Basal mechanisms of
HBOT
NVD meeting
9-12-2017
Mattijn Buwalda
Anaesthesiologist-intensivist & DMP
www.mattijnb.nl
Runtime: 60 min
Slides: 59

lecture
available
at

Short introduction

NVD

Welkom bij de NVD
De Nederlandse Vereniging voor Duikgeneeskunde houdt zich bezig
met het bevorderen van de studie en het verbreiden en in stand
houden van kennis van de duikgeneeskunde en de hyperbare
geneeskunde.
De Nederlandse Vereniging voor Duikgeneeskunde (NVD) is toegankelijk
voor alle Nederlandstalige artsen, tandartsen en apothekers. De
vereniging richt zich tot hen die praktisch werkzaam zijn, en/of
wetenschappelijk actief zijn, of anderszins geïnteresseerd zijn in het
boeiende veld van de duik- en hyperbare geneeskunde.

Definition HBOT
•
•
•
•
•

tank for one or more patients
variable pressure (> 1.4 bar)
variable time
variable schedule
patients breath 100% O2

Goal: increase tissue PO2
during HBOT:
arterial PO2 > 2000 mmHg
tissue PO2 200 - 400 mmHg
Thom SR. Hyperbaric oxygen therapy, J Intensive Care Med.1989:4;58-74

ECHM accepted indications
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

decompression sickness
air or gas embolus
severe CO poisoning
clostridial myonecrosis
necrotizing fasciitis
crush injury & compartment syndrome
non-healing hypoxic wounds (diabetic wounds)
radiation bone and soft tissue necrosis
refractory osteomyelitis
severe haemorrhagic anaemia
compromised skin flaps and grafts
severe thermal injury (burns)
5
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Lower extremity diabetic ulcers

• morbidity and loss of quality of life
• mortality: 5 and 10 yrs survival post amputation is
respectively 44% and 19%
Hoffmann M, Kujath P, Flemming A, Proβ M, Begum N, Zimmermann M, et al. Survival of diabetes patients with major amputation is comparable to malignant disease. Diab Vasc Dis Res. 2015;12(4):265- 71. doi:
10.1177/1479164115579005

History
•
•
•
•
•

1961: Brummelkamp Clostridial myonecrosis
1971: Rosenthal pressure ulcers
1985: diabetic ulcers
1987: Baroni first controlled trial diabetic ulcers
1987 – 2014: 12 prospective and 11 retrospective
papers:
– mostly positive outcome (reviewed by Bishop 2015)

• problems:
– studies differ greatly in treatment and patiënt selection
– high potential for bias
– double blinded study very difficult in HBOT
UK NICE guideline 2008 : HBO for diabetic ulcers no longer recommended due
to lack of evidence
NICE . Type 2 diabetes foot problems: Prevention and management of foot problems. Manchester: NICE. 2008.
Bishop AJ (2015) Diabetic Lower Extremity Ulcers and Hyperbaric Oxygen Therapy. J Endocrinol Diab 2(5): 1-5. DOI: http://dx.doi.org/10.15226/2374-6890/2/5/00133
Brummelkamp WH, Hogendijk L, Boerema I (1961). "Treatment of anaerobic infections (clostridial myositis) by drenching the tissues with oxygen under high atmospheric pressure". Surgery. 49: 299–302.

Löndahl 2010
•
•
•
•

Diabetic foot ulcers
single center, randomized, double blind, n=94
hyperbaric air vs oxygen 40 sessions
adjunct to standard therapy

Löndahl M, Katzman P, Nilsson A, Hammarlund C. Hyperbaric oxygen therapy facilitates healing of chronic foot ulcers in patients with diabetes. Diabetes Care. 2010;33(5):998-1003. doi: 10.2337/dc09- 1754.

DAMOCLES

DAMOCLES

• limb salvage, wound closure, amputation free survival
• no sham treatment
• many dropouts in HBOT protocol! (patients in poor condition)

DAMOCLES
CONCLUSIONS
Among individuals with diabetes, foot ulcers, and concomitant lower limb ischemia,
adding HBOT to SC did not result in statistically significant benefits in terms of limb
salvage or wound healing. An important observation from the DAMO2CLES trial is
that a substantial proportion of the patients who were eligible for participation may
not be able to undergo a complete HBOT regimen due to their unfavorable overall
medical condition

Cochrane analysis 23-1-2015
We included twelve randomised trials (577 participants) in this
updated review. Most of the included trials studied foot ulcers in people with
diabetes (10 trials).
For diabetes-related foot ulcers, we found that HBOT seemed to improve the
chance of healing in the short term (up to six weeks), but not with longer
term follow-up. HBOT may reduce the number of major amputations in
people with diabetes who have chronic foot ulcers.
For chronic wounds caused by disease to the veins of the leg, we found that
HBOT may reduce the size of wounds.
For chronic wounds caused by lack of blood supply through the arteries
or chronicpressure ulcers, we found no evidence to confirm or refute any
effects of HBOT.
We could not assess safety as none of the trials included in
our review reported whether there were any major adverse events.
http://www.cochrane.org/CD004123/WOUNDS_hyperbaric-oxygen-therapy-for-treating-chronic-wounds

Before and after………..

How does it work?

My initial thoughts on HBOT

Delayed wound
closure in hypoxic
patients

Oxygen is
needed for
cellular
homeostasis
and growth
Ischemia =
necrosis

Oxygen content
1 bar = 1000 mbar = 760 mmHg
1 kPa = 7.5 mmHg
Oxygen

Ambient
pressure

Pio2
Arterial Hb PaO2
mmHg bound O2
mmHg

Dissolved
plasma/tissue
ml/dl

21%

1 bar

160

20 ml

100

0.31 ml

100%

1 bar

760

20 ml

700

2 ml

100%

2 bar (10 MSW) 1520

20 ml

1400

4 ml

100%

3 bar (20 MSW) 2280

20 ml

2100

6 ml

Oxygen content in ml O2/ dl blood = (2 x Hb x SPO2) + (0.0031 x PaO2)
Hb = 10 mmol/L
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How does HBOT work?
Hydrostatic
effect

↑ tissue PO2
ameliorating
ischemia

gas
embolism
& DCS

B2 integrin
inhibition
vasoconstriction

0ther acute
indications

leukocyte killing

growth factors

diabetic ulcers &
post radiation
wounds

The diabetic ulcer
• infection
• neuropathy:
– autonomic failure
– maldistribution bloodflow

• vasculopathy:
– reduction capillary size
– decreased maximal
hypereamia
– impaired vasodilation after
trauma/ pressure

• capillary malfunction!

Falanga V. Wound healing and its impairment in the diabetic foot. Lancet 2005;366:1736-43

Post radiation injury
• repetitive injury
• accumulating
inflammatory cell
recruitment
• reactive fibrosis
• depletion of
mesenchymal/
stromal cells
• endothelial cell
damage
• teleangiectasia
• sustained mucosal
and epithelial
dysfunction
• cell and capillary
poor tissue
Denham J, Hauer-Jensen M. The radiotherapeutic injury-a complex ‘wound.’ Radiother Oncol 63: 129–145, 2002.

Normal wound healing

Normal wound healing

Falanga V. Wound healing and its impairment in diabetic foot. Lancet 2005;366:1736-43

Wound hypoxia
vascular damage

disrupted local
blood flow

coagulation

non healing
wound

wound hypoxia &
acidosis

inflammation
repair

increased
metabolic demand

stimulus for
repair

Neovascularization

endothelial
progenitor cells
from bone marrow

predominant mechanism
local endothelial cells
budding of existent
capillaries
Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000;6:389–395.
Tepper OM, Capla JM, Galiano RD, et al. Adult vasculogenesis occurs through in situ recruitment, proliferation, and tubulization of circulating bone marrow-derived cells. Blood 2005;105:1068–1077.

Growth factors
normal (non pulmonary) tissue PO2:
20-70 mmHg
‘dead space’ in hypoxic wound:
PO2 0 -10 mmHg + lactate

various growth factors:
• VEGF (vascular endothelial growth factor)
• BFGF (basic fibroblast growth factor)
• PDGF (platelet derived growth factor)
• TGF (transforming growth factor)
• SDF (stromal derived factor)
• cytokines

proliferation:
• formation of extracellular matrix proteins
• keratinocyte migration
• myofibroblast formation
• angiogenese
• vasculogenesis
• and many more......

Hypoxia vs hyperoxia
• if wound hypoxia triggers the expression of
growth factors…….
• why does hyperoxia (HBOT) do the same?
• let’s first focus on how hypoxia stimulates growth
factor production!
• Hypoxia Inducible Factor (HIF)
• discovered in 1992 by Semenza & Wang

G. L. Semenza and G. L. Wang, “A nuclear factor induced by hypoxia via de novo protein synthesis binds to the human erythropoietin gene enhancer at a site required for transcriptional activation,”Molecular and
Cellular Biology, vol. 12, no. 12, pp. 5447–5454, 1992.

Hypoxia Inducible Factor (HIF)
Global master regulator O2 homeostasis
•
•
•
•
•
•

angiogenesis
ischemic preconditioning
O2 sensing in eg. carotid bodies
EPO production
transition from oxidative > glycolytic metabolism
and much more

From oxidative to lactate metabolism

HIF-1 switches the ETC off! Not due to substrate limitation!
HIF-1 knock out mouse ETC still produces ATP at the cost of huge ROS
Prabhakar NR, Semenza GL. Adaptive and maladaptive cardiorespiratory responses to continuous and intermittent hypoxia mediated by hypoxia-inducible factors 1 and 2. Physiol Rev. 2012;92:967–1003.

Target genes
• HIF-1 binds to HRE in target gene to activate
transcription of > 200 target genes

Soon-Sun Hong1, Hyunseung Lee and Kyu-W on Kim. HIF-1α: a Valid T herapeutic Target for Tumor Therapy. Cancer Research and Treatment 2004;36(6):343-353

Target genes

Various growth factors

Hypoxia Inducible Factor
• global master regulator O2 homeostasis
–
–
–
–

‘induced’ by hypoxia
in all nucleated cells within metazoa
HIF-1 metazoa
HIF-2 only in vertrebrates, mainly embryonic development,
blood vessels and lung tissue

• HIF -1:
–
–
–
–
–
–

constitutively produced (during normoxia & hypoxia)
inactived under normoxic conditions!
increases if PO2 < 42 mmHg
maximal induction at 3.5 mmHg
rapid decay (T½ < 5 min) after reoxygenation
undetectable under normoxic conditions

Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell 2012;148:399-408
Wang GL, Semenza GL. Purification and characterization of hypoxia-inducible factor 1. J Biol Chem 270: 1230–1237, 1995.
Jiang BH, Semenza GL, Bauer C, Marti HH. Hypoxia-inducible factor 1 levels vary exponentially over a physiologically relevant range of O2 tension. Am. J. Physiol. 1996b; 271:C1172–C1180.

HIF inactivation by proline hydroxylase
2001

M. Ivan, K. Kondo, H. Yang et al., “HIFα targeted for VHLmediated destruction by proline hydroxylation: implications for O2 sensing,” Science, vol. 292, no. 5516, pp. 464–468, 2001.

Prolyl-4-hydroxylase (PHD)

substrate
limitation

PHD-Fe(II) + HIF-1α-Pro564 + O2 + α-ketoglutarate →
PHD-Fe(III) + HIF- 1α-HydroxyPro564 + CO2 + succinate.

degradation
Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke J, Mole DR, Mukherji M, Metzen E, Wilson MI, Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P, Barstead R, Hodgkin J, Maxwell PH, Pugh CW,
Schofield CJ, Ratcliffe PJ. C. Elegans EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell 107: 43–54, 2001.

ROS hypothesis
• hypoxic stabilization of HIF-1 by
• superoxide anion generated by the Electron
Transport Chain (complex III)
• converted by SOD to H2O2 substrate
limitation

PHD-Fe(II) + HIF-1α-Pro564 + O2 + α-ketoglutarate →
PHD-Fe(III) + HIF- 1α-HydroxyPro564 + CO2 + succinate.

oxidation
by H2O2

radicals from the mitochondrial
electron transport chain

J. K. Brunelle, E. L. Bell, N.M. Quesada et al., “Oxygen sensing requires mitochondrial ROS but not oxidative phosphorylation,” Cell Metabolism, vol. 1, no. 6, pp. 409–414, 2005.
E. L. Bell, T. A. Klimova, J. Eisenbart et al., “The Qo site of themitochondrial complex III is required for the transduction of hypoxic signaling via reactive oxygen species production,” Journal of Cell Biology, vol. 177, no.
6, pp. 1029–1036, 2007.

What is a radical?
Atom or molecule with one or more unpaired
electrons in its outer shell

Electron transport chain

the rate of O2.- formation
increases when:
• more oxygen (hyperoxia)
• electron flow slows down,
accumulation of electrons
(hypoxia)......

A leaky chain!
1-2% of electrons, prematurely and only partly, reduce O2
Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol 2003;552.2:335-344

ROS

NO scavenging by
superoxide anion

HIF
stabilization

Mitochondrial ROS production
hyperoxia
hypoxia

mitochondrial ROS
production

paradoxical increase ROS
production during hypoxia!
not well understood

Guzy RD and Schumacker PT. Oxygen sensing by mitochondria at complex, III: the paradox of increased reactive oxygen species during hypoxia. Exp Physiol 91: 807–819, 2006.
Schumacker PT (2002). Hypoxia anoxia and O2 sensing: the search. Am J Physiol Cell Mol Physiol 283, L918–921.
Waypa GB & Schumacker PT (2002). O2 sensing in hypoxic pulmonary vasoconstriction: the mitochondrial door re-opens. Respir Physiol Neurobiol 132, 81–91.
A. Baracca, F. Chiaradonna, G. Sgarbi, G. Solaini, L. Alberghina, G. Lenaz, Mitochondrial Complex I decrease is responsible for bioenergetic dysfunction in K-ras transformed cells, Biochim. Biophys. Acta 1797 (2010)
314–323.

hyperoxia

ROS
RNS

HIF

& lactate

hypoxia

PHD

stabilization

Schroedl C, McClintock DS, Budinger GR, Chandel NS. Hypoxic but not anoxic stabilization of HIF-1 requires mitochondrial reactive oxygen species. Am J Physiol Lung Cell Mol Physiol 283: L922–L931, 2002.
Hunt T, Aslam R, Beckert S, Wagner S, Ghani Q, Hussain M, Roy S, Sen C. Aerobically derived lactate stimulates revascularization and tissue repair via redox mechanisms. Antioxid Redox Signal 9: 1115–1124,2007.
Milovanova T, Bhopale VM, Sorokina EM, Moore JS, Hunt TK, Velazquez OC, Thom SR. Lactate stimulates vasculogenic stem cells via the thioredoxin system and engages an autocrine activation loop involving hypoxia
inducible factor-1. Mol Biol Cell 28: 6248–6261,2008.

Oxygen toxicity?

Antioxidants
• defence strategies!
– oxygen cascade (fortress)
– binding to Hb & Mb
(isolation)
– mitochondrial DNA repair
(engineer corps)

• single use (bullets):
–
–
–
–

vitamin E, C
Se, Zn
B-carotene
and many others

• enzyme systems:
–
–
–
–

Super Oxide Dismutase
catalase
glutathione system
thioredoxin reductase

Valko M, Leibfritz D, Moncol J, Cronin M, Mazur M, Tesler J. Free radicals and antioxidants in normal physiological functions and human disease. Int J Biochem Cell Biol 39: 44–84, 2007.

HBOT & oxidative stress
• anti oxidant defences are adequate for brief
exposures to hyperoxia
• oxidative stress versus oxygen toxicity
• oxidative stress enhances antioxidant mechanisms
• ROS & RNS (NO) also serve as signalling molecules
for induction of growth factors, cytokines &
hormones
• Stephen Thom: “oxidative stress is fundamental to
HBOT”
Ushio-Fukai M, Alexander R. Reactive oxygen species as mediators of angiogenesis signaling. Mol Cell Biochem 264: 85–97, 2004
Nels Olson and Albert van der Vliet. Interactions between Nitric Oxide and Hypoxia-Inducible Factor Signaling Pathways in Inflammatory Disease. Nitric Oxide. 2011 August 1; 25(2): 125–137
Rothfuss A, Radermacher P, Speit G. Involvement of heme oxygenase-1 (HO-1) in the adaptive protection of human lymphocytes after hyperbaric oxygen (HBO) treatment. Carcinogenesis 22: 1979–1985,2001.
Narkowicz CK, Vial JH, McCartney PW. Hyperbaric oxygen therapy increases free radical levels in the blood of humans. Free Radic Res Commun 19: 71–80, 1993.
Dennog C, Gedik C, Wood S, Speit G. Analysis of oxidative DNA damage and HPRT mutations in humans after hyperbaric oxygen treatment. Mutation Res 431: 351–359, 1999.

Air breaks
• extension of O2 tolerance by air breaks in
decompression tables
• survival times during 100% O2 in lab animals
– linear to length of normoxic interval

• induction of antioxidant enzymes and time for repair
– lung super oxide dismutase and Heme Oxygenase are
induced and correlate with survival and downregulation
inflammatory markers (rats and Guinea pigs)

Chavko M. Mechanism of protection against pulmonary hyperbaric O2 toxicity by intermittent air breaks. Eur J Appl Physiol 2008;102:525-532
Hrabin AL, Braisted JC, Flynn ET (1990) Response of antioxidant enzymes to intermittent and continuous hyperbaric oxygen. J Appl Physiol 69:328–335
Clark JM, Lambertsen CJ, Gelfand R, Troxel AB (2006) Optimization of oxygen tolerance extension in rats by intermittent exposure. J Appl Physiol 100:869–879
Hall DA. The influence of systematic fluctuation of PO2 upon the nature and rate of development of oxygen toxicity in guinea pigs. Master Thesis, University of Pennsylvanya. 1967

“oxidative stress is fundamental to HBOT”

Thom SR. Hyperbaric oxygen: its mechanisms and efficay. Plast Reconstr Surg 2011;127(Suppl.): 131S

HBOT & HIF
HIF is difficult to measure!

• Sunkari 2015:
– human dermal fibroblast cultures
– mouse embryonic fibroblasts
– All cells maintained in 5% O2
– HBOT 2.5 bar 60 min

• results:
– immunoblot detection of HIF
– HIF target genes expression
– VEGFa detection
Sunkari VG et all. Hyperbaric oxygen therapy activates hypoxia-inducible factor 1 (HIF-1), which contributes to improved wound healing in diabetic mice. Wound Repair Regen. 2015 Jan-Feb;23(1):98-103. doi:
10.1111/wrr.12253. Epub 2015 Feb 13.

HBOT & HIF

Sunkari VG et all. Hyperbaric oxygen therapy activates hypoxia-inducible factor 1 (HIF-1), which contributes to improved wound healing in diabetic mice. Wound Repair Regen. 2015 Jan-Feb;23(1):98-103. doi:
10.1111/wrr.12253. Epub 2015 Feb 13.

Other pathways: HBOT > NO
• soluble gas, small half life
• produced locally and systematic in all tissues
• iNOS: stimulated by cytokines, bacteria, hypoxia and
HBOT
• release of endothelial progenitor cells (EPCs) from
the bone marrow

Thom, S; Bhopale, V; Milovanova, T. [abstract] NITRIC OXIDE SYNTHASE ACTIVATION AND CD34+ STEM CELL MOBILIZATION BY HYPERBARIC OXYGEN IN DIABETIC PATIENTS. Abstract of the Undersea and Hyperbaric
Medical Society, Inc. Annual Scientific Meeting, St Pete Beach, Florida, USA. (http://www.uhms.org
Gallagher KA, Liu ZJ, Xiao M, Chen H, Goldstein LJ, Buerk DG, et al. Diabetic impairments in NO-mediated endothelial progenitor cell mobilization and homing are reversed by hyperoxia and SDF-1 alpha. J Clin Invest
2007; 117: 1249–59

HBOT > relative hypoxia…..

hyperoxia

& lactate

ROS
RNS

hypoxia

?

HIF

PHD

stabilization

Schroedl C, McClintock DS, Budinger GR, Chandel NS. Hypoxic but not anoxic stabilization of HIF-1 requires mitochondrial reactive oxygen species. Am J Physiol Lung Cell Mol Physiol 283: L922–L931, 2002.
Hunt T, Aslam R, Beckert S, Wagner S, Ghani Q, Hussain M, Roy S, Sen C. Aerobically derived lactate stimulates revascularization and tissue repair via redox mechanisms. Antioxid Redox Signal 9: 1115–1124,2007.
Milovanova T, Bhopale VM, Sorokina EM, Moore JS, Hunt TK, Velazquez OC, Thom SR. Lactate stimulates vasculogenic stem cells via the thioredoxin system and engages an autocrine activation loop involving hypoxia
inducible factor-1. Mol Biol Cell 28: 6248–6261,2008.

Hypoxia is relative!
cortical neurons are normally used
to PO2 35 mmHg (5% O2) in situ

when cultured in 20% O2 (PO2 140 mmHg) and then exposed to
5% O2 they activate HIF-1
same cells cultured in 30% O2 > 20% also activate HIF-1
Hypoxic set point is not fixed!

Khanna S, Roy S, Maurer M, Ratan RR. . Oxygen-sensitive reset of hypoxiainducible factor transactivation response: prolyl hydroxylases tune the biological normoxic set point. Free Radic Biol Med 40: 2147–2154, 2006.

Intermittent hyperoxia
• Human umbilical vein endothelial cell cultures
• 21% O2 after 2h 32% O2
HIF-1

MMP = HIF-1 regulated protein

Cimino F, Balestra C, Germonpré P, De Bels D, Tillmans F, Saija A, Speciale A, Virgili F. Pulsed high oxygen induces a hypoxic-like response in human umbilical endothelial cells and in humans. J Appl Physiol 113: 1684–
1689, 2012

Pulsed hyperoxia & hypoxia

haemoglobin

• 2 groups of 12 humans
• 30 min every other day, 15 or 100% O2
• For 10 days = 5 pulses
Both hypoxic and
hyperoxic pulse stimulus
cause an increased Hb

Cimino F, Balestra C, Germonpré P, De Bels D, Tillmans F, Saija A, Speciale A, Virgili F. Pulsed high oxygen induces a hypoxic-like response in human umbilical endothelial cells and in humans. J Appl Physiol 113: 1684–
1689, 2012

Normobaric oxygen paradox

• N=9
• A: 30 min 100% O2 daily
• B: 30 min 100% O2
alternate days
• O2 pulse, from high to
low triggers HIF
• transcription of EPO
starts within 4-8 h
• haemoglobin starts to
rise within 3 days

De bels, et al. The normobaric oxygen paradox: does it increase haemoglobin? DHM 2012;42:67-71

Normobaric oxygen paradox

•
•
•
•

n=85 post hip surgery
30 min air or 100% O2 daily
starting day 1 postop
no effect on Hb

Lafere P, et al. Can the normobaric oxygen paradox (NOP) increase reticulocyte count after traumatic hip surgery? J Clin Anesth 2013;25:129-134

Chronic vs intermittent hypoxia
21%

0%
21%

persistent HPV activation:
pulmonary hypertension

0%
21%

0%

More HIF activation

Dewhirst MW. Intermittent hypoxia furthers the rationale for hypoxia-inducible factor-1 targeting. Cancer Res. 2007; 67:854–5.
Semenza GL. Regulation of oxygen homeostasis by hypoxia-inducible factor 1. Physiology (Bethesda). 2009; 24:97–106.

HIF > carotid body:
arterial hypertension

Intermittent hyperoxia

Intermittent hyperoxia

strong hyperoxia

relative hypoxia

ROS
RNS

HIF
stabilization

Relative hypoxia

mild hyperoxia

relative hypoxia

ROS
RNS

HIF
stabilization

Intermittent normobaric O2?

Intermittent normobaric hyperoxia

mild hyperoxia

relative hypoxia

ROS
RNS

HIF
stabilization
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