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3 TAKE HOME POINTS:

1. Angiogenic responses are much more 

complex process than previously assumed 

(not just “on” or “off”.

2. Oxygen sensing (hypoxia / hyperoxia) in 

angiogenesis defends microvascular 

homeostasis.

3. Regenerative changes can be promoted by

hyperbaric interventions.
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Cancer



Metastases

Microscopic tumor (0.5 mm3)

But all cancers start out harmlessNATURE 2004

Cancer caused by angiogenic tumours of the thyroid gland is a rare

event, despite many of us carrying in situ tumours.



Autopsies of healthy women 40-50 

years old who died from trauma

40%
Microscopic breast cancer



50%
Microscopic prostate cancer

Healthy men 50-60 years old



100%
Microscopic thyroid cancer

People in their 70s



Metastases

How cancer becomes dangerous

Harmless

YEARS …



Metastases

How cancer becomes dangerous

Deadly



Antiangiogenic

Therapy

Chemotherapy

Radiation



Antiangiogenic Therapy

Week 0 Week 4

Brain 
Tumor



Tumor

Week 0

Antiangiogenic Therapy Breast 

Cancer

Week 4



Antiangiogenic Therapy Giant cell 

tumor

One Year Later



Antiangiogenic Therapy

Week 0

Malignant
Neurofibroma

Week 7



Angiogenic Stimulatory Factors
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Many Endogenous Angiogenesis Inhibitors
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Continuous Homeostatic Balance is KEY
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So, how does 
angiogenesis occur?

2015 Update



TRANSCRIPTION FACTOR



Growth Factor Signaling

Leads to Early Events:



Soluble Growth

Factor signals 

also mobilize 

stem cells …
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cells drawn towards the

growth factor concentration 

gradient …



Inflammatory cells ‘broker’ loop formation
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Reduction of excessive 
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And architectural 
stabilization is

achieved …



Back to Baseline .



NEW: Blood vessels normally exist in a “Goldilock’s Zone”





GOLDILOCK’S ZONE
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KEY QUESTIONS:

If HYPOXIA induces angiogenesis, then 

why does hyperoxia also promote it?

If HYPEROXIA induces angiogenesis, 

then why doesn’t it promote dangerous 

neovascularization, i.e., tumor growth?



Impact of HYPOXIA on Angiogenesis

• Increases pro-angiogenic factors, Hypoxia-Induced Factor 
(HIF1a), VEGF, MMP-2, and MMP-9.

— Cell Mol Bio Res 1994;40(1):35

— Oncol Rep 2014;31(4):1947

• Increases angiogenesis inhibitors: Thrombospondin-1 (TSP-1)
and Angiopoietin-like 4.

— Fibrogenesis Tissue Rep 2011;4:!3

— Proc Natl Acad Sci 2013;110(36):E3245

— Oncogene 2014;33(17):2273

• Downregulates angiogenesis inhibitors Endostatin and 
Angiostatin.

— Biochem Biophys Res Commun 2001;288:1149

— Proc West Pharmacol Soc 2007;50:47



Angiogenesis Response
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Impact of HYPEROXIA on Angiogenesis

• Decreases VEGF expression but increases basic fibroblast growth 

factor (bFGF), hepatocyte growth factor (HGF), Ang-2, TNFa, and MMP-9 

in vivo.

— Circ J 2007;71:405

— BBRC 2002;296:710

• Increases mobilization of endothelial progenitor cells (EPCs) from 

bone marrow into circulation.

— Vascular 2006;14(6):328

• Increases production of endogenous angiogenesis inhibitors: Pigment 

Epithelium-derived Factor (PEDF), endostatin, and TIMP-1.

— Am J Resp Cell Mol Biol 2015;52:295

— Sichuan Da Xue Xue Bao Yi Xue Ban 2006;37:614

— Wound Repair Regen 2009; 17:179



HYPEROXIA
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TAKE HOME

Angiogenesis oxygen sensing is an 

evolutionary mechanism designed to 

meet the functional needs of tissue 

and protect the microcirculatory 

‘status quo’



HYPEROXIA

Can Stimulate Vascular 

Stem Cell Mobilization 

and Recruitment 

BEYOND THE STATUS QUO …



Soluble Growth

Factor signals 

mobilize stem

cells …



0 hrs 6 hrs 24 hrs 48 hrs

Surgery (laparotomy)

Control

Physiology: Wounding Rapidly Mobilizes 

Endothelial Progenitor Cells (EPC)

JR Crosby et. al. (DR Bowen-Pope ), Circ Res. 2000;87:728.

T Murayama, et. al. (T Asahaa).  Exp Hemato.l  2002;30:967.

In Granulation 

Tissue: 

5% - 26% of

endothelial cells 

originate from 

the bone marrow



EPCs contribute to post-

natal vasculogenesis and 

are thought to promote 

regenerative repair through 

the release of paracrine 

factors
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Injury/Hypoxia/Is

chemia

— Modified from: S Rafii Nat Med 2003;9:702
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DEFECTS in DIABETES



BM CELLS W/ VASCULAR 

MARKER

— Albiero, et. al. (Gianpaolo Fadini, Univ. Padova) Diabetologica 2011;54:945-53

Non-diabetic

Diabetic

Number of Bone Marrow-derived Stem Cells 

in Wound Tissue During Healing

TOTAL BM CELLS



Contribution of Bone Marrow-derived Stem 

Cells to Total Wound Vasculature

— Albiero, et. al. (Gianpaolo Fadini, Univ. Padova) Diabetologica 2011;54:945-53
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Hyperbaric oxygen (HBO) treatment 

increases NO production in bone marrow

HBO eNOS

L-Arginine

L-Citrulline

NO
(Nitric Oxide)O2O2O2O2O2O2O2

O2O2O2O2O2O2O2
O2O2O2O2O2O2O2

O2O2O2O2O2O2O2
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— L Goldstein, et. al. Stem Cells 2006;24:2309
NO Blocker



SDF-1
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“Activated

Platelet”

— PLATELETS: Eli Levi (Methodist Hospital, Houstin, TX), poster presented at ACC 2006

— INTEGRINS: Hui Jin (J Varner, Scripps/UCSD), et. al., J Clin Invest 2006 (March) 

Angiogenic

ECs



Incorporated 

EPC

PARACRINE FACTORS:

Adrenomedullin

Angio-associated Migratory Protein

Angiogenin

Angiopoietin-1

Bone Morphogenic Protein-2, -6

Connective Tissue Growth Factor

Endothelin-1

Fibroblast growth factor-2, -7

Hepatocyte Growth factor

Insulin-like Growth Factor-1

Interleukin-1, -6, -11

Kit Ligand

MMP-1, -2, -9

Monocyte chemoattractant protein-1

Placental growth factor

Platelet-derived growth factor

Pleiotrophin

Frizzled-related protein-1, -2

Thrombospondin-1

Thymosin b4

TIMP-1, -2

Transforming Growth Factor-b

Tumor Necrosis Factor-a

Vascular Endothelial Growth Factor



Clinical Correlates



Vascular Stem Cells Are Mobilized in Patients 

Following Burn Injury
— Carlo Foresta (Univ. Padova), J Trauma 2011;70(2):459-465

Endothelial

Progenitor

Cells / ml

N = 25



The Greater the Injury, the More Vascular Stem Cells 

are Mobilized in Response

— Modified from: C Foresta (Univ. Padova), J Trauma 2011;70(2):459-465

R = 0.77

P < 0.05

Total Body

Surface Area

Burnt (%)

Endothelial Progenitor Cell Levels at Hospital Admission

N = 25



Asahara et al. Circ Res. 1999;85:221.

Endothelial Progenitor Cells Recruited to 

Ischemic Zones After Myocardial Infarction

EPC

EPC

25 mm 25 mm



Cumulative 

Event-free 

Survival

N = 519 men with CAD 

undergoing angiography 

(arterial blood sample)

Higher Circulating EPC Levels Correlate With 

Better Survival of Major Cardiovascular Events* 

at 12 Months

Days Post-Angiogram

Nikos Werner et. al. (Homburg-Sar) NEJM. 2005;999.

* MI, hospitalization, 

revascularization, 

CV death



Endothelial 

Progenitor 

Cells   

(cfu)

N = 45 men 

(20 mL venous 

blood sample)

Low Circulating EPC Levels Correlate With 

Increased Cardiovascular Risk

Hill et. al. (NHLBI) NEJM 2003;348:593.
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— Fasini et. al. (Univ. Padova) Arterioscler Thromb Vasc 

Biol 2006;;26:2140
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ANGIOGENESIS IMAGING:

Biomarkers for 

microcirculatory change 

following HBOT



ANGIOGENESIS IMAGING METHODOLOGIES

Angiogenesis Foundation - NIH initiative



Indocyanine Green Dye
• Developed by Kodak (1950s)

• Widely used in medical applications since the 1970’s:

– Retinal angiography

– Liver function and cardiac output tests

• Clinically safe

• Excreted by liver, so no renal contraindications

• 3-5 minute half-life

• Only contraindication – patients with sensitivity to iodides



History of perfusion assessment 

with Indocyanine Green (ICG)

First used in the 

1970s during retinal 

angiography

SPY fluorescence 
technology 
developed in 1999

SPY introduced to US 
market for cardiac 
surgery applications 
in 2005

SPY used to assess 
skin perfusion in 
plastic surgery in 
2007

SPY FDA cleared for 
organ transplant 
and GI procedures

LUNA developed and 
introduced into 
wound care 
procedures in 2013



Perfusion Assessment Tools

74



Wound Fluorescence Microangiography

1. Indocyanine Green (3 cc) injected 

intravenously with a 10 cc saline flush

2. Low-level light source excites ICG, 

fluorescence captured in real-time 

and displayed on monitor 
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BASELINE

VASCULARITY

Chronic Wound Healing

ANGIOGENESIS “ON”

ACUTE INJURY

PERIMETER

ANGIOGENESIS

PERSISTS ABNORMALLY “STUCK”

CHRONIC INFLAMMATION

NOT HEALED

“Hyperfluorescence



Wound Microcirculation Monitoring

“Hyperflurescence”

“

ANGIOGENESIS INCREASES IN HEALING, THEN IS PRUNED TO PHYSIOLOGICAL BASELINE 

HBOT

“Treat to normal” vascularity



Angiogenesis Near End of Healing

CD31 Staining for Vascular Endothelial Cells in Wound Granulation



3 TAKE HOME POINTS:

1. Angiogenic responses are much more 

complex process than previously assumed 

(not just “on” or “off”).

2. Oxygen sensing (hypoxia / hyperoxia) in 

angiogenesis defends microvascular 

homeostasis.

3. Regenerative changes can be promoted by

hyperbaric interventions.



FUTURE DIRECTIONS

1. Can the Goldilock’s mechanisms of angiogenesis 

be over-ridden by dose or frequency of HBOT?

2. Is the quality of new vessels induced by HBOT 

different than that induced simply by hypoxia –

can we create higher quality vessels (more stable, 

larger calibre, healthier endothelium, etc.)

3. Can we use angiogenesis imaging to determine 

the Optimal Biological Dose of HBOT?



“Scientific knowledge is in 

perpetual evolution; it finds itself 

changed from one day to the next.”

— Jean Piaget (1896-1980)
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