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A recent study by Xie et al. [1] suggests that metabolic adjustments in
erythrocytes affect progression of hypertensive kidney disease by regulating
tissue oxygen delivery. The study provides novel mechanisms in the pathogenesis of renal disease and potential treatment targets. Given the substantial energy demand of tubular solute reabsorption, the kidneys are
highly metabolically active organs consuming around 7% of the oxygen
taken up by the body. While comprising no more than 2% of body mass, the
kidneys receive approximately 22% of resting cardiac output. Despite this
apparent luxury perfusion - oxygen extraction is lower than in many other
organs - kidneys show a steep oxygen gradient with decreasing oxygen
partial pressure from cortical towards medullary portions. Indeed, local
tissue oxygen partial pressures may be as low as 10 mmHg in the renal
medulla [2]. In contrast, other vital organs, like the heart, the liver and the
brain, operate at tissue oxygen partial pressures above 30 mmHg [3].
Further reductions in renal oxygen tension can cause acute renal failure.
In fact, highly trained and healthy mountaineers may experience reductions
in kidney function and albuminuria, the so-called high altitude renal syndrome (HARS), at altitudes above 7000 m [2]. Renal tubular cells,
well-endowed with energy consuming Naþ/Kþ pumps, are prone to hypoxic
damage. Moreover, hypoxia promotes transition from acute to chronic
kidney disease [4]. Renal tubular cells respond to sustained oxygen shortage
with epithelial-mesenchymal transdifferentiation into myoﬁbroblasts [5].
Hypoxia also activates ﬁbroblasts and may change extracellular matrix
characteristics. The resulting renal tubulointerstitial ﬁbrosis, a hallmark of
chronic kidney disease, drives further renal function loss including reduced
erythropoietin release with subsequent anemia [6]. Renal microvascular
rareﬁcation and glomerular sclerosis foster renal hypoxia with advancing
age [7]. Avoiding renal tissue hypoxia could conceivably ameliorate
ﬁbrogenesis and slow the decline in kidney function.
Theoretically, oxygen consumption and oxygen supply could be
tweaked to improve renal oxygenation. In fact, mechanisms regulation
renal oxygen consumption have been an important scientiﬁc focus in
recent years. For example, worsened renal energy efﬁciency through
mitochondrial uncoupling has been observed in diabetic kidney disease
[8]. Conversely, more efﬁcient mitochondria convey renal hypoxia tolerance in animals [9]. In many organs, increased perfusion is the prime
mechanism matching oxygen supply to increased oxygen demand. In the
kidney, however, increased perfusion results in concomitant increases in
glomerular solute ﬁltration. Filtered solutes have to be reclaimed through

energy-dependent tubular reabsorption such that oxygen demand increases with increasing perfusion. Alternatively, the amount of oxygen
released at a given perfusion rate could increase. A recent study in
mountaineers suggested that sphingosine-1-phosphate signaling in erythrocytes protects against tissue hypoxia at high altitude by improving oxygen release [10].
Xie et al. [1] generated mice with erythrocyte lineage-speciﬁc ablation
of the gene encoding sphingosine kinase 1, which produces
sphingosine-1-phosphate. Chronic angiotensin II infusion elicited a more
pronounced increase in blood pressure, renal damage, and renal hypoxia in
mice with erythrocyte lineage-speciﬁc sphingosine kinase 1 knockout
compared to wildtype mice. The differential response was not explained by
differences in erythropoiesis secondary to renal disease. In knockout animals, erythrocyte sphingosine-1-phosphate concentrations were low and
did not respond to angiotensin II infusion. In contrast, erythrocyte
sphingosine-1-phosphate concentrations were much higher in wildtype
animals and increased further with angiotensin II infusion likely through
sphingosine kinase 1 induction. Together, these observations suggest that
sphingosine-1-phosphate generation in erythrocytes protects the kidney
from hypoxia associated damage elicited through angiotensin II.
Next, Xie et al. [1] identiﬁed metabolites and metabolic pathways in
erythrocytes differentially affected by angiotensin II. The glycolysis
pathway was signiﬁcantly affected in knockout mice with angiotensin II
infusion compared to wildtype mice. Among glycolytic intermediates, 2,
3-bisphosphoglycerate was particularly strongly induced by angiotensin
II in wildtype mice. The response was obliterated in knockout mice. Over
decades, physiology professors have touted that 2,3-bisphosphoglycerate
modulates hemoglobin oxygen binding such that oxygen delivery in peripheral tissues is improved. Here is a useful application. Detailed metabolic analyses utilizing labeled metabolites among other tools showed that
angiotensin II induces bisphosphoglycerate mutase, the enzyme generating 2,3-bisphosphoglycerate, in wildtype but not in knockout mice.
AMP-activated protein kinase and protein phosphatase 2A appear to be
involved. Indeed, pharmacological AMP-activated protein kinase activation and protein phosphatase 2A inhibition rescued the chronic kidney
disease phenotype in knockout animals. Clinicians may ﬁnd it intriguing
that metformin also activates AMP-activated protein kinase. Finally, preliminary studies in erythrocytes obtained from patients with chronic kidney disease reproduced some of the ﬁndings in mice.
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Overall, the study focusses our attention on the interaction between
metabolic programming and hypoxia on kidney disease progression. The
idea that the sphingosine-1-phosphate mechanism could be engaged
through
hypoxia
acclimatization
[10]
is
intriguing.
Sphingosine-1-phosphate may also convey endothelial protection during
intermittent hypoxia [11]. Yet, systemic intermittent hypoxia has also
been implicated in the progression of chronic kidney disease in patients
with chronic obstructive pulmonary disease [12]. We dare to speculate
that while too much hypoxia may damage the kidney, individualized
hypoxia training could have utility in ameliorating kidney disease.
Metabolic programing may also affect target organ tolerance to hypoxia.
A shift towards fructose metabolism is a highly conserved evolutionary
mammalian mechanism protecting tissues against hypoxia among other
stresses [13]. Naked mole rats survive prolonged anoxia by switching their
metabolism to fructose based energy generation [14]. In a rodent model for
kidney transplantation, fructose-1,6-diphosphate increased the viability of
kidney grafts during cold ischemia [15]. Furthermore, in patients undergoing cardiac bypass surgery, intravenous fructose-1-6-diphosphate infusion was associated with reduced likelihood of experiencing postoperative
myocardial infarction and better cardiac function [16]. Finally, hypoxia
may affect tissue regeneration. A functioning hypoxia –
hypoxia-inducible-factor – von-Hipple-Lindau-gene axis is mandatory for
the differentiation of nephron progenitor cells [17]. The regenerative capacity of many adult tissues including the kidneys is limited. The phenomenon may be explained in part by oxidative stress-induced activation of
the DNA damage response resulting in cell cycle arrest [18]. In mice,
myocardial regeneration can be rescued by severe sustained hypoxia [19].
Overall, we suggest that recognition of the mechanisms orchestrating the
interaction between hypoxia and the kidney may pave the way to novel
therapies ameliorating kidney disease. The sphingosine-1-phosphate
mechanism in erythrocytes is not the only pathway worth pursuing.

[9] A.L. Fuson, D.F. Cowan, S.B. Kanatous, L.K. Polasek, R.W. Davis, Adaptations to
diving hypoxia in the heart, kidneys and splanchnic organs of harbor seals (Phoca
vitulina), J. Exp. Biol. 206 (2003) 4139–4154.
[10] K. Sun, Y. Zhang, A. D'Alessandro, T. Nemkov, A. Song, H. Wu, H. Liu, M. Adebiyi,
A. Huang, Y.E. Wen, M.V. Bogdanov, A. Vila, J. O'Brien, R.E. Kellems, W. Dowhan,
A.W. Subudhi, S. Jameson-Van Houten, C.G. Julian, A.T. Lovering, M. Safo,
K.C. Hansen, R.C. Roach, Y. Xia, Sphingosine-1-phosphate promotes erythrocyte
glycolysis and oxygen release for adaptation to high-altitude hypoxia, Nat. Commun. 7 (2016) 12086.
[11] F.C. Yu, C.X. Yuan, J.Y. Tong, G.H. Zhang, F.P. Zhou, F. Yang, Protective effect of
sphingosine-1-phosphate for chronic intermittent hypoxia-induced endothelial cell
injury, Biochem. Biophys. Res. Commun. 498 (2018) 1016–1021.
[12] K.M. Full, C.L. Jackson, C.M. Rebholz, K. Matsushita, P.L. Lutsey, Obstructive sleep
apnea, other sleep characteristics, and risk of CKD in the atherosclerosis risk in
communities sleep heart health study, J. Am. Soc. Nephrol. 31 (2020) 1859–1869.
[13] R.J. Johnson, P. Stenvinkel, P. Andrews, L.G. Sanchez-Lozada, T. Nakagawa,
E. Gaucher, A. Andres-Hernando, B. Rodriguez-Iturbe, C.R. Jimenez, G. Garcia,
D.H. Kang, D.R. Tolan, M.A. Lanaspa, Fructose metabolism as a common evolutionary pathway of survival associated with climate change, food shortage and
droughts, J. Intern. Med. 287 (2020) 252–262.
[14] T.J. Park, J. Reznick, B.L. Peterson, G. Blass, D. Omerbasic, N.C. Bennett, P. Kuich,
C. Zasada, B.M. Browe, W. Hamann, D.T. Applegate, M.H. Radke, T. Kosten,
H. Lutermann, V. Gavaghan, O. Eigenbrod, V. Begay, V.G. Amoroso, V. Govind,
R.D. Minshall, E.S.J. Smith, J. Larson, M. Gotthardt, S. Kempa, G.R. Lewin, Fructosedriven glycolysis supports anoxia resistance in the naked mole-rat, Science 356
(2017) 307–311 (New York, NY).
[15] N. Antunes, C. Martinusso, C. Takiya, A. da Silva, J. de Ornellas, P. Elias,
M. Leite Jr., LJKi Cardoso, Fructose-1, 6 diphosphate as a protective agent for
experimental ischemic acute renal failure, Kidney Int. 69 (2006) 68–72.
[16] B.J. Riedel, J. Gal, G. Ellis, P.J. Marangos, A.W. Fox, D. Royston, Myocardial protection using fructose-1,6-diphosphate during coronary artery bypass graft surgery:
a randomized, placebo-controlled clinical trial, Anesth. Analg. 98 (2004) 20–29,
table of contents.
[17] K. Cargill, S.L. Hemker, A. Clugston, A. Murali, E. Mukherjee, J. Liu, D. Bushnell,
A.J. Bodnar, Z. Saifudeen, J. Ho, C.M. Bates, D. Kostka, E.S. Goetzman, S. SimsLucas, Von hippel-lindau acts as a metabolic switch controlling nephron progenitor
differentiation, J. Am. Soc. Nephrol. 30 (2019) 1192–1205.
[18] W. Kimura, Y. Nakada, H.A. Sadek, Hypoxia-induced myocardial regeneration,
J. Appl. Physiol. 123 (2017) 1676–1681.
[19] L. Ye, L. Qiu, B. Feng, C. Jiang, Y. Huang, H. Zhang, H. Zhang, H. Hong, J. Liu, Role
of blood oxygen saturation during post-natal human cardiomyocyte cell cycle activities, JACC Basic Transl. Sci. 5 (2020) 447–460.

Declaration of competing interest
Ulrich Limper
Department of Anaesthesiology and Intensive Care Medicine, Merheim
Medical Center, Hospitals of Cologne, University of Witten/Herdecke,
Cologne, Germany
Institute of Aerospace Medicine, German Aerospace Center (DLR), Cologne,
Germany

None.
References
[1] T. Xie, C. Chen, Z. Peng, B.C. Brown, J.A. Reisz, P. Xu, Z. Zhou, A. Song, Y. Zhang,
M.V. Bogdanov, R.E. Kellems, A. D'Alessandro, W. Zhang, Y. Xia, Erythrocyte
metabolic reprogramming by sphingosine 1-phosphate in chronic kidney disease
and therapies, Circ. Res. 127 (2020) 360–375.
[2] A.M. Luks, R.J. Johnson, E.R. Swenson, Chronic kidney disease at high altitude,
J. Am. Soc. Nephrol. 19 (2008) 2262–2271.
[3] A. Carreau, B. El Hafny-Rahbi, A. Matejuk, C. Grillon, C. Kieda, Why is the partial
oxygen pressure of human tissues a crucial parameter? Small molecules and hypoxia, J. Cell Mol. Med. 15 (2011) 1239–1253.
[4] M.M. Ullah, D.P. Basile, Role of renal hypoxia in the progression from acute kidney
injury to chronic kidney disease, Semin. Nephrol. 39 (2019) 567–580.
[5] M. Nangaku, K.U. Eckardt, Hypoxia and the HIF system in kidney disease, J. Mol.
Med. 85 (2007) 1325–1330 (Berlin, Germany).
[6] M. Liu, X. Ning, R. Li, Z. Yang, X. Yang, S. Sun, Q. Qian, Signalling pathways
involved in hypoxia-induced renal ﬁbrosis, J. Cell Mol. Med. 21 (2017) 1248–1259.
[7] E.D. O'Sullivan, J. Hughes, D.A. Ferenbach, Renal aging: causes and consequences,
J. Am. Soc. Nephrol. 28 (2017) 407–420.
[8] M. Friederich, A. Fasching, P. Hansell, L. Nordquist, F. Palm, Diabetes-induced upregulation of uncoupling protein-2 results in increased mitochondrial uncoupling in
kidney proximal tubular cells, Biochim. Biophys. Acta Bioenerg. 1777 (2008)
935–940.

Jens Tank
Institute of Aerospace Medicine, German Aerospace Center (DLR), Cologne,
Germany
Jens Jordan*
Institute of Aerospace Medicine, German Aerospace Center (DLR), Cologne,
Germany
Chair of Aerospace Medicine, Medical Faculty, University of Cologne,
Cologne, Germany
*

2

Corresponding author. Institute for Aerospace Medicine, Linder Hoehe,
51147 Cologne, Germany.
E-mail address: jens.jordan@dlr.de (J. Jordan).

