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Hypothesis
Impaired wound healing in diabetics is due to pathological angiogenesis, which is a result of aberrant
sphingosine-1-phosphate (S1P) signaling. Pharmacological modulation of sphingosine-1-phosphate-
dependent signaling normalizes healing in diabetic wounds.

Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid that is produced in all cells
and is enriched in blood and lymph. Sources of circulating S1P include platelets, erythrocytes
and probably vascular endothelium.

S1P activates signaling pathways controlling cell proliferation, cell survival and cell migration,
primarily by ligating five plasma membrane G protein-coupled receptors, S1P1-5 (1).
Previously known as the endothelial differentiation gene (EDG) receptors, the S1P receptors
are expressed in various combinations on different cell types (2). Through their effects on cells,
S1P-mediated signals contribute to cell survival and migration, organ development,
angiogenesis, vascular integrity and lymphocyte trafficking. S1P signaling through the S1P1
receptor is essential for vascular maturation during embryogenesis, whereas S1P signaling
through the S1P2 receptor may contribute to pathological angiogenesis in the adult (3,4).
Intracelluarly, S1P regulates calcium mobilization through receptor-dependent and possibly
also receptor-independent mechanisms. Indirect effects of S1P signaling on nitric oxide
synthesis, AKT and PDGF signaling expand the influence of S1P to the regulation of vascular
tone, wound healing and protein synthesis.

Pathogenesis of the diabetic wound
Normal wound repair is coordinated by cytokines and growth factors in healthy tissue healing
and includes the migration of mature fibroblasts and keratinocytes to a temporary granulation
tissue matrix, differentiation of skin progenitor cells, and angiogenesis. Chronically increased
levels of blood glucose in diabetic patients lead to impaired wound healing, decreased wound
strength and impaired wound-related angiogenesis.

Pathological analysis of diabetic wounds demonstrates malformation of the extra cellular
matrix likely through abnormal fibroblasts, which show impaired migration and proliferation
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when exposed to high glucose concentrations in vitro (5,6). Defective release of cytokines and
growth factors, such as PDGF, leads to aberrant response of inflammatory cells to the wound
site (7). These factors along with impaired macro- and microvascular circulation and decreased
oxygen to the wounded tissues result in poor wound healing in diabetic patients.

Interestingly, preclinical studies employing a combination of subcutaneously administered S1P
and the S1P2 antagonist JTE013 (to block pathological angiogenesis) reportedly increased
formation of granular tissue in diabetic mice (7).

Sphingosine-1-phosphate metabolism
S1P is derived from the enzymatic breakdown of membrane sphingomyelin (Figure 1) and the
turnover of other higher order sphingolipids enriched in lipid rafts. In response to stress
conditions including hypoxia, radiation, chemotherapy or stimulation with TNFα,
sphingomyelinases hydrolyze sphingomyelin, generating the pro-apoptotic molecule
ceramide. This biochemical step is referred to as the “sphingomyelin cycle”. Ceramide can
also be generated in cells de novo. Ceramide generated from either pathway can be deacylated
by ceramidases to form the long chain base, sphingosine. Sphingosine is phosphorylated by
sphingosine kinase, thereby generating active S1P (1). Metabolism of S1P is accomplished by
sphingosine phosphate lyase and lipid phosphatases.

Although this degradative pathway was previously considered an inefficient cellular
mechanism for recycling, it is now clear that many intermediates generated in this pathway are
bioactive.

Angiogenesis and vascular maturation are essential for wound healing
Angiogenesis and vascular maturation are pivotal for wound healing. The S1P receptor is
expressed in abundance on endothelial cells, vascular smooth muscle cells, and pericytes.
Activation of S1P1 directs cortical actin filament formation and other cytoskeletal proteins
needed for endothelial cell migration. The recruitment of vascular smooth muscle cells and
pericytes to the nascent blood vessel is also communicated through the S1P1 receptor (3).
Through these effects, S1P promotes endothelial tube formation, vascular maturation and
reduces vascular permeability.

The role of S1P1 receptors in angiogenesis was discovered with the initial characterization of
homozygous S1P1 knockout mice. These mice die at post-gestational day 12.5-14.5 due to
massive internal hemorrhage (3). While they do exhibit angiogenesis, the vasculature of the
mice does not mature. The lack of S1P1 receptors in the endothelium is associated with impaired
migration of pericytes and smooth muscle cells to the developing blood vessels, with loss of
adhesion junctions between pericytes and endothelial cells, leading to vascular instability. Thus
the S1P1 receptor is pivotal to angiogenic maturation and mediates endothelial cell survival,
migration cell-cell interactions and adhesion.

Aberrant S1P signaling results in pathological angiogenesis
Pathologic angiogenesis, or the rapid proliferation of abnormal blood vessels, underlies the
pathogenesis of proliferative diabetic retinopathy, retinopathy of prematurity (ROP), sickle
cell retinopathy, age-related macular degeneration, psoriasis, and tumor angiogenesis. Studies
involving S1P2 knock out mice confirm that the activation of the S1P2 receptor is necessary
for the growth of abnormal retinal vessels in response to hypoxia, that induces ROP (4). S1P
promotes tumor angiogenesis, which is essential for tumor progression (8). This observation
is consistent with findings of increased sphingosine kinase expression in human cancers of the
brain, breast, colon, kidney, lung, ovary, rectum, small intestine, stomach and uterus. Thus,

Francis-Goforth et al. Page 2

Surgery. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activation of S1P pathways can induce desirable angiogenesis, whereas inhibition of the same
pathways, and in particular those mediated by S1P2, represent a novel therapeutic approach to
prevent pathological angiogenesis.

S1P and wound healing
Wound healing involves migration of fibroblasts and keratinocytes to the site of injury.
Lysophospholipids including S1P are enriched in acute wound fluid (9). Laminin 5 is a small
protein that induces adhesion and migration of human keratinocytes during wound healing.
S1P enhances production of laminin 5, promoting the connection between the epithelial
hemidesmosomes and the underlying basement membrane in human keratinocytes (9). In
response to injury, thrombin promotes activation of S1P, which stimulates angiogenesis. S1P
further promotes proliferation and migration of human keratinocytes and the formation of a
fibronectin matrix at the dermal-epidermal junction (10).

In addition to its effects on superficial wound healing, S1P-mediated signaling through S1P1
and S1P3 appear to contribute to deep tissue repair. S1P1-3 are expressed on hepatic
myofibroblasts, cells which promote remodeling of the liver matrix in acute injury (11). Acute
liver injury in mice induced with carbon tetrachloride increased expression of sphingosine
kinase and upregulation of S1P2,3 . Liver injury was also associated with increased production
of S1P and activation of S1P mitogenic effects on the hepatic myofibroblasts (11).

Pharmacological modulation of S1P signaling
S1P receptors are considered excellent targets for pharmacological modulation, because they
reside on the cell surface, are differentially expressed in tissues and signal through different G
protein-coupled pathways. This situation creates the potential for specificity with regard to
response and tissue, as well as the potential to generate agonists and antagonists for each
receptor. A number of S1P receptor ligands have been identified in chemical library screens
or developed through rational drug design approaches (12). These include agents such as
FTY720, an immunomodulatory drug that induces a reversible, transient lymphopenia and
diminishes lymphocyte interaction with solid organ grafts after oral administration. FTY720
is a prodrug that is phosphorylated in vivo to FTY720-phosphate. FTY720-phosphate acts as
an S1P analog and “super-ligand” that binds to receptors S1P1,3,4,5 resulting in downregulation
of the S1P1 receptor . Although it has shown promise as an immune modulator, the lack of
specificity of FTY720 exemplifies the major drawback of currently available S1P receptor
ligands. Newer agents such as KRP-203 and SEW2871 are more selective for S1P1 and appear
to exhibit better toxicity profiles. Drugs with receptor-inhibitory activity such as the S1P2
antagonist JTE-013 also appear promising, although only a few preclinical studies have been
undertaken with this agent to date. As more selective agents become available, it should become
possible to maximize the clinical utility and minimize off-target effects of S1P receptor
targeting.

Summary
S1P signaling through the S1P1 receptor is essential for vascular maturation and contributes
to healthy angiogenesis, whereas the fundamental lesion in diabetic wound healing is
pathological angiogenesis, a process that is regulated by S1P signaling through S1P2 receptors.
Pharmacological modulation of S1P-dependent signaling pathways may become useful for
management of diabetic wounds, particularly by employing strategies of S1P1 agonism,
S1P2 antagonism or a combination of the two. S1P receptor drug targeting is already being
investigated in the clinical setting and has shown promising therapeutic results for several
diseases. However, the current armamentarium of ligands for modulating S1P signaling suffers
from lack of receptor type specificity. Eventually, as more specific agonists and antagonists of

Francis-Goforth et al. Page 3

Surgery. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the five S1P receptors become available and are evaluated in clinical trials, the ability to harness
S1P signals to promote angiogenesis, wound healing and influence other aspects of
perioperative physiology should become possible. Depending upon the toxicity profile of these
new drugs, they could be employed for prevention and/or treatment of diabetic wounds.
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Fig 1. S1P generation and actions in wound healing
S1P acts as a ligand for five differentially expressed G protein coupled cell surface receptors.
Expression of S1P1 on endothelial cells is required to promote the migration of pericytes and
smooth muscle cells to nascent blood vessels, a critical step in healthy blood vessel maturation.
In contrast, S1P2 activation promotes pathological angiogenesis, an undesirable feature of
diabetic wounds, retinopathy of prematurity and other diseases. Subcutaneous administration
of S1P or the S1P2 antagonist JTE013 stimulate the development of healthy granular tissue
and enhance angiogenesis in mouse models of diabetes. We hypothesize that administration
of receptor type selective S1P1 agonists and/or S1P2 antagonists should shift the balance from
aberrant angiogenesis to healthy angiogenesis, thereby improving diabetic wound healing.
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