
SINCE THE ORIGINAL DESCRIPTION in the cat of the hypoxic
pressure response by Von Euler and Liljestrand in 1946

(26), the mechanisms of hypoxic vasoconstriction and oxygen
sensing in vascular cells have been of great interest to many
investigators (11). However, hypoxia affects all the cells in
the lung, and not unexpectedly, noncontractile cells may dis-
play a response to hypoxia that results in altered production
and secretion of metabolites (6) or alterations of cell mem-
brane receptor expression or function (23). Just one early
example is the desensitization of adrenergic receptors in the
heart and the pulmonary arteries after chronic hypoxia (25).

It has now been recognized that all cell types in the lung
are affected by chronic hypoxia and that macrophages, fi-
broblasts, resident, and bone-marrow–derived precursor cells
likely all cooperate toward the end product of chronic
hypoxia-induced pulmonary vascular remodeling. For exam-
ple, Satoh et al. (18) recently demonstrated that endothelial
cell precursor cell recruitment from the bone marrow to the
pulmonary endothelium was significantly impaired in hypoxic
erythropoietin-receptor knockout mice, and this resulted in
increased pulmonary vascular remodeling. These data indi-
cate that endogenous erythropoietin receptors play a protec-
tive role during development of chronic hypoxic pulmonary
hypertension (18). Davie et al. (2, 3) demonstrated, during
chronic hypoxia, bone marrow–derived progenitor cells

participating in pulmonary arterial adventitia remodeling.
Thus, the role of progenitor cells in hypoxia-induced pulmo-
nary vascular remodeling is still controversial and may be
species dependent; Satoh et al. used mice, but Davie et al.
used rats.

Thus, progenitor cells may have a key role in hypoxia-induced
vascular remodeling. The cellular and molecular mechanisms
of hypoxia-induced pulmonary vascular remodeling have
recently been reviewed (19). David Stern showed in 1990
(15) that hypoxia disturbs endothelial cell function associated
with suppression of thrombomodulin gene expression and
later generation of cytokines such as interleukin (IL)-6 (17).
More recently, this group demonstrated that hypoxia caused
induction of early growth response-1 (Egr-1) transcripts in
mouse lungs; this was paralleled by the enhanced expression
of the downstream target gene tissue factor (28) in bronchial
and vascular smooth muscle cells. Clearly, hypoxia has an im-
pact on a number of lung signaling pathways.

One of the most prominent pathways implicated in
hypoxia-mediated vascular remodeling centers on the mole-
cule hypoxia-inducible factor (HIF)-1�. Antedating the
discovery of the transcription factor HIF-1� by Gregg
Semenza (27), Ono et al. (16) showed that a selective platelet-
activating factor (PAF) antagonist inhibited chronic hypoxia-
induced pulmonary hypertension and lung vascular remodeling,
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without affecting pulmonary artery pressure when administered
during a phase of acute hypoxic pulmonary vasoconstriction.
Thus, an inhibitor of inflammation attenuated the development of
chronic hypoxic pulmonary hypertension, suggesting that
chronic hypoxia activates inflammatory pathways. It is now gen-
erally accepted that HIF-1� provides a pivotal molecular link
between hypoxia and inflammation (4, 5, 9, 13). Prostaglandin E2

can induce HIF-1� as can the immunomodulatory cytokines,
tumor necrosis factor (TNF)-� and IL-1 (Fig. 1). HIF-1�, in turn,
increases the transcription of many genes encoding proteins that
control blood flow and cell growth, including vascular endothe-
lial growth factor (VEGF) and nitric oxide synthase (NOS).

How does hypoxia affect lung endothelial cell form and
function? Studies have been performed with cultured cells
(20), but recent experiments (12) indicated that chronic
hypoxia produces a “megalocytosis” of pulmonary arterial en-
dothelial cells in situ and causes sequestration of eNOS in a
cytoplasmic compartment away from its functional caveolar
site, perhaps providing a mechanism for the reduction in
pulmonary arterial nitric oxide (NO) levels in experimental
hypoxia pulmonary hypertension, despite sustained eNOS
protein levels.

HYPOXIA AND IMMUNE REGULATION

In the 1960s, it was recognized that chronic hypoxia
affects the weight of the thymus in rodents (1, 22). Subse-
quently Kmets and Anthony (7) reported that hypoxia-
induced thymic involution was associated with delayed skin
graft rejection in mice, indicative of a suppressed immune re-
sponse. Meehan (10) reviewed the effects of high altitude and
chronic hypoxia exposure on the human immune system and
concluded that B-cell function was unimpaired; in contrast,
he concluded that T-lymphocyte function was impaired, in
part because of endogenous glucocorticoid effects. Experi-
ments in mice are consistent with this notion, demonstrating
increased susceptibility to infections with a number of bacte-
rial organisms. Recently, Nicolls et al. (14) reviewed the topic
of severe pulmonary hypertension in immunocompromised
patients. Clearly a very strong association exists of a variety
of autoimmune disorders, as well as infection with human im-
munodeficiency virus (HIV), with the development of severe
pulmonary hypertension. Based on our own data, which show
that athymic rats, which lack functional T lymphocytes,
develop severe, vasoobliterative pulmonary hypertension
(21), we formulated the hypothesis that pulmonary vascular
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remodeling, including remodeling occurring during chronic
hypoxia-induced pulmonary hypertension, is modulated by
T lymphocytes. We postulate that one possible mechanism of
hypoxia-induced immunosuppression manifests itself by acti-
vation of the HIF-1�/VEGF/VEGF receptor axis, because
T lymphocytes as well as B cells produce VEGF and express
VEGF receptors (see Fig. 1) (8).

CONCLUSION

We now are beginning to appreciate the complex relation be-
tween chronic hypoxia and lung tissue that leads to the so-called
hypoxia-induced pulmonary vascular remodeling. Hypoxic
vasoconstriction—although important—is only one component
of this spectrum of molecular mechanisms. Gaps in our knowl-
edge base and challenges for the future include the mechanisms
behind cellular transdifferentiation (24), the participation of
bone marrow–derived and pulmonary stem cells (3) and how
the sympathetic nervous system and the individual components
of the innate and adaptive immune system determine beneficial
and pathologic responses of the lung circulation.

ABBREVIATIONS

Egr-1, early growth response-1; HIF, hypoxia-inducible
factor; IL, interleukin; NO, nitric oxide; NOS, nitric oxide
synthase; PAF, platelet-activating factor; TNF, tumor necrosis
factor; VEGF, vascular endothelial growth factor.

REFERENCES

1. Altland PD, Highman B, and Smith F. Immune response in rabbits
exposed to high altitude. J Infect Disease 113: 228–232, 1963.

2. Davie NJ, Crossno JT Jr, Frid MG, Hofmeister SE, Reeves JT, Hyde
DM, Carpenter TC, Brunetti JA, McNiece IK, and Stenmark KR.
Hypoxia-induced pulmonary artery adventitial remodeling and
neovascularization: contribution of progenitor cells. Am J Physiol
286: L668–L678, 2004.

3. Davie NJ, Gerasimovskaya EV, Hofmeister SE, Richman AP,
Jones PL, Reeves JT, and Stenmark KR. Pulmonary artery ad-
ventitial fibroblasts cooperate with vasa vasorum endothelial
cells to regulate vasa vasorum neovascularization: a process
mediated by hypoxia and endothelin-1. Am J Pathol 168:
1793–1807, 2006.

4. Hellwig-Burgel T, Stiehl DP, Wagner AE, Metzen E, and Jelkmann
W. Review: hypoxia-inducible factor-1 (HIF-1): a novel transcrip-
tion factor in immune reactions. J Interferon Cytokine Res 25:
297–310, 2005.

5. Jung YJ, Isaacs JS, Lee S, Trepel J, and Neckers L. IL-1beta-
mediated up-regulation of HIF-1alpha via an NFkappaB/COX-2
pathway identifies HIF-1 as a critical link between inflammation
and oncogenesis. FASEB J 17: 2115–2117, 2003.

6. Karakiulakis G, Papakonstantinou E, Aletras AJ, Tamm M, and
Roth M. Cell type specific effect of hypoxia and PDGF-BB on ex-
tracellular matrix turnover and its consequences for lung remodel-
ling. J Biol Chem 2006 (in press).

7. Kmetz JM and Anthony A. Lymphoidal involution and delayed
homograft rejection in hypoxia-exposed mice. Am J Physiol 223:
673–678, 1972.

8. Leclers D, Durand K, Cook-Moreau J, Rabinovitch-Chable H,
Sturts FG, and Rigaud M. VEGFR-3, VEGF-C and VEGF-D
mRNA quantification by RT-PCR in different human cell types.
Anticancer Res 26: 1885–1891, 2006.

TNFα

HIF-1αInflammation

T-lymphocytes

B-lymphocytes

IL-1

VEGF

Thymus

Hypoxia

FIG. 1. A scheme depicting how hypoxia might modulate
immune regulation.



9. Lukashev D, Klebanov B, Kojima H, Grinberg A, Ohta A, Beren-
feld L, Wenger RH, and Sitkovsky M. Cutting edge: hypoxia-
inducible factor 1alpha and its activation-inducible short isoform I.1
negatively regulate functions of CD4+ and CD8+ T lymphocytes.
J Immunol 177: 4962–4965, 2006.

10. Meehan RT. Immune suppression at high altitude. Ann Emerg
Med 16: 974–979, 1987.

11. Moudgil R, Michelakis ED, and Archer SL. The role of K+ chan-
nels in determining pulmonary vascular tone, oxygen sensing, cell
proliferation, and apoptosis: implications in hypoxic pulmonary
vasoconstriction and pulmonary arterial hypertension. Microcir-
culation 13: 615–632, 2006.

12. Mukhopadhyay S, Xu F, and Sehgal PB. Aberrant cytoplasmic se-
questration of eNOS in endothelial cells after monocrotaline, hy-
poxia and senescence: subcellular eNOS localization and live-cell
caveolar and cytoplasmic NO imaging studies. Am J Physiol
Heart Circ Physiol 2006 (in press).

13. Neumann AK, Yang J, Biju MP, Joseph SK, Johnson RS, Haase
VH, Freedman BD, and Turka LA. Hypoxia inducible factor 1
alpha regulates T cell receptor signal transduction. Proc Natl Acad
Sci U S A 102: 17071–17076, 2005.

14. Nicolls MR, Taraseviciene-Stewart L, Rai PR, Badesch DB, and
Voelkel NF. Autoimmunity and pulmonary hypertension: a per-
spective. Eur Respir J 26: 986–988, 2006.

15. Ogawa S, Shreeniwas R, Butura C, Brett J, and Stern DM. Modu-
lation of endothelial function by hypoxia: perturbation of barrier
and anticoagulant function, and induction of a novel factor X acti-
vator. Adv Exp Med Biol 281: 303–312, 1990.

16. Ono S, Westcott JY, and Voelkel NF. PAF-antagonists inhibit pul-
monary vascular remodeling induced by hypobaric hypoxia in
rats. J Appl Physiol 73: 1084–1092, 1992.

17. Pinsky DJ, Yan SF, Lawson C, Naka Y, Chen JX, Connolly ES Jr.,
and Stern DM. Hypoxia and modification of the endothelium: im-
plications for regulation of vascular hemostatic properties. Semin
Cell Biol 6: 283–294, 1995.

18. Satoh K, Kagaya Y, Nakano M, Ito Y, Ohta J, Tada H, Karibe A,
Minegishi N, Suzuki N, Yamamoto M, Ono M, Watanabe J,
Shirato K, Ishii N, Sugamura K, and Shimokawa H. Important
role of endogenous erythropoietin system in recruitment of endo-
thelial progenitor cells in hypoxia-induced pulmonary hyperten-
sion in mice. Circulation 113: 1142–1450, 2006.

19. Stenmark KR, Fagan KA, and Frid MG. Hypoxia-induced pulmo-
nary vascular remodeling: Cellular and molecular mechanisms.
Circ Res 99: 692–705, 2006.

20. Takeda K and Fong GH. Prolyl hydroxylase domain 2 protein sup-
presses hypoxia-induced endothelial cell proliferation. Hyperten-
sion 2006 (in press).

21. Taraseviciene-Stewart L, Kraskaukas D, Scerbavicius R, Burns
N, Cool C, Nicolls M, and Voelkel NF. The protective role of 
T-lymphocytes in pulmonary vascular remodeling. Chest 128:
571S–572S, 2006.

22. Trapani IL. Immunophysiological considerations of antibody forma-
tion at high altitude. In: The Physiological Affects of High Altitude,
edited by Weihe WH. New York: Macmillan, 1964, pp. 167–175.

23. Tuder RM, Flook BE, and Voelkel NF. Increased gene expression
for VEGF and the VEGF receptors KDR/Flk and Flt in lungs ex-
poses to acute or to chronic hypoxia: modulation of gene expres-
sion by nitric oxide. J Clin Invest 95: 1798–1807, 1995.

24. Voelkel NF and Tuder RM. Hypoxia-induced pulmonary vascular
remodeling: a model for what human disease? J Clin Invest 160:
733–738, 2000.

25. Voelkel NF, Hegstrand L, Reeves JT, McMurtry IF, and Molinoff
PB. Decrease in cardiac �-adrenergic receptor density after
chronic high altitude exposure. J Appl Physiol 50: 363–366, 1981.

26. Von Euler US and Liljestrand G. Observations on the pulmonary
arterial blood pressure in the cat. Acta Physiol Scand 12: 301–320,
1946.

27. Wang GL and Semenza GL. Characterization of hypoxia-
inducible factor 1 and regulation of DNA binding activity by
hypoxia. J Biol Chem 268: 21513–21518, 1993.

28. Yan SF, Lu J, Xu L, Zou Ys, Tongers J, Kisiel W, Mackman N,
Pinsky DJ, and Stern DM. Pulmonary expression of early growth
response-1: biphasic time course and effect of oxygen concentra-
tion. J Appl Physiol 88: 2303–2309, 2000.

Address reprint requests to:
Norbert F. Voelkel, M.D.

Pulmonary Hypertension Center and
Division of Pulmonary and Critical Care Medicine

UCHSC Denver, CO 80262

E-mail: norbert.voelkel@uchsc.edu

Date of first submission to ARS Central, January 14, 2007;
date of final revised submission, January 14, 2007; date of ac-
ceptance, January 17, 2007.

HYPOXIA AND  THE LUNG 743





This article has been cited by:

1. Dr. Yuichiro J. Suzuki . 2007. From Oxygen Sensing to Heart FailureFrom Oxygen Sensing to Heart Failure. Antioxidants & Redox
Signaling 9:6, 653-660. [Citation] [PDF] [PDF Plus]

http://dx.doi.org/10.1089/ars.2007.1580
http://www.liebertonline.com/doi/pdf/10.1089/ars.2007.1580
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2007.1580

