figs. 3b and 3d; Supplementary
Figs. 30, 31 and 32), suggesting a true difference between genotypes.

Since there is an association between the EPAS1 mutation and a
relatively lower abundance of lipid metabolites in mutant mice com-
pared to wildtype mice (Supplementary Fig. 33; Supplementary
Data 10), we further used RNA interference (RNAi) to check the effect
of a blunted EPAS1 function on lipid metabolism. Specifically, we
knocked down the EPAS1 gene expression in 293T cells to simulate the
scenario observed in mutant mice (Fig. 3a), and our qPCR results
showed that genes involved in lipolysis (e.g., ACSL1)51 and lipogenesis
(e.g., FASN, IDH1)51,52 were all down-regulated in the lipid metabolism,
including IDH1, which mediates reductive glutamine metabolism for
lipogenesis (Supplementary Fig. 34).

Given that the EPAS1V162T/V162T mutation is derived from saker fal-
cons inhabiting the QTP, we checked whether wild sakers have similar
metabolic characteristics as found in the knock-in (falconized) mice.
Through the analysis of blood samples of QTP sakers possessing the
same EPAS1 allele (six homozygotes versus four heterozygotes for the
EPAS1 mutation conveying adaptation to hypoxia)28, we found a sig-
nificantly higher relative abundance of carbohydrates (Fig. 3f), but a
significantly lower relative abundance of FFAs in the homozygote than
heterozygote sakers (Fig. 3g). These results are consistent with our
observations in mutant mice (e.g., glucose in Fig. 2a; FFA in Fig. 2c and
Supplementary Fig. 11), and strongly support our finding that this
mutation can regulate the homeostasis of glucose and lipid metabo-
lism under hypoxia in falconized mice and tentatively also in sakers
inhabiting the QTP.

Behavioral plasticity during glucose and lipid metabolism
homeostasis
Besides genetic changes involved in adaptation, human and other
animals also display behavioral regulations when faced with hypoxic
stress53,54. Oxygen saturation is one of the main indicators of hypoxia
status in the body55. In our study, we found that arterial oxygen
saturation has a similar decrease in either type of mice under hypoxia
(Supplementary Fig. 35), indicating that both groups experienced
hypoxic stress. Humans and other animals adjust respiratory patterns
(e.g., increased breathing rate) to counteract hypoxic stress53,54; they
help attenuate the effects of reducedoxygen availability.We therefore,
together with oxygen saturation measurements, measured the daily
breathing rate under hypoxia along a time series (D0, D2, D3, D4, D7)
using the MouseOx Plus system (Starr Life Science). As expected, both
mutant and wild type mice exhibited an increase in the breathing rate
during early hypoxia compared to normoxic treatments (D0) (Fig. 4a).
However, relative to D0, the breathing rate in mutant mice always
increased significantly on D2, D3 or D4, whereas wild type mice
increased on D3 or D4 (Fig. 4a). A more sensitive breathing rate in
mutant mice may lead to a higher supply of oxygen to the blood even

under hypoxic conditions, contributing to glucose and lipid metabo-
lism homeostasis.

We also compared other behavioral traits (food intake, defecation
and locomotion) which have been implicated in the glucose and lipid
metabolism9,56,57. We observed that both types of mice exhibited
reduced food intake and defecation initially, followed by a recovery
trend (Fig. 4b, c). Differently, whereas both types of mice decreased
their activities in hypoxic treatments, mutant mice showed a relatively
lower reduction in general locomotion under hypoxia, due to their
already lower activities under normoxia (Fig. 4d, q = 4.59E-05). We
further compared the behavioral differences between the two mouse
types across hypoxic treatments by ANOVA, and found significant
differences in either food intake (Fig. 4b, p =0.0369) or locomotor
activity (Fig. 4d, p = 3.04E-05). These alterations in feeding (energy
input) and locomotion (energy output) of the mutant mice could
potentially change the content of substrates for glucose and lipid
metabolism.

To disentangle the relative contributions of behavioral plasticity,
environment and genetics to maintenance of glucose and lipid meta-
bolic homeostasis inmutantmice,we formulated aStructural Equation
Model (SEM;Methods) to quantify their influences on RER, a proxy for
metabolic homeostasis (Fig. 1c). First, we conducted PCA using four
behavioral variables: breathing rate, food intake, food absorption ((1-
(fecal mass/ food intake)) *100) and locomotion. We found that the
first principal component (PC1) explained 57.65% of the variance
(Supplementary Table 2), so we then integrated this component as a
combinational behavioral variable for downstream SEM modeling
(Methods). Our simulations showed that besides a significantly posi-
tive effect of the genetic mutation on RER under hypoxia (coef. = 0.63,
p = 5.55E-08; Fig. 4e), the behavior also changed in response to hypoxic
treatments (coef. = 0.85, p = 2.13E-11; Fig. 4e) and impacted RER in a
positive manner (coef. = 0.59, p = 8.46E-03; Fig. 4e). These results
provide evidence that behavioral adjustments can also contribute
significantly to the maintenance of glucose and lipid metabolic
homeostasis in a low oxygen environment.

Evolutionary benefits of the glucose and fat metabolism
homeostasis
Weight loss in humans and other animals under hypoxia is thought to
be caused bymultiple factors, such as the energy imbalance of the two
main nutrients (glucose and lipids)58 and dehydration59. We therefore
monitored the changes in body weight of EPAS1V162T/V162T mice and
wildtype mice, respectively, under normoxic and hypoxic conditions
for seven days. As expected, both mouse types had a stable body
weight under normoxia, but the hypoxic treatments caused a decrease
in body mass during the first two days, followed by a recovery in the
remainingdays (Fig. 5a). This is a typical response observed for animals
under hypoxia60. Then, we compared the differences in body weight
change trends between the two mouse types across hypoxic treat-
ments, and found that they were significantly different (Fig. 5a,
p =0.0391) and in comparison with the wild type, the mutant mice
demonstrated relatively higher body weight from D2 to D4. Body
weight recoverymay result from the response ofmetabolic regulation.
To investigatewhether changes inmetabolites (e.g., hepatic glucose or
FFA) contributed to bodyweight recovery, we performed a correlation
analysis between body weight and hepatic metabolites. As expected,
we found that body weight change was significantly positively corre-
lated with glucose metabolites and negatively correlated with lipid
metabolites (Supplementary Fig. 36). High hepatic glucose usually
promotes glycogen storage, increasing lipogenesis and leading to
increased fat storage and weight gain61–63. Furthermore, since being
underweight is associated with a higher mortality in humans64, a
quicker recoveryof bodyweight in falconizedmice under hypoxiamay
convey survival benefits. In addition, since it is found that dehydration
led to an increase in hematocrit (HCT) under hypoxia65, we used the
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HCT as a proxy to evaluate the dehydration state in the tested mice.
Our results showed that, while both mouse types exhibited elevated
HCT values under hypoxia, no significant differences were observed at
any timepoints between the twomouse types (Supplementary Fig. 37).
Our analysis, thus, suggests comparable levels of dehydration in both
mouse types under hypoxic treatments, although the actual water

balancemechanismduring these bodyweight changeswarrants future
efforts.

Another likely detrimental consequence of imbalanced glucose
and lipid metabolism is the accumulation of ROS within cells, which
can shorten individual life span25. In our study, we examined the
expression levels of genes involved in the ROS metabolic pathway
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Fig. 4 | Effects of behavioral plasticity on homeostasis of glucose and lipid
metabolism. a–d Comparisons of breathing rate (EPAS1V162T/V162T: n = 11; EPAS1+/+:
n = 10), food intake (n = 10 for each group), fecal production (n = 10 for each
group), and locomotor activity (n = 10 for each group) between each of the testing
point (D2, 3, 4 or 7) and D0 for the EPAS1V162T/V162T and EPAS1+/+ mouse individuals,
respectively. The bars show mean ± SD. Two-sided paired t tests and two-way

repeated measures ANOVA with corrections were applied. Q values represent
p values adjusted bymultiple test correction (FDRmethod) andwere labeled on the
top of each hypoxic testing point. e Contributions of behavioral plasticity, envir-
onment and genotype of EPAS1V162T/V162T mice to respiratory exchange ratio (RER)
using a structural equation simulation. Source data are provided as a Source
Data file.
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among all the identified DEGs (Supplementary Data 9) using the RNA-
seq data, and found that most of the genes were significantly down-
regulated in the EPAS1V162T/V162T mice under hypoxic treatment in
comparisonwithwild typemice (in blue, Fig. 5b). Predicted to limit the
overproduction of ROS, this down-regulation suggests that falconized
mice may have experienced a lower oxidative stress under hypoxia,
presumably with beneficial effects on their survival.

To test whether a single EPAS1 mutation could indeed result in
higher survival inmutantmice, we first pre-acclimated the two types of
mice under gradient hypoxic conditions (Methods), allowing for
metabolic reprogramming, then exposed them to lethal hypoxic
conditions (4% O2)

13,66,67 and monitored their heart rates with the
MouseOx system. In both types of mice, the heart rate dropped
rapidly, but the mutant mice had a longer survival time (785.4 ± 25.4 s)
in contrast with wild type (695.3 ± 19.0 s) under the same acute
hypoxic conditions (Supplementary Fig. 38). A Kaplan-Meier survival
analysis confirmed that the overall survival rate of mutant mice was
significantlyhigher than thatof thewild type (Fig. 5c).Our experiments
therefore revealed that falconizedmice weremore tolerant to hypoxia
extremes.

Discussion
Metabolic changes have been reported for both residential and
migratory animals living on the QTP14. However, previous studies of
the genetic basis of metabolic response to hypoxia and hence adap-
tation to QTP conditions have only focused on a single metabolic
pathway at a time (either glucose or lipid), despite these two main
pathways being coregulated22,23. One reason for the lack of studies
investigating both pathways in vivo has hitherto been the absence of a
suitable animal model. Given that EPAS1 is one of the master genes
regulating both metabolic pathways68, we here established a mouse
model with an EPAS1 genetic variant originally identified in high

altitude-adapted saker falcons from the QTP. We find that falconized
mice expressing this variant were able to maintain glucose and lipid
metabolic homeostasis in a low oxygen environment (Fig. 1c), unlike
their wild type, lowland counterparts for which we observe a lasting
shift towards lipid metabolism (Fig. 1d). Our analyses of physiological,
gene expression and metabolomics show that the maintenance of
metabolic homeostasis in falconized mice mainly resulted from a
greater capacity tobalance the twomain types of fuelmetabolismafter
hypoxic exposure (e.g., Figs. 1c, 3b and d). These findings illustrate a
critical role of the EPAS1 gene for organismal persistence in high alti-
tude hypoxic environments, mediated by a previously unknown key
role of EPAS1 in maintenance of homeostasis of glucose and lipid
metabolism. Besides genetic changes, the contribution of behavioral
plasticity should not be overlooked. Energy-associated behavioral
regulation also has an important role in metabolic homeostasis
maintaining (Fig. 4e). Thus, findings fromour falconizedmousemodel
have uncovered a novel metabolic contribution to high altitude
response that goes beyond a simple genetic basis. However, it is noted
that we were unable to conduct the same experiments (e.g., RER,
hepatic metabolites) in wild saker falcons due to the constraints
imposed by the endangered status of this species. Therefore, the
homeostasismaintenancemechanismofglucose and lipidmetabolism
in native plateau animals in the wild warrants future research.

The obtained insights highlight that tissue oxygen utilization
towards complex metabolic responses is essential for maintaining
homeostasis of glucose and lipid metabolism, contributing to coping
with high altitude hypoxia. Through a mouse model, we identified a
metabolic mechanistic that facilitates this homeostasis in vivo,
through joint regulation of the gene expression landscape that relates
back to the EPAS1 gene (Supplementary Fig. 19). EPAS1 does by directly
regulating the expression of key genes or network involved in meta-
bolism and its related downstreampathways (e.g., vascular endothelial

Fig. 5 | Organismal benefits of homeostasis of glucose and lipid metabolism.
a Body weight changes in EPAS1V162T/V162T and EPAS1+/+ mouse individuals under
normoxia (n = 13 vs 11) and hypoxia (n = 10 for each group). The bars show
mean ± SD. Two-way repeated measures ANOVA with corrections was applied.
b Differential expression levels of genes playing a role in reactive oxygen species
(ROS) metabolism in falconized mice compared to wildtype mice. Up- and down-
regulated genes are in pink and blue, respectively. GSH: Glutathione, GSSG:

oxidized Glutathione, γ-Glu-Cys: γ-Glutamyl-Cysteine, γ-Glu-amino acid: γ-
Glutamyl-amino acid, Cys: Cysteine, Cys-Gly: Cysteinyl-Glycine, R-S-Cys-Gly: R-S-
Cysteinyl-Glycine, R-S-Cys: R-S-Cysteine. Cx: Complex, OMM: Outer membrane,
IMM: Inner membrane. c Comparison of survival rates between EPAS1V162T/V162T

(n = 30) and EPAS1+/+ (n = 30)mouse individuals under acute hypoxia (4% O2) based
on the Kaplan-Meier survival analysis. Source data are provided as a Source
Data file.
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growth factor B (VEGFB) pathway24,69) to ensure a coordinated
response to balance the metabolism under hypoxia. In this study, we
found that the mutant EPAS1 allele conveyed a decrease in the gene
function (e.g., a lower protein affinity with ARNT (Fig. 3a), a decreased
expression level on D3 (Supplementary Fig. 18)), consistent with other
species displaying blunted responses to hypoxia40,47. Reduced EPAS1
gene function can attenuate VEGF-induced angiogenesis (e.g., down-
regulated Vegfa and Vegfb; (Supplementary Table 3; Supplementary
Data 9)), helping to maintain functional blood vessels for oxygen
delivery70 and then contributing to metabolic homeostasis. Further-
more, inhibitors of EPAS1 are being investigated in clinical trials for
cancer treatment, and evidence has emerged that HIF also plays a
major role in metabolic imbalance diseases71. For example, over-
expression of HIF2α aggravates nonalcoholic fatty liver disease
progression72, while inhibition of HIF2α decreases the metabolic
adverse phenotypes68. The key enzyme-encoding genes (e.g., Gck and
Acsl1) that we here show to be regulated by the QTP-derived EPAS1
genetic variant have been reported previously as prognostic bio-
markers for metabolic diseases73,74, although their synergistic roles in
homeostasis of glucose and lipid metabolism are unclear. Thus, our
finding of an EPAS1 genetic variant that is adaptive at high altitude and
that increases an organism’s ability tomaintainmetabolic homeostasis
provides a possible avenue for this gene to be used as a potential drug
target in the treatment of relevant metabolic diseases.

Methods
Ethics statement
All animal experiment procedures were under the guidance of the
Ethics Committee of Institute of Zoology, Chinese Academy of Sci-
ences (NO. SYXK Jing 2021-0063), China. The collection and proces-
sing of mouse tissue and saker falcon plasma samples used in this
study were approved by the Institutional Animal Care and Use Com-
mittee of Institute of Zoology, Chinese Academy of Sciences, China.

Generation of falconized mice
The falconized mice were generated by CRISPR/Cas9-based technol-
ogy. Briefly, based on the alignment to a positive selected exonic
mutation of EPAS1 in the QTP saker falcon28, we selected the sgRNA
target sequence (5’-CCGAGCGTGACTTCTTCATG-3’) of C57BL/6 J
background murine EPAS1 to direct Cas9-mediated cleavage. After
microinjection into mouse zygotes, the transgenic engineered mouse
was genotyped by polymerase chain reaction (PCR) with genomic DNA
extracted from a toe tip sample from each mouse. We established two
independent falconized mouse lines using the above method: one
mainly used for experiments and the other only for validation pur-
poses. The heterozygousmice (EPAS1+/V162T) were then crossed to obtain
mutant homozygous (EPAS1V162T/V162T) and wild type mice (EPAS1+/+).
Male mice (8–9 weeks old) were used for all the physiological, beha-
vioral and molecular experiments because female physiological status
may periodically fluctuate and bias the metabolism analysis75. Before
experiments, all mice were maintained in a specific pathogen free
environment at 23 °C± 1 °C and 40–60% humidity under 12:12-hour
light/dark cycles and provided ad libitum with water and rodent chow
(Beijing Keao Xieli Feed Co., Ltd., Cat. 1016706476803973120).

DNA extraction and sequencing
Themouse toe tip samples were digested in 500μl lysis buffer (10mM
Tris-HCl, 10mMEDTA (pH 8.0), 100mMNaCl, and 0.5% SDS)with 15μl
proteinase K (Macklin) and incubated at 56 °C in a thermo-shaker
(Allsheng) until the tissues had been dissolved. The DNA was pre-
cipitated with 2-Propanol BioReagent (Sigma) and pelleted by cen-
trifugation, washed with 75% (vol/vol) Ethyl alcohol (Sigma), and
dissolved in 100 µl DNase/RNase-Free Water (Solarbio). For genotyp-
ing, the DNA extract was used to perform PCR amplification to amplify
a 170 bp product, followed by Sanger sequencing (Forward primer: 5’-

TTAATTTAACTGGCTCCCACGCC-3’; Reverse primer: 5’-CTCCAC-
GAATCCTACCTTCC-3’). To check potential off-target effects, we
designed PCR primers (Supplementary Data 11) for the potential off-
target sites predicted by CRISPOR76, and verified potential mutations
(exons and introns) in the parental mice used for breeding through
PCR and Sanger sequencing (Supplementary Figs. 39 and 40).

Hypoxic chamber for mouse maintenance
A normobaric hypoxic chamber was used to maintain a stable hypoxic
environment during the process of animal experiments. The chamber
was composed of an incubator, a transfer bin and an oxygen con-
centrationmonitoring/control system (Attendor). The transfer binwas
used for transferring mice, water, food, and bedding materials, and
ensures a stable environment in the hypoxic chamber. The system
regulated andmaintained the hypoxic environment through nitrogen,
and the precision of oxygen concentration control was ± 0.1%. Since it
is found that most QTP sakers are homozygous for the mutated EPAS1
allele (derived allele frequency around 80%)9, we used EPAS1V162T/V162T

mice as the experimental groups. Themutant and wild typemice were
exposed to 10% O2 and 4% O2 in the incubator for chronic and acute
hypoxia experiments, respectively.

Measurements of the respiratory exchange ratio
EPAS1+/+ and EPAS1V162T/V162T male mice were randomly split into four
groups, with each group analyzed at different treatment time points:
1) D2 (10 vs 10), 2) D3 (10 vs 10), 3) D4 (10 vs 9) and 4) D7 (11 vs 10).We
measured the RER of each experimental mouse before and after the
hypoxic treatments using a Labmaster caging system (TSE). Dry air
flowed through each sealed cage at a speed of 0.7 L/min and then
into the gas analyzer at a speed of 0.39 L/min. Oxygen and carbon
dioxide concentrations were measured after drying. The RER was
recorded and calculated using the Labmaster software (TSE). Both
types of mice were fasted and maintained at 30 °C for 3 h without
food during the experiment. Three continuous RER values were
obtained at the lowest oxygen consumption recorded: these were
averaged and used as the resting RER43. After measurements, mice
were euthanized using a high dose of CO2, and liver samples were
collected and stored at −80 °C.

An additional independently derived knock-in mice for validation
purposes were randomly split into two groups (10 vs 10 on D3 and D4,
respectively) to verify the RER results using the same measurement
method as described above, and the results were the same (Supple-
mentary Fig. 41).

Simple linear regression (using the Im function in R package ‘stats’
(version 4.2.1)77) was used to examine whether RER changed sig-
nificantly over the seven-dayhypoxic treatment across the four groups
defined by genotype (EPAS1+/+ or EPAS1V162T/V162T) and treatment con-
dition (normoxia or hypoxia). To evaluate whether there were differ-
ences between the two genotypes under hypoxic treatments, a linear
mixed-effects model was applied using the ‘lme4’ package (version
1.1.35.1) in R78, with genotype and time as the fixed effects and indivi-
dual as a random effect.

Measurements of hematocrit
Blood samples were collected from EPAS1+/+ and EPAS1V162T/V162T mice
using EDTA-anticoagulant vacuum tubes (BD Biosciences) after the
hypoxic treatments (n = 7 vs6onD2, 12 vs 7onD3, 9 vs 8onD4 and 5 vs
8onD7) and normoxic control (11 vs 12 onD0). TheHCTwasmeasured
using a Mindray BC-2600Vet blood routine analyzer (Mindray).

Measurements of body mass
Male mice (8–9 weeks old) were randomly housed in normoxic
(EPAS1+/+, n = 10; EPAS1V162T/V162T,n = 10) and 10%O2 conditions (EPAS1+/+,
n = 10; EPAS1V162T/V162T, n = 10) with free access to water and standard
rodent chow. Body weight (BW) of each mouse was measured daily
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from D0 to D7. The body weight change was calculated as: (BWdayX –

BWday0) / BWday0, where “X” varied from 1 to 7 (days).

Correlation analysis on the bodyweight andmetabolite changes
through linear mixed-effects modeling
We analyzed the correlation between body weight and hepatic meta-
bolite changes (e.g., glucose and FFA) over seven days in the experi-
mentalmiceusingmixed linearmodels. Themean bodyweight change
was set as the dependent variable, the mean metabolite abundance as
the fixed effect, and the tested genotype as a random effect. All con-
tinuous variables were standardized (mean = 0, SD = 1) before mod-
eling. The analysis was fitted using the R language package ‘lme4’.

Measurements of food intake and fecal production
A total of ten EPAS1+/+ and ten EPAS1V162T/V162T male mice were housed
individually. Food intake for each cage was calculated under normoxic
conditions (D0) by subtracting the remainder of food and the spilled
food in the cage from the original amount offered. The two groups of
micewere then housed in 10%O2 conditions and food intake data were
collected in the same way at D2, D3, D4, D7, respectively. Total pro-
duction of feces was also collected at D0, D2, D3, D4, D7 for each
individual.

Locomotor activity, oxygen saturation and breathing rate
measurements
Experimental mice (EPAS1+/+, n = 10; EPAS1V162T/V162T, n = 10) were kept
separately under normoxia and hypoxia, and their activities were
recorded using a camera (Hikvison). Their locomotion was analyzed
using EthoVision XT16 video tracking system (Noldus).

Wemeasured the arterial oxygen saturation and breathing rate of
mice using the collar clip in a MouseOx Plus pulse oximeter (STARR
Life Science). An area of hair around the neckof eachmouse (11mutant
and 10 wild type mice) was shaved three days prior to treatment in
order to provide an area for the oximeter to contact the skin. After
mice acclimated to the clip, they were monitored in a non-invasive
manner and theoxygen saturationandbreathing ratewere recorded in
real-time under normoxic (D0) and hypoxic (D2, D3, D4 and D7)
conditions.

Glucose tolerance test in mice
The EPAS1+/+ (n = 9) and EPAS1V162T/V162T (n = 9) male mice were fasted
overnight before intraperitoneal (IP) injections of glucose (Sigma)
(2 g kg-1 body weight). Blood was taken from the tail vein before the IP
injections and at 0, 15, 30, 60, and 120min after injections under
normoxia (D0), and under hypoxia on D3. Glucose levels were mea-
sured for each sample using a glucometer (Roche).

Total RNA isolation from liver samples of EPAS1+/+ and
EPAS1V162T/V162T mice
Each liver sample stored at−80 °Cwas thawedon ice and cut into small
pieces (<1 cm3) on a petri dish. After randomlymulti-point sampling on
the dish79, 20mg liver sample was selected and placed in a 1.5ml
Eppendorf tube. 1ml TRIzol reagent (Invitrogen) was added and the
mixture homogenized at 4 °C. RNA extractions were performed
according to the manufacturer’s protocol (Invitrogen), combining the
mixture with chloroform (Sinopharm), collecting the supernatant and
finally precipitation using 2-propanol and washing with 75% ethanol.
Finally, the pellet was dissolved with DNase/RNase-free water and
stored at −80 °C.

Cell culture
Hela cells (ATCC) and 293T cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1%Penicillin-Streptomycin (P/S) (Gibco) at 37 °C in a

humidified 5% CO2 incubator (Thermo Fisher Scientific). Cells were
passaged using DPBS (Gibco) and 0.25% Trypsin-EDTA (Gibco).

EPAS1 protein expression assay in vitro
Complete EPAS1 cDNA sequences were synthetized by the PrimeScript
reverse transcriptase (Takara) and PCR-amplified using oligonucleo-
tides (Forward primer: 5’- GGCTTAAGATGACAGCTGACAAGGAGAA −3’;
Reverse primer: 5’- ATACCGGTATGGTGGCCTGGTCCAGAGC −3’). The
cDNA (EPAS1+/+ and EPAS1V162T/V162T) and pCDNA3.1-EGFP vector
(ZOMANBIO, Cat. ZK430) were digested with AflII and AgeI enzymes
for cloning, using products first verified by Sanger sequencing.

The plasmids pCDNA3.1-EGFP-EPAS1, pCDNA3.1-EGFP-EPAS1mut
and pCDNA3.1-EGFP were transfected into Hela cells using Lipofecta-
mine 2000 (Invitrogen) following themanufacturer’s instructions, and
the transfected cells were cultured under normoxia (21% O2) and
hypoxia (1% O2), respectively. After 48h, the transfected cells were
collected and stored at −80 °C.

The expression level of EPAS1 protein was quantified in vitro by
Western blotting. The proteins were extracted from cell lysates using
RIPA lysis buffer (Thermo Fisher Scientific) with protease inhibitors
(Thermo Fisher Scientific) and the concentrations were determined
using a BCAkit (ThermoFisher Scientific). Theproteinswere separated
using SDS-PAGE and transferred to a PVDFmembrane (GEHealthcare).
The membranes were blocked with 5% skimmed milk for 1 h at room
temperature and incubated with primary antibodies (Anti-GFP anti-
body (1: 5,000, Abcam, ab183734) and β-ActinMonoclonal antibody (1:
10,000, Gene-Protein Link, P01L03)) at 4 °C overnight, then incubated
with secondary antibodies (Goat Anti-Rabbit IgG-HRP (1: 10,000, Gene-
Protein Link, P03S02S) andGoatAnti-Mouse IgG-HRP (1: 10,000,Gene-
Protein Link, P03S01S)) at room temperature. The target proteinswere
detected using the ChemiDoc MP system (Bio-Rad).

Co-IP experiments of EPAS1 and ARNT protein, EPAS1 and VHL
protein
The complete EPAS1 cDNA sequences were amplified by PCR using
oligonucleotides (Forward primer: 5’- GGCTTAAGATGACAGCTGA-
CAAGGAGAA −3’; Reverse primer: 5’- CCGCTCGAGGGTGGCCTGGTC-
CAGAGC −3’). The cDNA (EPAS1+/+ and EPAS1V162T/V162T) and pCDNA3.1-
3×Myc-C vector (MiaoLingBio, Cat. P14395)were digestedwithAflII and
XhoI enzymes for cloning. The complete ARNT cDNA sequences were
PCR-amplified using oligonucleotides (Forward primer: 5’-
CGGCTAGCATGGCGGCGACTACAGCTAA −3’; Reverse primer: 5’-
CGGAATTCTTCGGAAAAGGGGGAAACA −3’). The complete VHL cDNA
sequences were PCR-amplified using oligonucleotides (Forward pri-
mer: 5’- CGGCTAGCATGCCCCGGAAGGCAGCCAG −3’; Reverse primer:
5’- CGGAATTCAGGCTCCTCTTCCAGGTGCT −3’). The ARNT and VHL
cDNA and pCDNA3.1-FLAG-C vector (MiaoLingBio, Cat. P11108) were
digested with NheI and EcoRI enzymes for cloning, followed by a
verification using Sanger sequencing.

The plasmids pCDNA3.1-3×Myc-C-EPAS1, pCDNA3.1-3×Myc-C-
EPAS1mut and pCDNA3.1-3×Myc-C were co-transfected with pCDNA3.1-
FLAG-C-ARNT into Hela cells or 293T cells. The plasmids pCDNA3.1-
3×Myc-C-EPAS1, pCDNA3.1-3×Myc-C-EPAS1mut and pCDNA3.1-3×Myc-C
were co-transfected with pCDNA3.1-FLAG-C-VHL into 293T cells,
respectively. After 48 hrs, the transfected cells were washed using
DPBS and lysed with Mag c-Myc IP/Co-IP Buffer-1 (Thermo Fisher Sci-
entific), and the protein concentrationwas determinedusing a BCA kit.
We performed the immunoprecipitation using PierceMagnetic c-Myc-
Tag IP/Co-IP Kit (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. The samples were detected by Western blotting.
The primary antibodies (Myc-Tag (71D10) Rabbit mAb (1: 5,000, Cell
Signaling Technology, 2278S), DYKDDDDK Tag Antibody (1: 5,000,
Cell Signaling Technology, 2368S) and β-Tubulin Monoclonal Anti-
body (1: 10,000, Gene-Protein Link, P01L06)) and the secondary
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antibodies (Goat Anti-Rabbit IgG-HRP (1: 10,000) andGoat Anti-Mouse
IgG-HRP (1: 10,000)) were used for immunoblots.

EPAS1 expression knockdown by RNAi
RNAi was used to knock down EPAS1 gene expression in 293T cells.
EPAS1 short interfering RNA (siRNA) was transfected using the Lipo-
fectamine RNAiMAX Reagent (Invitrogen) according to the manu-
facturer’s instructions. Total RNA was extracted from 293T cells after
48 h of culture in a CO2 incubator, following the extraction protocol
described above for liver samples. The cDNA sequences were synthe-
sized using the PrimeScript reverse transcriptase and subsequently
used for qPCR with the TB Green Premix Ex Taq II kit (Takara)
according to the manufacturer’s instructions. qPCR was performed
using the LightCycler 480system (Roche). Relative expression levelsof
mRNA were calculated using the ΔΔCt method80. The primers used in
the experiment are provided in the supplementary material (Supple-
mentary Table 4).

Profiling of metabolites from mouse liver samples using UPLC-
MS/MS
A total of 80 whole liver samples were collected frommutant and wild
type mice under normoxic (D0) and hypoxic (D2, D3, D4, D7) condi-
tions - eight individuals of each type of mouse at each treatment time
point. The samples were stored at −80 °C. Each sample was thawed on
ice, cut into small pieces (<1 cm3) on a petri dish. After randomlymulti-
point sampling, 20mg of each sample was collected and placed in a
1.5ml Eppendorf tube, homogenized with steel beads and centrifuged
at 1000 g for 30 s at 4 °C. For hydrophilic compounds,we added400 µl
methanol/water (7:3, vol/vol) solution containing an internal standard
mixture (Supplementary Table 5) to the Eppendorf tube. The mixture
was shaken at 500 g for 5min and incubated on ice for 15min. The
samples were then centrifuged at 12,400 g for 10min at 4 °C. We
transferred 300 µl of the supernatant to a new Eppendorf tube and
placed the samples at −20 °C for 30min. After centrifugation, the
supernatant (200 µl) was used for the widely targeted metabolomic
analysis. For hydrophobic compounds extraction, we added 1ml
methyl-tert-butyl ether: methanol (3:1, vol/vol) solution containing an
internal standard mixture (Supplementary Table 6) to the Eppendorf
tube. After vortexing themixture for 15min, 200 µl ofwaterwas added,
swirled for 1min and centrifuged at 12,400 g for 10min at 4 °C. The
upper organic layer (200 µl) was collected and dried, followed by a
reconstitution using 200 µl of acetonitrile/isopropanol (10:90, vol/vol;
mobile phase B) and used for widely targeted lipidomics.

Quality control (QC) samples were constituted by mixing equal
volumes of all liver samples with the internal standardmixture. During
UPLC-MS/MS detection, QC samples were analyzed after every ten
tests to verify the repeatability of the experimental assay. Pearson
correlation analysis was performed on the QC samples. The higher the
correlation between the QC samples (r2 closer to 1), the better the
stability of the entire testing process, indicating a higher data quality.
In addition, we also estimated the degree of data dispersion through
calculating the coefficient of variation (CV) values, which is the ratio of
the standard deviation from themean of the data. A higher proportion
of metabolites with lower CV values in the QC samples indicates a
greater experimental data stability. We here followed a previous
protocol81, considering the experimental data to be (a) ‘relatively
stable’ when the proportion of metabolites with CV ≤0.5 in the QC
samples was above 85%; and (b) as ‘highly stable’when the proportion
of metabolites with CV ≤0.3 exceeded 75% (Supplementary
Figs. 42–44).

Hydrophilic compound extracts were analyzed using the liquid
chromatography electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS), which includes the ultra-performance liquid chro-
matography (UPLC; ExionLC AD) and tandemmass spectrometry (MS/
MS; QTRAP). The UPLC conditions were set as follows: the Waters

ACQUITY UPLC HSS T3 C18 column (1.8μm, 2.1mm*100mm); solvent
system comprising water (mobile phase A) and acetonitrile (mobile
phase B), both of which contained 0.1% formic acid; gradient program
(mobile phase A/B) 95:5 (vol/vol) at 0min, 10:90 (vol/vol) at 11min,
10:90 (vol/vol) at 12min, 95:5 (vol/vol) at 12.1min, 95:5 (vol/vol) at
14min; flow rate 0.4ml/min; column temperature was 40 °C; injection
volume 2 µl. In addition, the MS was conducted with the conditions:
electrospray ionization temperature at 500 °C; ion spray voltage
5500V for positive and 4500V for negative; ion source gas I, gas II and
curtain gas set to 55, 60, and 25 psi, respectively; collision gas set
to high.

Hydrophobic compound extracts were analyzed by the LC-ESI-
MS/MS analysis. The UPLC conditions were set as follows: the Thermo
Accucore™ C30 column (2.6μm, 2.1mm*100mm i.d.); solvent system
comprising acetonitrile/water (60:40, vol/vol; mobile phase A) and
acetonitrile/isopropanol (10:90, vol/vol; mobile phase B), both of
which contained 0.1% formic acid and 10mmol/L ammonium formate;
gradient program (mobile phase A/B) 80:20 (vol/vol) at 0min, 70:30
(vol/vol) at 2min, 40:60 (vol/vol) at 4min, 15:85 (vol/vol) at 9min,
10:90 (vol/vol) at 14min, 5:95 (vol/vol) at 15.5min, 5:95 (vol/vol) at
17.3min, 80:20 (vol/vol) at 17.3min, 80:20 (vol/vol) at 20min;flow rate
0.35ml/min; column temperature 45 °C; injection volume 2 µl. In
addition, the MS was conducted with the conditions: electrospray
ionization temperature at 500 °C; ion spray voltage 5500V for positive
and 4500V for negative; ion source gas I, gas II and curtain gas set to
45, 55, and 35 psi, respectively; collision gas set to medium.

We identified the metabolites based on their retention time (RT),
ion pair information and secondary spectrum data using the Metware
metabolite database (MWDB)45, and the metabolites were quantified
using multiple reaction monitoring of the triple quadrupole mass
spectrometer. We integrated and corrected the mass spectrum peaks
of the same metabolites from different samples after the peaks were
integrated by peak areas. Using Metware’s intelligent secondary
spectrum matching method, the secondary spectrum and RT of
metabolites in the samples were compared and intelligently matched
against the secondary spectrum and RT in the MWDB82. The data
quality was first assessed by the Pearson correlation coefficients (PCC)
between control samples using cor function in R (version 3.5.1), and CV
values were estimated. The PCA was performed using the prcomp
function with unit variance scaling in R (version 3.5.1). OPLS-DA was
conductedusing theMetaboAnalystR (version 1.0.1) package inRwith a
log transformed and zero-centered dataset. A permutation test
(n = 200) was performed to avoid overfitting. Variable importance in
projection (VIP) values were obtained from the OPLS-DA analysis.
Significantly regulated metabolites in EPAS1+/+ and EPAS1V162T/V162T mice
under normoxic or hypoxic conditions were determined by VIP≥ 1 and
fold change ≥ 1.5 or ≤ 0.67. Identified metabolites were annotated
according to the KEGG Compound database (http://www.kegg.jp/
kegg/compound/) and then mapped to the KEGG Pathway database
(http://www.kegg.jp/kegg/pathway.html). P values were required to be
less than 0.05.

To verify the differentially expressedmetabolites betweenmutant
and wild type mice detected using the widely targeted metabo-
lomics analysis, we checked the main fuels (e.g., glucose, Lauric acid
(12:0)) for glucose and lipid metabolism at the key time points in our
study using the targeted metabolomic analysis. We randomly selected
liver samples followed a multi-point sampling method described
above and added the external standards (Supplementary Table 7). For
the glucose content detection (mutant vswild typemice individuals: 3
vs 3 on D4 and D7), 50mg of each sample was added to a solution of
500 µl methanol/water (7:3, vol/vol), vortexed for 3min, and cen-
trifuged at 12,400 g for 10min at 4 °C. The 300 µl of supernatant was
collected and incubated at −20 °C for 30min. After centrifugation,
200 µl of supernatant was used for the LC-MS/MS analysis83. For
the FFA content detection (mutant vswild typemice individuals: 5 vs 5

Article https://doi.org/10.1038/s41467-025-64110-w

Nature Communications |         (2025) 16:9406 11

http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
www.nature.com/naturecommunications


on D3 and D4), 50mg of each sample was added to a solution con-
taining 150 µl methanol, 200 µl methyl-tert-butyl ether and 50 µl 36%
phosphoric acid/ water (vol/vol), vortexed for 3min and then cen-
trifuged at 12,400 g for 5min at 4 °C. The 200 µl of supernatant was
collected and dried. The dried sample was added to 300 µl 15% boron
trifluoride methanol (vol/vol) solution, vortexed for 3min, incubated
30min at 60 °C, cooled to room temperature and added to a mixture
of 500 µl n-hexane solution and 200 µl saturated sodium chloride
solution. After vortexing and centrifuging, the 100 µl of supernatant
was used for the GC-MS/MS analysis84. With identification, quantifica-
tion and data quality assessment, the significantly regulated metabo-
lites between mutant and wild type mice were determined by VIP≥ 1
and fold change ≥ 1.5 or ≤ 0.67.

Metabolite profiling of saker blood samples using UPLC-MS/MS
Since the saker falcon is an endangered animal species listed in the
CITES Appendix I, it is ethically essentially impossible to do liver
metabolite profilingonwild sakers.Nonetheless, previous studies have
suggested that liver metabolism has an important impact on blood
metabolite levels85. We therefore chose to study the plasma, to mini-
mize the sampling disturbance and to check the metabolic char-
acteristics of wild sakers. As for potential dietary effects on the
organism’s glucose and lipid metabolism, we chose to randomly cap-
ture them in our experimental grid on the QTP. We collected a total of
ten plasma samples (from six homozygous mutants and four hetero-
zygousmutants) fromwild sakers possessing the EPAS1 allele. 200 µl of
bloodwas collected from each individual using an EDTA-anticoagulant
vacuum tube, transferred to a 1.5mlEppendorf tube and centrifuged at
200 g for 10min at 4 °C. The supernatant plasma samples were col-
lected and stored at −80 °C.

Each sample was thawed on ice and vortexed for 10 s. For
hydrophilic compound extracts, we transferred 50 µl plasma to
300 µl of an acetonitrile/methanol (1:4, vol/vol) solution containing
an internal standard mixture (Supplementary Table 8) in an Eppen-
dorf tube. The mixture was vortexed for 3min and then centrifuged
at 12,400 g for 10min at 4 °C. We transferred 200 µl of supernatant to
a new Eppendorf tube and placed the samples at −20 °C for 30min.
After centrifugation, the supernatant (180 µl) was used for widely
targeted metabolomic analysis. For hydrophobic compound
extracts, we transferred 50 µl of plasma and added 1ml methyl-tert-
butyl ether: methanol (3:1, vol/vol) solution containing an internal
standard mixture (Supplementary Table 9) to the Eppendorf tube.
After vortexing for 15min, 200 µl of water was added, swirled for
1min and centrifuged at 12,400 g for 10min at 4 °C. The upper
organic layer (200 µl) was collected and dried, followed by a recon-
stitution using 200 µl of acetonitrile/isopropanol (1:1, vol/vol) and
transferred for widely targeted lipidomics. The metabolite identifi-
cation, quantification and data quality assessment followed the
protocol described above. Significantly regulated metabolites
between homozygous and heterozygous saker genotypes were
determined by VIP ≥ 1 and p value < 0.05.

Both hydrophilic and hydrophobic compound extracts were also
analyzed by the LC-ESI-MS/MS. Pearson correlation analysis was per-
formed on the QC samples showed a higher correlation between the
QC samples (r2 closer to 1), and the proportion of metabolites with
CV ≤0.3 exceeds 75%, indicating the experimental data is highly stable
(Supplementary Fig. 45). The metabolite identification, quantification,
data quality assessment and significance determination again followed
the protocol described above.

Identification of the full-length transcripts
We performed an Iso-seq to obtain full-length transcripts of EPAS1
gene. The liver sampleswere collected frommutant andwild typemice
under normoxic (n = 8 vs 8 on D0) and hypoxic conditions (10 vs 10 on
D2, 6 vs 10 on D3, 12 vs 10 on D4 and 9 vs 9 on D7). We pooled RNA

extracts (TRIzol method) from the two types of mice, constructed
transcriptomic libraries and subjected them to the PacBio Sequel II
(PacBio) platformfor sequencing86. Thegenerated rawsequenceswere
proceeded to capture circular consensus sequencing (CCS) reads
using the CCS program in smrtlink (https://www.pacb.com/support/
software-downloads/, version 11.0) with parameters “--min-passes 0
--min-length 50 --max-length 50000 --min-rq 0.75 -j 15”. The CCS data
were aligned with sequencing primer sequences using BLAST (version
2.2.26)87 and sorted using a customized script classify_by_primer.pl
(parameters: -umilen 8 -min_primerlen 16 -min_isolen 100; https://
github.com/shizhuoxing/BGI-Full-Length-RNA-Analysis-Pipeline) to
produce full length non-chimeric reads (FLNC). The FLNCs were
aligned with the Mus musculus genome (mm39) using Minimap2
(version 2.13)88. After filtering low-quality mapping reads (PHRED< 10)
and removing duplicates using Samtools (version 1.9)89, we identified
the gene isoforms using cDNA_Cupcake (https://github.com/Magdoll/
cDNA_Cupcake, version 5.8) with parameters “-c 0.95 -i 0.95 --dun-
merge-5-shorter”.

Identification of differentially expressed transcripts and genes
We collected liver samples from mutant and wild type mice under
normoxic (n = 8 vs 8 on D0) and hypoxic treatments (10 vs 10 on D2, 6
vs 10onD3, 12 vs 10onD4and9 vs9onD7) for transcriptomic analysis.
Six to ten individuals were randomly selected from each group for
RNA-seq library construction followed by a sequencing on a BGISEQ-
500 sequencing platform (The Beijing Genomics Institute). Raw data
were filtered using SOAPnuke90 with parameters “-n 0.01 -i 20 -q 0.4
-adaMR0.25 --ada_trim --polyX 50 --minReadLen 150”. Clean readswere
aligned with transcripts from the whole mouse genome annotation
and Iso-Seq using Bowtie2 (version 2.3.4.3)91. The expression level of
each transcript was quantified as transcripts per million (TPM) with
counts using RSEM (version 1.3.1)92.

The differentially expressed transcript (DET) was detected fol-
lowing our published pipeline28. We used three types of software -
edgeR (version 3.40.2)93, DESeq2 (version 1.38.3)94 and limma (version
3.54.2)95 - to identify DETs. P values were adjusted using the FDR
method. A transcript was identified as a DET when it was supported
by more than two different methods, the fold change was required
|log2FC | ≥ 0.26 and q value was less than 0.05.

The expression level of each gene was then quantified by aggre-
gating the expression of all transcripts belonging to the same gene,
and DEGswere identified following the same pipeline used for the DET
detection. The volcanoplots were created using the ggplot2package in
R (version 4.3.2). KEGG enrichment of DEGs was conducted using
clusterProfiler (version 4.6.2)96. The enriched KEGG pathways were
excluded if the gene number was less than three. P values were
adjusted by the FDR method and were required to be less than 0.05
after adjustment.

Differential gene regulatory network construction
We constructed the gene interaction network using an SSNmethod97.
We calculated the Pearson correlation coefficients between expres-
sion levels of genes in the wild type and mutant type mice to con-
struct a control network and a case network, respectively. The
differential network was then calculated using the difference
between the case and control networks. We finally obtained the dif-
ferential networks between the two groups of mice with significant
difference (p < 0.05).

We mapped the identified differential networks between the two
groups of mice at D0, D2, D3, D4, D7 to the constructed gene reg-
ulatory network database98 which combines the information from
BioGRID (http://thebiogrid.org/), Ensembl (http://www.ensembl.org),
FANTOM, GenBank (http://www.ncbi.nlm.nih. gov/genbank/), RefSeq
(http://www.ncbi.nlm.nih.gov/refseq/), STRING, TRANSFAC (http://
www.gene-regulation.com/pub/databases.html), IntAct, JASPAR and
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KEGG. We used the relationships between transcription factors
themselves and between transcription factors and their target
genes to obtain gene regulatory networks for each experimental
treatment.

We explored the regulatory relationship of genes involved in
glucose metabolism and lipid metabolism and obtained the subnet-
works of gene regulation directly involved in each metabolism mode.
Similarly, a subnetwork of EPAS1 gene regulation was identified. We
integrated the nodes on subnetworks and selected the shortest road
between the EPAS1 gene and downstream regulated genes related to
glucose and lipid metabolism. The final subnetworks were visualized
using Gephi (version 0.10.1)99.

Structural equation model simulations
We constructed a structural equation model with four variables -
genetic factors (G), environmental factors (E), genetic and environ-
mental interaction (GtE) and behavioral factors (B) - in order to
investigate the contribution of each variable to the RER using the
lavaan program (version 0.6.15) in R. First, we averaged the RER for
each individual under normoxia (D0) and hypoxia (D2, D3, D4, D7) and
used this as the RER value of the tested group. A total of 16 observa-
tions were used for model construction. Second, we used PCA to
downscale the four behavioral factors (breathing rate, food intake,
food absorption ((1- (fecal mass/ food intake)) *100) and locomotion)
and used the PC1 as a proxy for the behavioral changes. We then
constructed the SEM model using these equations:

RER=αRER +βRERG
×G+βRERE

× E + βRERGtE
×GtE +βRERB

×B ð1Þ

where αRER is intercept, βRERG
a genetic factor, βRERE

an environmental
factor, βRERGtE

a factor of genetic and environmental interaction, and
βRERB

a behavioral factor.
Behavior was also assumed to be influenced by genetic, environ-

mental, and genetic and environmental interaction variables:

B=αB +βBG
×G+ βBE

× E +βBGtE
×GtE ð2Þ

where the interaction of genetic and environment was noted as:

GtE =G× E ð3Þ

For all calculations, the genetic and environment variables were
set to 1 and 2, denoting EPAS1V162T/V162Tversus wild type, and hypoxia
versus normoxia, respectively:

E,G 2 f0, 1g

Estimation of survival rate under acute hypoxia
The neck hair of mutant (n = 30) and wild type mice (n = 30) were
removed three days prior to treatment. Wemeasured the heart rate of
each individual using the MouseOx Plus pulse oximeter through a
collar clip. Themeasurement was conducted in a non-invasivemanner
and in real time, according to our previously established protocol9.
After the mice had acclimated to the clip for 1–2 h, they were pre-
acclimated to different oxygen concentrations (21%O2, 15%O2 and 10%
O2) prior to acute hypoxia exposure, with 10min intervals allowed for
acclimation under each treatment. Heart rate measurement began
when the oxygen concentration was decreased to 10% and 4%. The
heart rate was then continuously monitored until the signal ceased,
which was considered to be the end of life100.

Statistical analysis
Unless stated otherwise, p values were calculated using Student’s t
tests (two-sided).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All RNA-seq and Iso-seq data generated in this study have been
deposited in the GSA database under accession code PRJCA033928.
The metabolomics and lipidomics data generated in this study have
been deposited in the OMIX database under accession code
OMIX011636. TheMusmusculusgenomeandgene annotation forRNA-
seq and Iso-seq analyses used in this study is available in the NCBI
database under accession codeGCF_000001635.27 [https://www.ncbi.
nlm.nih.gov/datasets/genome/GCF_000001635.27/]. Source data are
provided with this paper.

Code availability
The smrtlink package used to capture CCS reads is publicly available at
https://www.pacb.com/support/software-downloads/. The script (clas-
sify_by_primer.pl) for CCS data alignment is publicly available and has
been deposited in GitHub at https://github.com/shizhuoxing/BGI-Full-
Length-RNA-Analysis-Pipeline. The cDNA_Cupcake package for isoform
identification is publicly available and has been deposited in GitHub at
https://github.com/Magdoll/cDNA_Cupcake. No novel algorithms or
reusable software packages were developed for this study.
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