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Therapeutic hypoxia for mitochondrial disease
via enhancement of hemoglobin affinity and

inhibition of HIF-2¢,

To the Editor: Preclinical studies have demonstrated the therapeu-
tic potential of hypoxia for treating mitochondrial disorders. In the
Ndufs4-KO mouse model of Leigh syndrome and the shFxn model
of Friedreich’s ataxia, continuous breathing of 11% oxygen can pre-
vent and reverse neurological disease, while 55% oxygen acceler-
ates disease (1-3). Multiple mechanisms likely underlie the benefits
of hypoxia, including attenuation of oxygen toxicity from brain
hyperoxia, restoration of Fe-S clusters, and normalization of oxygen
sensing. Alternative means of reducing oxygen delivery, including
sublethal carbon monoxide and severe anemia, also reverse brain
disease in Ndufs4-KO mice (4). Intermittent regimens of inhaled
hypoxic air — 16 hours of 11% and 8 hours of 21% — have proven
ineffective (3) — probably due to a compensatory, HIF-2a-depen-
dent increase in hemoglobin (Hb) that, combined with periods of
21% oxygen, may be detrimental (5). Collectively, these studies
highlight the potential of hypoxia therapy but also underscore the
need for more practical modalities that are safe and effective.
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Here, we report the development of a “hypoxia-in-a-pill” reg-
imen that leverages two approved drugs (Figure 1A). To reduce
oxygen delivery, we utilized GBT440, an allosteric activator of
oxygen affinity recently approved for sickle cell anemia (6). The
erythroid response to the resulting tissue hypoxia would limit
the durability of this single agent. To counter this response, we
combined PT2399, a member of a new class of HIF-2a inhibitors
approved for renal cell cancer. We began by treating WT mice with
each drug, individually or in combination, by oral gavage five days/
week. After three weeks, GBT440 increased Hb from 15.54 g/dL
t017.65 g/dL (n = 8; P= 0.003), while PT2399 decreased it to 13.58
g/dL (n = 5; P = 0.015). The combination, however, led to Hb lev-
els comparable to those with vehicle treatment (14.94 g/dL; n = 7;
P = 0.6), indicating that GBT440 led to a HIF-20-driven eryth-
roid response (Figure 1B). Using an optical probe, we found that
GBT440 increased PbO, from 23.78 mmHg to 32.26 mmHg (1 =5;
P = 0.001), probably because of increased Hb, whereas PT2399
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Figure 1. Small-molecule drug combination for therapeutic hypoxia. (A) Schematic overview of the “hypoxia-in-a-pill” regimen. GBT440 is an orally available
activator of Hb affinity that, in theory, can reduce tissue oxygen delivery. In response to hypoxia, the body will mount a compensatory, erythroid response
driven by HIF-2a, which is inhibited by PT2399. (B) Hb and (C) brain Pb0, measurements in 8-week-old WT mice treated with vehicle, GBT440, PT2399 or the
combination for 3 weeks. (D) Body weight of WT mice treated with the indicated drugs. (E) Distance traveled in 15 minutes on an open-field test of Ndufs4-KO
mice treated with vehicle or the GBT440/PT2399 combination. (F) Representative T2-MRI of Ndufs4-KO mice treated with vehicle or the combination at 60
and 67 days of age. Red arrowheads, Leigh-like lesion; yellow arrowheads, hemorrhage. (G) Survival of Ndufs4-KO mice treated with vehicle, GBT440, PT2399,
or a combination. Bar plots show the mean + SD. n = group size. *P < 0.05, **P < 0.01, ***P < 0.001; 1-way ANOVA with Dunnett’s test for multiple compari-
sons with vehicle; t test for single comparisons of GBT440/PT2399 versus vehicle; log-rank test for survival of drug-versus vehicle-treated mice.
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decreased it to 17.55 mmHg (1 = 6; P = 0.009). The combination
decreased PbO, to 15.23 mmHg (# = 6; P = 0.0006) (Figure 1C),
comparable to what we previously achieved in mice breathing 11%
FIO, (see Figure 2D in ref. 4), and was well tolerated for more than
two months (Figure 1D).

Having established that our drug combination could safe-
ly achieve tissue hypoxia, we tested its efficacy in Ndufs4-KO
mice, beginning treatment on day 30. These mice are born
healthy, show neurological defects on day ~35, and ultimately
succumb at ~2 months of age to a fatal neurodegenerative dis-
ease resembling human Leigh syndrome. Open-field testing in
Ndufs4-KO mice with advanced disease showed that the com-
bination increased distance traveled from 4.8 m to 11.8 m (P =
0.04 Figure 1E). Brain MRI revealed characteristic T2-intense,
Leigh-like lesions and/or hemorrhages in vestibular or cerebel-
lar nuclei that were attenuated or even absent with the combi-
nation (Figure 1F). Although neither drug individually affected
lifespan, the combination extended median lifespan by 30%
from approximately 70 to 98 days and maximum lifespan from
80 to 144 days (P < 0.0001) (Figure 1G).

Our results provide preclinical proof of concept that simulta-
neously enhancing Hb oxygen affinity while antagonizing HIF-2a
can mimic the effects of continuous hypoxic breathing for thera-
peutic benefit. The regimen did not confer as impressive a lifes-
pan rescue as continuous breathing of 11% oxygen, probably
because GBT440 has a short half-life (6), and for practical rea-
sons, we treated the mice five weekdays per week. Future studies
in humans are required to evaluate the safety of this combination,
given that hypoxia can be associated with acute and long-term side
effects. Such safety studies could pave the path for first-in-human
“hypoxia-in-a-pill” trials in patients with mitochondrial disease.
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