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EDITORIAL

Targeting the Hypoxia-Adenosine Link for Controlling

Excessive Inflammation

Agnieszka Czopik, Ph.D., Xiaoyi Yuan, Ph.D., Scott E. Evans, M.D., Holger K. Eltzschig, M.D., Ph.D.

n the current edition of

ANESTHESIOLOGY, Ngamsri ef al.
provide compelling experimental
evidence that a molecular pathway
involving stabilization of hypox-
ia-inducible transcription factors
and subsequent enhancement of
extracellular adenosine signaling
can be targeted to treat excessive
inflammation and collateral tissue
damage in two animal models of
peritonitis.! Experimental models
of peritonitis are frequently used in
laboratory studies to gain mecha-
nistic insight on the pathogenesis
of sepsis or systemic inflammatory
Consistent

response syndrome.

“Sevoflurane-mediated

molecular pathway controlling
concentrations of hypoxia-induc-
ible factors is inactivated during
hypoxia, leading to the stabiliza-
tion and subsequent activation of
hypoxia-inducible factors during
limited oxygen availability. For
during  high-altitude
exposure, hypoxia-inducible tran-

example,

scription factors are stabilized, bind
to the promoter region of erythro-
poietin, and increase its transcrip-
tion. Subsequently, elevated plasma
concentrations of erythropoietin
will lead to increased erythropoi-
esis to adapt to limited oxygen. In
surgical patients who lose blood

with a previous study,? their find- stabilization of hyp oxia- during surgery, activation of this

ings suggest that excessive inflam- . . Y. athway will lead to restored
gs sugg d bl p 'y

mation and uncontrolled collateral ~ 1AAUCIDIE transcription ., cquations of hemoglobin in

tissue damage are part of the patho- factors [may] .. .provide patients who experience anemia.

genesis of sepsis or systemic inflam- prote ctive effects dlll'il’lg As such, oxygen-sensing mecha-

matory response syndrome. Their
findings have translational impli-
cations for patients, as pharmaco-
logic strategies to enhance hypoxia-inducible transcription
factors or adenosine receptor signaling could be used to
prevent or treat harmful and excessive inflammation.

In their study, the authors demonstrate that treatment
with sevoflurane promotes the stabilization of hypoxia-in-
ducible transcription factors. Hypoxia-inducible transcrip-
tion factors were discovered as molecular enhancers of
hypoxia-responsive target genes in the early 1990s by the
physician-scientist Gregg Semenza, who was subsequently
honored for his discovery by receiving the Nobel Prize
in 2019.7 Initially, hypoxia-inducible factors were discov-
ered as a transcriptional enhancer of erythropoietin during
conditions of limited oxygen availability. They undergo a
posttranslational regulation, where during normoxic con-
ditions, the hypoxia-inducible transcription factor pro-
tein 1s rapidly targeted for proteasomal degradation. This

experimental peritonitis.”

nisms that control the stabilization
of hypoxia-inducible transcrip-

tion factors are critical for allow-
ing surgical patients to regain normal blood hemoglobin
concentrations.

As pointed out in the study by Ngamsri ef al.,' the
effects of hypoxia-inducible transcription factors are not
limited to erythropoietin or restoration of hemoglobin
concentrations. It is estimated that more than 1,000 genes
are under the control of hypoxia-inducible transcription
factors, including genes critical for adaptation to condi-
tions of limited oxygen availability, immune responses,
angiogenesis, cancer, and extracellular adenosine signal-
ing.! In their study, Ngamsri ef al. used two model sys-
tems to examine harmful inflammation. First, they used
a sterile model of peritonitis by injecting an irritant into
the peritoneal cavity to cause excessive inflammation.
For this purpose, they treated mice with an intraperi-
toneal injection of zymosan—a polysaccharide cell wall

Image: J. P. Rathmell.
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component derived from Saccharomyces cerevisiae—causing
self-resolving acute inflammatory peritonitis. As a second
model of peritonitis, they used cecal ligation and punc-
ture, where peritonitis is caused by live bacteria. In short,
the cecum is ligated and punctured, causing fecal peri-
tonitis. The fact that the authors found similar outcomes
of their experimental interventions in both models high-
lights the rigor of their research and indicates that their
findings are more broadly applicable. The authors show
that hypoxia-inducible transcription factors are stabilized
in the intestine, liver, and particularly the lungs after sevo-
flurane treatment. An additional functional study indicates
that sevoflurane treatment and concomitant stabilization
of hypoxia-inducible transcription factors are associated
with reduced inflammatory responses during peritonitis,
including reduced accumulation of inflammatory cells
(such as neutrophils) and attenuated neutrophil adhesion
molecules. Together, those findings indicate that stabi-
lization of hypoxia-inducible transcription factors plays
a functional role in attenuating experimentally induced
peritonitis to limit uncontrolled inflammation.

Most studies of hypoxia-inducible transcription factors
will attempt to reveal a specific target gene that is tran-
scriptionally enhanced in the context of a specific disease.
Here, the authors identified adenosine receptors as a tran-
scriptional target of hypoxia-inducible transcription factors
during experimentally induced peritonitis.’> Adenosine is
known famously for its role as molecular building block of
the genetic code (as part of the DNA) or as a part of the uni-
versal energy currency adenosine triphosphate. However, in
the extracellular compartment, adenosine can function as a
signaling molecule via activation of adenosine receptors.As of
today, four distinct adenosine receptors have been described.
Many anesthesiologists are familiar with the A1l adenosine
receptor since this receptor mediates the heart rate slowing
effects of intravenous adenosine when used in the treatment
of supraventricular tachycardia.® In addition to its effects on
slowing the heart rate, extracellular adenosine signaling has
been shown to limit deleterious inflammation by activating
the A2A or A2B adenosine receptor.” Importantly, the pro-
moter of the A2B adenosine receptor contains a hypoxia
response element that allows binding of hypoxia-inducible
transcription factors, and the A2B receptor has previously
been shown to be induced directly by hypoxia-induc-
ible transcription factors, for example during conditions
of hypoxia or inflammation.* A2B adenosine receptors are
widely expressed, with functional studies indicating signaling
effects for A2B adenosine receptors expressed, for example,
on alveolar epithelial cells of the lungs,® innate or adaptive
immune cells,” vascular endothelia, or cardiac tissues.*!”
Consistently, Ngamsri et al. demonstrated that the A2B
adenosine receptor transcript and protein expression were
increased with sevoflurane treatment. Moreover, the protec-
tion provided by sevoflurane was abolished in mice with
genetic deletion of the A2B adenosine receptor. Based on
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these findings, the authors conclude that sevoflurane-medi-
ated stabilization of hypoxia-inducible transcription factors
results in the transcriptional induction of the A2B adenosine
receptor as a mechanism to provide protective effects during
experimental peritonitis.

In their study, Ngamsri et al. propose the use of sevoflu-
rane to activate the protective effects of this hypoxia-ade-
nosine pathway. However, the use of sevoflurane for treating
excessive inflammation has several limitations. Similar to most
volatile anesthetics, sevoflurane causes vasodilation and con-
comitant decreases in blood pressure, which could limit its
use in patients who are experiencing severe hypotension as a
consequence of severe inflammation, such as during sepsis or
septic shock. Moreover, the therapeutic use of sevoflurane for
treatment of excessive inflammation requires intubation and
mechanical ventilation. However, many patients who expe-
rience excessive inflammation are not intubated, particularly
at an earlier stage of the disease, thereby limiting the useful-
ness of sevoflurane. Based on these concerns, pharmacologic
approaches that are specifically designed to directly stabilize
hypoxia-inducible transcription factors may potentially be
more effective than sevoflurane. Pharmacologic activators
of hypoxia-inducible transcription factors (e.g., roxadustat or
vadadustat) have recently become available as oral medica-
tion, and have a good safety record in randomized clinical
phase 3 trials.”!" Alternatively, direct agonists of the A2B ade-
nosine receptor could be used for the treatment of inflamma-
tory conditions such as peritonitis, sepsis, or acute respiratory
distress syndrome. For example, experimental studies suggest
that the A2B agonist BAY 60-6583 is effective in attenuating
myocardial inflammation during reperfusion injury' or in
the treatment of lung injury induced by mechanical ventila-
tion or lipopolysaccharide inhalation.* However, attempts to
bring agonists of the A2B adenosine receptor from bench to
bedside have yet to be undertaken.

Taken together, the results of the study by Ngamsri et al.!
provide compelling evidence that treatment of inflamma-
tory peritonitis with sevoflurane is associated with attenuated
inflammatory responses via stabilization of hypoxia-inducible
transcription factors and concomitant increases in extracellu-
lar adenosine signaling through the A2B adenosine receptor.
To take these findings from bench to bedside, additional stud-
ies—for example, examining inflammatory responses in patients
who are receiving sevoflurane anesthesia—could provide addi-
tional evidence to consider sevoflurane treatment in prospective
and randomized trials for treatment of excessive inflammation.
Alternatively, recently established hypoxia-inducible transcrip-
tion factor activators that have already undergone randomized
phase 3 clinical trials in patients with renal anemia may repre-
sent an alternative for activation of the hypoxia-adenosine path-
way for the treatment of detrimental inflammation.

Acknowledgments

The authors would like to thank Harry Karmouty-
Quintana, Ph.D. (Department of Biochemistry, McGovern

Copyright © 2021, the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.

Czopik et al.

20z UoIe €1 uo 1senb Aq Jpd'01.000-0'00.L04202/9¥€60S/S L/1LISE L APd-alonIe/ABOj0ISUISaUE/WI0D IIEYOIBAIIS ZESE//:d}}Y WOl papeojumoq



Czopik et al.

Medical School, University of Texas Health Science Center
at Houston, Houston, Texas), for his help with the first ver-

sion of the article.

Research Support

This work was supported by National Institutes of
Health (Bethesda, Maryland) grant Nos. ROTHL154720,
RO1DK122796, RO1DK 109574, and ROTHL133900, and
Department of Defense grant No. W81XWH2110032 to
Dr. Eltzschig.

Competing Interests

The authors are not supported by, nor maintain any finan-
cial interest in, any commercial activity that may be associ-
ated with the topic of this article. Dr. Eltzschig and Dr.Yuan
are supported by a research grant from the Department of
Defense using vadadustat for the prevention or treatment of
COVID-19-associated acute respiratory distress syndrome.
Dr. Yuan is supported or has been supported by research
grants from American Heart Association (Dallas, Texas),
American Lung Association (Chicago, Illinois), American
Thoracic Society (New York, New York), and the Parker
B. Francis Fellowship (Kansas City, Missouri) outside the
submitted work.

Correspondence

Address correspondence to Dr. Eltzschig: holger.eltzschig@
uth.tmc.edu

References

1. Ngamsri K, Fabian F Fuhr A, Gamper-Tsigaras J,
Straub A, Fecher D, Steinke M, Walles H, R eutershan
J, Konrad FM: Sevoflurane exerts protective effects
in murine peritonitis-induced sepsis via hypoxia-
inducible factor 1a/adenosine A2B receptor signal-
ing. ANESTHESIOLOGY 2021; 135:136-50

2. Sitkovsky M, Lukashev D: Regulation of immune cells
by local-tissue oxygen tension: HIF1 alpha and adenos-
ine receptors. Nat Rev Immunol 2005; 5:712-21

3. Colgan SP, Furuta GT, Taylor CT: Hypoxia and innate
immunity: Keeping up with the HIFsters. Annu Rev
Immunol 2020; 38:341-63

4. Poth JM, Brodsky K, Ehrentraut H, Grenz A, Eltzschig
HK: Transcriptional control of adenosine signaling by
hypoxia-inducible transcription factors during isch-
emic or inflammatory disease. ] Mol Med (Berl) 2013;
91:183-93

5. Eckle T, Kewley EM, Brodsky KS, Tak E, Bonney S,
Gobel M, Anderson D, Glover LE, Riegel AK, Colgan
SP, Eltzschig HK: Identification of hypoxia-induc-
ible factor HIF-1A as transcriptional regulator of the
A2B adenosine receptor during acute lung injury. J
Immunol 2014; 192:1249-56

6. Koeppen M, Eckle T, Eltzschig HK: Selective deletion
of the A1 adenosine receptor abolishes heart-rate slow-
ing effects of intravascular adenosine in vivo. PLoS One
2009; 4:¢6784

7. Haase VH, Chertow GM, Block GA, Pergola PE,
deGoma EM, Khawaja Z, Sharma A, Maroni BJ,
McCullough PA: Effects of vadadustat on hemoglobin
concentrations in patients receiving hemodialysis pre-
viously treated with erythropoiesis-stimulating agents.
Nephrol Dial Transplant 2019; 34:90-9

8. Hoegl S, Brodsky KS, Blackburn MR, Karmouty-
Quintana H, Zwissler B, Eltzschig HK: Alveolar epithe-
lial A2B adenosine receptors in pulmonary protection
during acute lung injury. ] Immunol 2015;195:1815-24

9. Ehrentraut H, Westrich JA, Eltzschig HK, Clambey
ET:Adora2b adenosine receptor engagement enhances
regulatory T cell abundance during endotoxin-induced
pulmonary inflammation. PLoS One 2012; 7:¢32416

10. Eltzschig HK, Bonney SK, Eckle T: Attenuating myo-
cardial ischemia by targeting A2B adenosine receptors.
Trends Mol Med 2013; 19:345-54

11. Chen N, Hao C, Liu BC, Lin H, Wang C, Xing C,
Liang X, Jiang G, Liu Z, Li X, Zuo L, Luo L, Wang ],
Zhao MH, Liu Z, Cai GY, Hao L, Leong R, Wang C,
Liu C, Neff T, Szczech L,Yu KP: Roxadustat treatment
for anemia in patients undergoing long-term dialysis.
N Engl ] Med 2019;381:1011-22

Anesthesiology 2021; 135:15-7

Copyright © 2021, the American Society of Anesthesiologists. Unauthorized reproduction of this article is prohibited.

20z UoIe €1 uo 1senb Aq Jpd'01.000-0'00.L04202/9¥€60S/S L/1LISE L APd-alonIe/ABOj0ISUISaUE/WI0D IIEYOIBAIIS ZESE//:d}}Y WOl papeojumoq


mailto:holger.eltzschig@uth.tmc.edu
mailto:holger.eltzschig@uth.tmc.edu

