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Summary: Angiogenesis is the natural process whereby new blood vessels are formed. New blood 
vessels are needed when the metabolic demand outstrips the delivery of oxygenated blood (i.e. heavy 
exercise) and when tissue is stressed, or damaged, and therefore needs new blood vessels to heal and 
form fresh new tissue.  

This paper describes the biological mechanisms involved in angiogenesis and reveals multiple studies 
showing transdermal carbon dioxide can play a critical role in the formation of new blood vessels.  

Increases in tissue carbon dioxide directly activates the biologic cascade leading to angiogenesis. Such 
healing angiogenesis caused by transdermal carbon dioxide is demonstrated in normal skeletal muscle, 
skeletal muscle after injury, fractured bone, denervated tissue following crush injury, surgical skin flaps, 
hyperglycemic skeletal muscle, ischemic limbs, and healing wounds.  

As skeletal muscle activity increases, multiple mechanisms are activated to optimize oxygen utilization 
by the exercising muscle. Most obvious and easiest to measure is the increase in blood oxygen delivery 
that results from a dilating capillary network. Once blood has reached the metabolically active tissue, 
oxygen release from the hemoglobin is enhanced due to the Bohr effect. If the tissue senses repeated 
stress on the supply of oxygen, formation of additional blood vessels is triggered through angiogenesis.  

Thousands of studies have focused on identifying the mechanisms involved in the formation of new 
blood vessels through angiogenesis (6, 9). One well-known mechanism is the increase in tissue HIF-1 
level in response to hypoxia, a potent trigger for angiogenesis. Three other known physiologic 
mechanisms will activate angiogenesis without the need for hypoxia: increasing blood flow and shear 
(11), microenvironmental stretch of the tissue (24), and metabolic triggers such as adenosine (1).  

Many recent studies now clearly demonstrate that externally applied carbon dioxide (CO2) also can 
trigger angiogenesis. Given that the generation of CO2 is a fundamental property of oxygen metabolism, 
and elevated values suggest a lack of blood flow to carry it away, it makes sense that an elevated level 
would trigger new blood vessel formation. Although the pathways linking angiogenesis to shear and 
tissue stretch are well described, the link between angiogenesis and metabolic stress still remains a 
mystery.  

It is evident from multiple studies that the biologic cascade leading to angiogenesis is directly activated 
by increases in tissue CO2. Investigators have shown that CO2 induces normoxic angiogenesis in normal 
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skeletal muscle (21), injured skeletal muscle (2), fractured bone (14, 20), denervated tissue following 
crush injury (19), skin flaps (22), hyperglycemic skeletal muscle (16), ischemic hind limb (13), and healing 
wounds (15).  

How might CO2 activate normoxic angiogenesis? Given the vasodilation and Bohr effect caused by CO2 
(5, 23, 26), the angiogenesis occurs in an environment with abundant oxygen, which thereby negates 
the idea that hypoxia, or HIF, is a controlling factor.  

Several other possible pathways do not require hypoxia. One study has suggested that CO2 might cause 
the release of vascular endothelial growth factor (VEGF) (4). Another possible pathway to angiogenesis 
is the release of nitric oxide (3, 10, 18), as CO2 is reported to induce its release (7). And finally, 
angiogenesis might be stimulated by the acidity generated by elevated CO2 (25).  

Carbon dioxide will also increase oxidative metabolism of muscle fibers by mediating mitochondrial 
biogenesis. Oe et al. (21) showed that when tissue concentrations of CO2 are increased in normal 
skeletal muscle, the gene expression of PGC-1a, SIRT1, and VEGF increase, as does the number of 
mitochondria. The CO2-induced increase in PGC-1a was confirmed in a study where oxidative capacity 
was preserved by CO2 in a model of hyperglycemia (17) and again when CO2 was used to abate muscle 
atrophy (12). These studies clearly demonstrate that CO2 mimics the effects of exercising muscle and 
stimulates the need for oxidative capacity that ultimately causes angiogenesis.  

The angiogenic response produced when CO2 is applied through the skin closely matches the response 
caused by CO2 released naturally during exercise. Haas and Nwadozi (8) reported in a recent review that 
three stages of angiogenesis are activated during repeated bouts of exercise. It was noted that when 
exercise is repeated over the long term, VEGF stimulation diminishes and concentrations return to 
baseline. This normalization of VEGF occurs once adequate remodeling of the vasculature has occurred. 
Interestingly, the study of CO2 on exercised muscle mimics this response. After weeks of repeated 
transdermal CO2 therapy to the muscle, the amount of VEGF generated by the CO2 treatment also 
returned to baseline (2). This finding offers evidence that CO2 applied to the skin offers a stimulus very 
similar to that of natively generated CO2 in the tissue.  

In summary, recent studies have demonstrated that elevated concentrations of CO2 in the tissue will 
essentially mimic an increase in metabolic rate and stimulate the tissue to respond accordingly by 
activating the process for normoxic angiogenesis.  
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