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ron 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,! thereby ensuring iron availability to the erythropoietic
compartment. During acute high-altitude hypoxia, increased
erythropoiesis results in iron mobilization, leading to decreased
iron stores.>* 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.*® Iron stores
are also preserved in individuals living at 3825-4380 m who
are affected by chronic mountain sickness (CMS),%” a clinical
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syndrome characterized by symptomatic excessive erythrocyto-
sis and severe hypoxemia.® 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,’ 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)? (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 (Hb__ ) 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,” all hematologic parame-
ters, in particular Hb___ 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 EPO® 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 transfer!' (Table 1).

Also consistent with our previous report,’ similar high levels of
Hb__,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)'®; how-
ever, there was no reduction in iron stores (Figure 1). The mild
inflammatory status, evidenced by slightly elevated interleukin
6 (an hepcidin inducer)' 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.>>’ Similarly, in erythrocytic mice constitutively over-
expressing EPO systemically,!! or with gain-of-function muta-
tion of EPO receptor,'? low hepcidin levels are associated with
reduced transferrin saturation and low iron stores. Conversely,
normal ferritin and transferrin levels are found in Puno resi-
dents®; similarly, Ethiopian highlanders do not show decreased
body iron stores despite high hemoglobin concentration.’
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.?

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.! 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.*

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.? Similarly, SLC40A1, the hypoxia-respon-
sive gene that encodes ferroportin,' could be transcriptionally
upregulated in macrophages, thus maintaining elevated iron
export despite unaltered hepcidin levels. Ceruloplasmin, which
is induced by hypoxia," is increased at 5100 m, suggesting an
additional mechanism to achieve efficient iron mobilization,
uptake, and transfer to the erythropoietic compartment. Finally,

CMS
5100 m
0.392
0.422
= total

mass

CcMs
3800 m
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0.043
0.016
moderate-to-severe CMS). A modified

CMS score was calculated by excluding the [Hb] criterion from the regular score and only summing the points from the seven symptoms.® The effect of altitude was assessed with a Kruskal-Wallis test including participants without CMS. At each altitude (3800 and 5100 m),
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<0.001

mild CMS; score > 10

1102
(93.7-127.9)

and intravascular volumes are reported in absolute values (g and mL,

Mod-Sev CMS
7466
(6348-8421)

mass

100.0

5100 m (La Rinconada)
Mild CMS
6893
(5901-8124)
(82.0-119.5)

No CMS
6355
(5678-7718)
91.4

(81.7-104.0)>¢
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Values are presented as median and 25th—75th percentiles. The effects of altitude (in participants without CMS) and CMS severity (at each altitude) on systemic inflammation, that is, CRP concentration > 4 mg-L~", were assessed using Chi-square tests.

Participant characteristics of male residents at sea level, 3800 m, and 5100 m. Individuals were categorized with the CMS Qinghai score including the [Hb] criterion (CMS score <5 = no CMS; score of 6 to 10

the effect of CMS severity was assessed with a Kruskal-Wallis test. In the case of significant main effect, post-hoc pairwise comparisons were performed using a Dunn’s test with Bonferroni correction. Hb

respectively) and relative to body mass (g-kg~" and mL-kg~'

2P < 0.05 vs no CMS, at a given altitude.
hemoglobin mass, measured by carbon-monoxide rebreathing; PV

P < 0.05 vs sea level, among no CMS participants.
¢P < 0.05 vs 3800 m, among no CMS residents.

9P < 0.05 vs mild CMS, at a given altitude.

BV, mL-kg™'
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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.'* 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, a clinical sign of CMS.?
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,” we suggest that
maintaining iron stores in those residents may help to protect their
pulmonary vasculature from hypertension.
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