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Iron is required for hemoglobin synthesis and red blood 
cell (RBC) production. When erythropoiesis is stimulated, 
erythroferrone, a hormone produced by erythroblasts in 
response to erythropoietin (EPO), downregulates hepcidin 

transcription in the liver. Lower hepcidin levels facilitate fer-
roportin-mediated iron absorption in the duodenum and iron 
export from reticuloendothelial cells that process old/damaged 
RBCs,1 thereby ensuring iron availability to the erythropoietic 
compartment. During acute high-altitude hypoxia, increased 
erythropoiesis results in iron mobilization, leading to decreased 
iron stores.2,3 By contrast, healthy permanent residents of alti-
tudes of 3700–4380 m, chronically exposed to hypoxia, keep 
iron stores within the normal range, despite continuously 
high erythropoietic activity and iron demand.4,5 Iron stores 
are also preserved in individuals living at 3825–4380 m who 
are affected by chronic mountain sickness (CMS),6,7 a clinical 

syndrome characterized by symptomatic excessive erythrocyto-
sis and severe hypoxemia.8 However, the mechanisms enabling 
iron stores to be maintained in high-altitude residents have not 
been described. The aim of this study was to explore how iron 
homeostasis adapts to chronic exposure to hypoxia in polycy-
themic residents from the world’s highest city, La Rinconada, 
located at 5100 m,9 both with and without CMS.

The study was approved by the Peruvian ethics committee 
of Universidad Nacional Mayor de San Marcos in Lima (CIEI-
2019-002), and written and oral consent was obtained from 
each individual before participation. One hundred male par-
ticipants were included in this study presenting original data 
on iron parameters. Of these, 69 were included in our previous 
study on total RBC volume (RBCV)9 (Suppl. Figure S1). Of the 
100 participants, 57 were permanent residents in La Rinconada 
(5100 m) and categorized into no CMS, mild CMS or moder-
ate-to-severe CMS; 26 were permanent residents in Puno (3800 
m), also categorized into no CMS, mild CMS or moderate-to-se-
vere CMS; and 17 were healthy residents from Lima (sea level). 
Participants’ ancestry is reported in Suppl. Table S1. Serum sam-
ples were used for biochemical determinations. Total hemoglo-
bin mass (Hbmass) and RBCV were assessed by carbon-monoxide 
rebreathing. Details on participant recruitment, CMS scoring, 
methods, and statistics are available in the Suppl. Methods.

In line with our previous report,9 all hematologic parame-
ters, in particular Hbmass and RBCV, progressively increased with 
altitude, reaching extremely high values in residents from La 
Rinconada (Table 1). In those individuals, excessive erythrocy-
tosis was accompanied by increased EPO9 and soluble transfer-
rin receptor (sTfR) levels (Table 1), confirming chronically high 
erythropoietic activity. However, despite high iron requirement 
in the bone marrow, healthy residents—particularly those at 
5100 m—did not modify iron metabolism, as both erythrofer-
rone and hepcidin concentrations remained similar to those in 
sea-level residents. Accordingly, healthy high-altitude residents 
did not develop iron deficiency (indicated by unaltered transfer-
rin saturation and ferritin), although calculated body iron stores 
tended to decrease at the highest altitude (Figure 1). The absence 
of iron deficiency at 5100 m was associated with an increase in 
ceruloplasmin, a ferroxidase that permits ferroportin-to-trans-
ferrin iron transfer1 (Table 1).

Also consistent with our previous report,9 similar high levels of 
Hbmass, RBCV and EPO were found in CMS patients and healthy 
individuals at 5100 m, although moderate-to-severe CMS 
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patients displayed trends toward even higher levels (Table 1), 
suggesting a stronger erythropoietic response, substantiated by 
higher sTfR levels (Table  1). In this subpopulation, excessive 
erythrocytosis was accompanied by erythroferrone induction 
and hepcidin inhibition (not observed at lower altitude)10; how-
ever, there was no reduction in iron stores (Figure 1). The mild 
inflammatory status, evidenced by slightly elevated interleukin 
6 (an hepcidin inducer)1 in patients with moderate-to-severe 
CMS at 5100 m (Table 1), seemed insufficient to counteract the 
decrease in hepcidin triggered by erythroferrone. To explore the 
effect of age on iron parameters across altitude levels and CMS 
status, multivariable analysis was conducted. No independent 
association was found between age and iron parameters (Suppl. 
Table S2).

In healthy people ascending to high altitude, increased 
erythropoiesis is accompanied by massive mobilization of iron 
stores.2,3,7 Similarly, in erythrocytic mice constitutively over-
expressing EPO systemically,11 or with gain-of-function muta-
tion of EPO receptor,12 low hepcidin levels are associated with 
reduced transferrin saturation and low iron stores. Conversely, 
normal ferritin and transferrin levels are found in Puno resi-
dents6; similarly, Ethiopian highlanders do not show decreased 
body iron stores despite high hemoglobin concentration.5 
These findings are consistent with an evolutionary adaptation 
against iron deficiency, as also suggested by the lower preva-
lence of iron deficiency in Sherpas than in lowlanders upon 
ascent to 5050 m.3

Our finding that iron stores were normal in healthy residents 
and CMS patients of the world’s highest city is consistent with 
previous data obtained at lower altitudes. The confirmation 
that iron stores are maintained even in the presence of excessive 
erythrocytosis identified via RBCV determination highlights a 
strong protective mechanism but also raises questions about the 
mechanisms that permit massive erythropoiesis without incur-
ring iron deficiency.

The EPO/erythroferrone/hepcidin/ferroportin axis, known to 
secure higher iron export by spleen and liver reticuloendothelial 
cells after RBC recycling, as well as increased iron absorption 
by duodenal enterocytes, was minimally affected by altitude and 
therefore does not appear to be involved. In fact, we showed 
that erythroferrone induction and hepcidin suppression were 
detectable only in moderate-to-severe CMS patients, who expe-
rience an even higher erythroid drive and iron demand.

The unexpected lack of erythroferrone induction and hep-
cidin repression in healthy residents at very high altitude, 
despite chronically high EPO levels, may reflect very effective 
erythropoiesis, which is evidenced by massive RBCV expansion 
(Table 1). Erythroferrone primarily responds to acute erythro-
poietic stimulation and an expanded erythroblast population 
during ineffective erythropoiesis.1 Moreover, the absence of 
iron deficiency among high-altitude residents, including CMS 
patients, suggests that hepcidin downregulation may not be pro-
moted by a loss of iron stores, as previously suggested during 
short-term hypoxia.4

The absence of significant losses of stored iron suggests 
that high-altitude residents provide iron to the bone marrow 
mainly by increasing absorption and/or efficiently recycling 
iron derived by the higher number of processed RBCs. Hypoxia 
may improve iron absorption in a hepcidin-independent man-
ner by stabilizing the alpha subunit of HIF-2 and subsequently, 
the HIF-2 heterodimer increases expression of intestinal iron 
transporters, as demonstrated in healthy lowlanders acutely 
exposed to hypoxia.2 Similarly, SLC40A1, the hypoxia-respon-
sive gene that encodes ferroportin,1 could be transcriptionally 
upregulated in macrophages, thus maintaining elevated iron 
export despite unaltered hepcidin levels. Ceruloplasmin, which 
is induced by hypoxia,13 is increased at 5100 m, suggesting an 
additional mechanism to achieve efficient iron mobilization, 
uptake, and transfer to the erythropoietic compartment. Finally,  
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Figure 1.  Excessive erythrocytosis does not alter iron homeostasis in men at 5100 m. Individual serum concentrations of iron (A), ferritin (C), hepcidin 
(E) and erythroferrone (F), as well as transferrin saturation (B) and calculated body iron (D), determined in sea-level residents (n = 17) and high-altitude residents 
at 3800 m (Puno, n = 26) and 5100 m (La Rinconada, n = 57). Lines indicate medians and 25th–75th percentiles. High-altitude residents were categorized into 
no CMS, mild CMS, or moderate-to-severe CMS (see Table 1 indicating the number of participants in each subgroup). The effect of altitude was assessed with 
a Kruskal–Wallis test including participants without CMS. At each altitude (3800 m and 5100 m), the effect of CMS was assessed with a Kruskal–Wallis test. 
Pairwise comparisons were performed using a Dunn’s test with Bonferroni correction and visualized with brackets above the graphs. n = 23 for ferritin and 
calculated body iron in the mild CMS group at 5100 m. The formula for calculating body iron is available in the Suppl. Methods. CMS = chronic mountain sickness. 
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a possible mechanism uncoupling iron uptake from increasing 
hemoglobin levels might be that the oxygen-sensing pathway 
in duodenal enterocytes acts independently of the hemoglobin 
concentrations.14 In chronic hypoxia, these mechanisms may 
provide sufficient iron for steady—although very high—RBC 
production, reflecting an equilibrium between increased iron 
availability and increased iron consumption.

In conclusion, male residents from the world’s highest city expe-
rience excessive erythrocytosis and massive RBCV expansion with-
out concomitant iron deficiency, presumably since iron regulation 
reaches equilibrium at a different level of erythropoiesis, through 
optimization of iron transport mechanisms not involving the eryth-
roferrone/hepcidin axis. Only the additional erythropoietic stress 
present in moderate-to-severe CMS patients induces erythrofer-
rone and blunts hepcidin to face the even higher iron requirement 
for RBC production. At a functional level, very-high-altitude resi-
dents display normal iron stores in association with low prevalence 
of hypoxic pulmonary hypertension,15 a clinical sign of CMS.8 
Since higher HIF signaling is the putative mechanism for pulmo-
nary hypertension, and iron depletion decreases the activity of pro-
lyl hydroxylase—the major negative regulator of HIFs—thereby 
exacerbating hypoxic pulmonary hypertension,7 we suggest that 
maintaining iron stores in those residents may help to protect their 
pulmonary vasculature from hypertension.

ACKNOWLEDGMENTS

The authors thank the study volunteers for their commitment and time 
invested in this study. Furthermore, thanks are extended to the Peruvian 
medical students who assisted in the participant recruitment and screening 
for this study. The authors also thank Severine Lambing and Vincent Rocher 
from Radiometer France for their excellent technical assistance. Finally, we 
wish to thank Prof. Philippe Connes for his expert contribution, and Violette 
Viard for helping in the manuscript’s preparation. The manuscript has been 
revised for the English by an independent scientific language editing service 
(Angloscribe).

AUTHOR CONTRIBUTIONS

GC, BC, SV, and PR designed the study; BC, IH, LO, ES, AP, JVB, SD, and 
SV performed the study; MC, EG, SR, DG, AC, A-KML, CC, DG, CL, SV, 
and PR contributed vital new reagents or analytical tools; BC and PR ana-
lyzed data; GC and PR wrote the paper; BC, MC, EG, SR, DG, AC, CC, DG, 
LO, CL, AP, JVB, SD, and SV edited and revised the manuscript; all authors 
approved the final version of the manuscript.

DISCLOSURES

The authors have no conflicts of interest to disclose.

SOURCES OF FUNDING

This study was supported by the Grenoble Alpes University founda-
tion, the “Fonds de dotation AGIR pour les maladies chroniques,” the 
French National Research Agency (ANR-12-TECS-0010) as part of the 
“Investissements d’avenir” program (ANR-15-IDEX-02), and the University 
of Milan, project Linea 2.

REFERENCES

	1.	 Muckenthaler MU, Rivella S, Hentze MW, et al. A red carpet for iron 
metabolism. Cell. 2017;168:344–361.

	2.	 Goetze O, Schmitt J, Spliethoff K, et al. Adaptation of iron transport and 
metabolism to acute high-altitude hypoxia in mountaineers. Hepatology. 
2013;58:2153–2162.

	3.	 Willie CK, Patrician A, Hoiland RL, et al. Influence of iron manipulation 
on hypoxic pulmonary vasoconstriction and pulmonary reactivity during 
ascent and acclimatization to 5050 m. J Physiol. 2021;599:1685–1708.

	4.	 Muckenthaler MU, Mairbaurl H, Gassmann M. Iron metabolism in 
high-altitude residents. J Appl Physiol (1985). 2020;129:920–925.

	5.	 Lundgrin EL, Janocha AJ, Koch CD, et al. Plasma hepcidin of Ethiopian 
highlanders with steady-state hypoxia. Blood. 2013;122:1989–1991.

	6.	 De Ferrari A, Miranda JJ, Gilman RH, et al. Prevalence, clinical pro-
file, iron status, and subject-specific traits for excessive erythrocytosis 
in Andean adults living permanently at 3,825 meters above sea level. 
Chest. 2014;146:1327–1336.

	7.	 Smith TG, Talbot NP, Privat C, et al. Effects of iron supplementation 
and depletion on hypoxic pulmonary hypertension: two randomized 
controlled trials. JAMA. 2009;302:1444–1450.

	8.	 Leon-Velarde F, Maggiorini M, Reeves JT, et al. Consensus statement 
on chronic and subacute high altitude diseases. High Alt Med Biol. 
2005;6:147–157.

	9.	 Oberholzer L, Lundby C, Stauffer E, et al. Reevaluation of excessive 
erythrocytosis in diagnosing chronic mountain sickness in men from the 
world’s highest city. Blood. 2020;136:1884–1888.

	10.	 Talbot NP, Smith TG, Lakhal-Littleton S, et al. Suppression of 
plasma hepcidin by venesection during steady-state hypoxia. Blood. 
2016;127:1206–1207.

	11.	 Diaz V, Gammella E, Recalcati S, et al. Liver iron modulates hepci-
din expression during chronically elevated erythropoiesis in mice. 
Hepatology. 2013;58:2122–2132.

	12.	 Kralova B, Sochorcova L, Song J, et al. Developmental changes in iron 
metabolism and erythropoiesis in mice with human gain-of-function 
erythropoietin receptor. Am J Hematol. 2022;97:1286–1299.

	13.	 Mukhopadhyay CK, Mazumder B, Fox PL. Role of hypoxia-inducible 
factor-1 in transcriptional activation of ceruloplasmin by iron deficiency. 
J Biol Chem. 2000;275:21048–21054.

	14.	 Staub K, Haeusler M, Bender N, et al. Hemoglobin concentration of 
young men at residential altitudes between 200 and 2000 m mirrors 
Switzerland’s topography. Blood. 2020;135:1066–1069.

	15.	 Doutreleau S, Ulliel-Roche M, Hancco I, et al. Cardiac remodelling in 
the highest city in the world: effects of altitude and chronic mountain 
sickness. Eur J Prev Cardiol. 2022;29:2154–2162.


