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Significance: Prolonged inflammation and impaired angiogenesis are the two
principal factors that prevent successful wound healing, which is exacerbated
in people with diabetes. There is a significant need for new wound healing
treatments that target both these factors simultaneously. This review dis-
cusses the emerging evidence that high-density lipoproteins (HDL) have
pleiotropic wound healing benefits.

Recent Advances: Numerous in vitro and in vivo studies have demonstrated
the anti-inflammatory and proangiogenic effects of HDL. In endothelial cells,
HDL mediate these effects through interaction with the scavenger receptor
SR-BI, which activates the PISK/Akt pathway, causing a decrease in inflam-
matory protein production and an increase in proangiogenic growth factors. In
macrophages, HDL inhibit inflammation through suppression of the nuclear
factor kappa B activation pathway. This review details the molecular distur-
bances that cause impaired wound healing in diabetes with a particular focus
on inflammation and angiogenesis and the pathways in which HDL provide
benefit.

Critical Issues: Diabetic foot ulcers (DFUs) impose a major public health
challenge worldwide. It is estimated that 20% patients with DFUs require
amputation, which is accompanied by a significant social and economic bur-
den. To date, there are no therapeutic agents with pleiotropic effects that
actively improve wound healing, highlighting a therapeutic void for this
complex disease.

Keywords: high-density lipoproteins, diabetes, anti-inflammatory, angiogenesis,
wounds, ulcers

SCOPE AND SIGNIFICANCE

are precursors for the development of

D1aBETES 15 ONE of the most com-
mon metabolic disorders,? with the
World Health Organization report-
ing 382 million diabetic people in
2013, with 592 million predicted by
2035.! Patients with diabetes have a
predisposition for the development of
peripheral arterial disease and pe-
ripheral neuropathy, both of which

ADVANCES IN WOUND CARE, VOLUME 10, NUMBER 7

Copyright © 2021 by Mary Ann Liebert, Inc.

diabetic foot ulcers (DFUs).>* It is
estimated that 20% of patients with
DFUs require amputation.® The risk
of death in patients with an existing
DFU s 2.5 times higher than diabetic
patients without.>® Wound healing
is a complex physiological process
and this process is complicated fur-
ther by diabetes.®
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TRANSLATIONAL RELEVANCE

There are currently very few therapies that
actively improve wound healing and exhibit pleio-
tropic effects.” Emerging evidence suggests high-
density lipoproteins (HDL) possess significant
wound healing properties through regulation of
multiple important wound healing mechanisms.
HDL have traditionally been viewed as a cardio-
protective protein since the discovery of a signifi-
cant inverse relationship between plasma HDL
cholesterol levels and the risk of myocardial infarc-
tion.® More recently, HDL have been reported to
exhibit anti-inflammatory, endothelial protective,
and proangiogenic effects in response to ischemia.®*°
As a result of these multiple benefits, HDL promise
to be a highly effective wound healing agent.

CLINICAL RELEVANCE

This article will discuss the molecular mecha-
nisms involved in diabetic wound healing, focusing
on the inflammatory disturbances and impaired
angiogenesis. We will compare the successes and
limitations of current clinical strategies being tested
to improve healing. Finally, this article will highlight
the accumulating evidence supporting the role of
HDL in diabetic wound healing, and why it may have
advantages over other therapeutic approaches that
will facilitate its translation into the clinical setting.
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BACKGROUND

Acute and chronic wounds

Wound healing is a dynamic process consisting
of four continuous, yet overlapping, phases char-
acterized by hemostasis, inflammation, prolifera-
tion, and remodeling (Fig. 1).!! During optimal
wound healing, these phases occur in a precise and
timely manner.!2

Some flexibility exists in the wound healing
process to support imbalances within each step and
sequence; however, if this not carefully regulated
and system is disrupted too much, it can lead to the
development of a chronic nonhealing wound. Dia-
betes causes substantial imbalances in each stage
of the wound healing process, and if a wound fails
to heal within the first 8 weeks in a diabetic pa-
tient, this is classified as “chronic.”®

Diabetes is a condition characterized by chroni-
cally elevated blood glucose levels. In many people
with diabetes, this can be controlled with insulin
therapy and/or other antidiabetic drugs. Despite
this, the risk of impaired wound healing is signifi-
cantly elevated in people living with diabetes and is
associated with persistent, nonresolving inflam-
mation and defective tissue repair responses.'®!*
For example, in hyperglycemia, neutrophils produce
more superoxide and proinflammatory cytokines.®
Neutrophils from diabetic patients are also found
to be in a hyperactive state, indicated by increased
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Figure 1. Different Stages of healthy wound healing in humans consisting of hemostasis, inflammation, proliferation, and remodeling, which usually occur
immediately, 1-2 days, 4-12 days, and 12 days-2 years postinjury, respectively. Color images are available online.
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expression of activation marker CD11b.'® In terms
of the adaptive immune system, the study by Moura
et al. reported decreased diversity of blood T cell
T-cell receptor-f in diabetes, particularly in DFUs,
despite the accumulation of T cells in the wound
tissues of diabetic patients.'”

Diabetes also increases the levels of circulating
inflammatory protein C-reactive protein in foot
wounds'® and wounds have increased total num-
bers of inflammatory cells, paralleled by decreased
concentrations of growth factors.'® This hinders
the migration of the epidermis layer over the
wound, which is essential for healing.!® Diabetes
also causes alterations in wound structure and the
remodeling process, causing a loss of heparan sul-
fate proteoglycans such as syndecan-4%° and in-
creased degradation of the extracellular matrix.%!
In addition, diabetes significantly impacts angio-
genesis, which is the formation of new vessels from
existing ones. Diabetic wounds have poor angio-
genic responses resulting in decreased capillary
density. This is due to the negative effect of hy-
perglycemia on different range of transcription
factors, signaling molecules, and growth factors
such as reactive oxygen species (ROS) and vascular
endothelial growth factor (VEGF).

Limitations of current and previous topical
wound healing therapies

Based on the evidence-based guidelines pub-
lished by the International Working Group on
Diabetic Foot (IWGDF), the most common treat-
ment options for DFUs are limited to debridement
of hypertrophic tissue surrounding the wound,
application of appropriate dressings, and orthotic
devices to offload the pressure from the ulcer
area.?? In some cases, vascular reconstruction is
required if macrovascular ischemia is contributing
to chronic wound development.??

A recent comprehensive review, part of the
IWGDF process, identified that sharp debridement
was the only intervention studied in a controlled
manner and with adequate evidence demonstrat-
ing benefit.?® For topical interventions, a sucrose
octasulfate dressing was found to be the most
effective in a recent well-controlled randomized
multicenter clinical trial across France, Spain,
Italy, Germany, and United Kingdom.?* The
mechanism of action is believed to be through in-
hibition of matrix metalloproteases, which are
found in higher concentrations in chronic wounds,
increasing inflammation and breaking down the
remodeling process.?*

Negative pressure wound therapy (NPWT) (only
when used after surgery), has demonstrated prom-

ising benefits in clinical trials.?® However, for

chronic wounds, there is not enough evidence to es-
tablish whether NPWT has any benefit over stan-
dard care. NPWT is predominantly recommended
for acute and larger postsurgical wounds, which
have excess exudate that impacts wound healing.

Growth factors are essential for wound healing,
particularly for promoting angiogenesis.?® Nu-
merous clinical trials have tested the application of
growth factors, including fibroblast growth factor
(FGF), epidermal growth factor (EGF), combined
FGF-EGF, and other growth factors, on diabetic
wounds. Topical application of basal FGF in a spray
format onto DFUs caused a 75% reduction in ulcer
area; however, the analysis for this study was as per
protocol analysis leading to bias.?® Furthermore, a
recent Phase III multicenter clinical trial used a
spray form of recombinant human EGF that sig-
nificantly improved wound healing in 167 patients
with DFUs.%” Despite their promise, a major con-
founder for the translation of growth factors is their
lack of cost-effectiveness, with an additional signif-
icant consideration being that they only target a
single mechanistic pathway of healing.

In summary, despite numerous clinical trials
that have tested a wide variety of interventions,
there is still no universally approved or effective
therapy for diabetic wound healing, which has been
implemented to support the best standard of care.
Most clinical interventions target only a single
mechanism of action in the wound healing process.
This may be insufficient to effectively heal mecha-
nistically complex diabetic wounds. Agents that
offer pleiotropic actions on the wound healing
process are therefore far more likely to be effective.

DISCUSSION
HDL: the “Good Cholesterol”

HDL is primarily composed of an outer layer of
phospholipids and proteins (known as apolipopro-
teins, predominantly apoA-I) and a hydrophobic
core of cholesterol (esterified and nonesterified)
and triglycerides.?® Circulating plasma HDL com-
prise a highly heterogeneous family of lipoprotein
particles varying in density, size, surface charge,
and lipid/protein composition.?® HDL interact with
three key cell surface proteins. These are the cho-
lesterol transporters ABCA1 and ABCG1 and the
scavenger receptor SR-BI.2® A vast number of
in vitro, in vivo, and epidemiological studies have
demonstrated that HDL exhibit atheroprotective,
antithrombotic, antioxidant, antiapoptotic, anti-
inflammatory, antiproteolytic, and proangiogenic
properties.?® HDL are characterized into several
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subtypes based on variations in size and composi-
tion; these subtypes include HDLy; and HDLg.%®
HDLj in particular is believed to be a subpopula-
tion of HDL with superior anti-inflammatory ef-
fects.?! The majority of the beneficial effects of
HDL are conducive to improving wound repair.

Epidemiological evidence of a role for HDL
in wound healing

A large body of evidence supports a relationship
between low circulating HDL cholesterol levels and
the risk of a cardiovascular event.?? More recently,
epidemiological studies have shown an inverse re-
lationship between HDL levels and the risk of de-
veloping diabetes. For instance, levels of HDLy were
found to be inversely proportional with the inci-
dence of type 2 diabetes.3® Interestingly, lower lev-
els of HDL have been associated with an increased
risk of developing diabetic neuropathy, an impor-
tant contributing factor for DFU formation, in both
type 1 and type 2 diabetes.>* While pharmacological
elevation of circulating HDL cholesterol levels using
cholesterol ester transfer protein (CETP) inhibitors
was not effective in reducing cardiovascular events,
interestingly, it did delay the onset of T2DM, indi-
cating an antidiabetic effect.3?

Only one clinical study has specifically evalu-
ated the relationship between endogenous HDL
cholesterol levels and diabetic wound healing out-
come.?® In 163 patients with an existing DFU in a
single hospital in Japan, this study found that
there was an inverse correlation between circu-
lating HDL cholesterol levels and three endpoints:
(1) minor amputation, or below the ankle amputa-
tion, (2) major amputation or amputation above the
ankle, and (3) wound-related death, defined as a
death with unhealed ulcer. This independently
suggested that endogenous HDL cholesterol is a
predictor for lower extremity amputation.

Inflammation in diabetic wound healing
and the role of HDL

Inflammation is important in the early stages of
wound healing to combat infection, however, when
prolonged and inappropriate inflammation nega-
tively affect wound healing at every step in the
repair process. Diabetes, in particular, exacerbates
inflammation and substantially slows its resolu-
tion, causing multiple complications in wound
biology and healing. Agents that suppress inflam-
mation are therefore likely to have significant
wound healing benefits. It is well established that
HDL have anti-inflammatory effects that include
(1) the suppression of endothelial cell inflammation
and improved endothelial function and (2) the re-
duction of monocyte/macrophage activation and

recruitment to sites of inflammation (Table 1).2
These properties of HDL all have benefits on the
wound healing process and the prevention of
chronic wound development.

Endothelial protective effects. Endothelial cells
play a key role in wound healing. They are the
building blocks of wound neovessels that are es-
sential for repair. Through their expression of ad-
hesion molecules, chemokines, and cytokines,
endothelial cells mediate the delivery of monocytes
and macrophages to the wound site. Controlled
endothelial cell inflammation is therefore critical
for successful healing, but can lead to chronic
wound development if inappropriately prolonged
or elevated. HDL exhibit potent inhibitory effects
on endothelial cell inflammation (Fig. 2). For ex-
ample, HDL have been shown to reduce the in vitro
and in vivo expression of key adhesion molecules,
including intercellular cell adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and E-selectin.?>®® One of the mecha-
nisms for the anti-inflammatory effects of HDL on
endothelial cells starts with the interaction be-
tween HDL and the sphingosine-1-phosphate 3
(S1P3) receptor. This results in the phosphoryla-
tion and activation of the PI3K/Akt pathway,
which leads to the activation of endothelial nitric
oxide synthase (eNOS) and the production of nitric
oxide (NO). While NO plays an important role in
the promotion of wound angiogenesis and mainte-
nance of endothelial function, it also exhibits anti-
inflammatory effects. It has been demonstrated
that NO can inhibit the tumor necrosis factor
(TNF)-a activation pathway through the suppres-
sion of nuclear factor kappa B (NF-xB); the piv-
otal inflammatory transcription factor comprised
subunits p65 and p50 that normally promotes
VCAM-1, ICAM-1, and chemokine expression.®!
Reconstituted HDL (rHDL, apoA-I complexed with
phospholipid) also suppress endothelial cell che-

Table 1. Anti-inflammatory effects of high-density lipoproteins

Study Mechanism of Action for HDL's Anti-inflammatory Properties

Kimura et al®  Inhibition of key cell adhesion molecules, including

VCAM-1 and ICAM-1

/5% Stimulating eNOS and production of nitric oxide

Yuhanna et a

Bursill et al¥’ Suppressing endothelial cell chemokine expression
(CCL2, CCL5, and CX3CL1)
Murphy et al’®  Decreasing the expression of monocyte CD11b

in a dose-dependent manner
Promoting the transition of M1-like macrophages
to M2-like macrophages
Inhibition of inflammatory cytokine production from monocytes

Sanson et al*®

Liu et al**

eNOS, endothelial nitric oxide synthase; HDL, high-density lipoproteins.
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Figure 2. Mechanisms for the anti-inflammatory effects of HDL in endothelial cells. Left panel HDL increase formation of bioactive nitric oxide (NO) through
interaction with the S1P3 receptor, which activates PI3K/Akt, leading to inhibition in action of NF-«xB. This prevents the translocation of the NF-xB subunits p65/
p50 to the nucleus, where it binds to the NF-xB response elements (RE) in the promoter region of inflammatory genes, including vascular cell adhesion
molecule (VCAM)-1 and intercellular cell adhesion molecule (ICAM)-1. Right panel in an alternative pathway, HDL reduce the production of inflammatory
cytokines CCL2, CCL5, and CX3CL1 through interaction with scavenger receptor (SR)-B1 that leads to suppression of downstream kinase signaling (PI3K/Akt)
and inhibition in the activation of NF-xB pathway. NF-xB, nuclear factor kappa B; S1P3, sphingosine-1-phosphate 3. Color images are available online.

mokine expression, including CCL2, CCL5, and
CX3CL1. This is mediated through interaction with
SR-B1, inhibition of downstream kinase signaling,
and suppression of NF-xB activation.?”

Preclinical models of vascular inflammation
have also demonstrated the anti-inflammatory ef-
fects of HDL. For example, in a rabbit model of
carotid occlusion,>® systemic infusion of rHDL in-
hibited neutrophil infiltration and the expression
of VCAM-1, ICAM-1, and the chemokine CCL2.%®
HDL have also been reported to increase the anti-
inflammatory enzyme platelet-activating factor ace-
tyl hydrolase, which inactivates platelet-activating
factor and promotes inflammation.>®

Macrophages. Macrophages are an important
cell type contributing to both the initiation and
resolution of the inflammatory phase of wound
healing.*® Macrophages are highly heterogeneous
and can express a wide range of markers with an
adaptable and plastic nature.*! The two prominent
macrophage populations that are active at the
wound site during the wound healing process are
tissue-resident macrophages and monocyte-derived
macrophages. Under normal uninjured conditions,

the population of tissue-resident macrophages is
higher than monocyte-derived macrophages. How-
ever, upon injury, an influx of monocyte-derived
macrophages results in a twofold increase in their
number and an acute reduction in tissue-resident
macrophages.*® Shortly after injury and hemosta-
sis, monocyte-derived macrophages enter the wound
site and differentiate into proinflammatory (M1)
macrophages releasing inflammatory cytokines, in-
cluding interleukin (IL)-18, TNF-o, and IL-6.%2
This is followed by the subsequent healing stages
through polarization into the anti-inflammatory
(M2) reparative macrophages, which release anti-
inflammatory cytokines such as transforming
growth factor (TGF)-f and IL-10 and support tis-
sue remodeling and fibrosis.*> In pathological
conditions such as diabetes, the transition from
the M1 to the M2 phenotype is delayed, causing an
increase in wound inflammation through excess
M1-derived chemokine/cytokine expression. This
persistent inflammation is likely to result in the
development of a chronic wound.*°

Multiple studies have demonstrated that HDL
have anti-inflammatory effects on human mono-
cytes and macrophages, which is likely to have
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substantial benefits on the wound healing process.
For example, HDL prevent the activation of pri-
mary human monocytes by significantly decreas-
ing the expression of CD11b.'® In an in vitro
study,!® HDL inhibited phorbol 12-myristate-13-
acetate (PMA)-induced activation of monocyte
CD11b in a dose-dependent manner.'® Further-
more, when monocytes were pretreated with HDL
followed by stimulation with PMA, there was a
significant reduction in CD11b expression.*’

HDL have also been shown to promote a shift
from M1-like macrophages to M2-like macrophages.
In a key study by Sanson et al.,*> HDL suppressed
both basal and interferon gamma-induced expres-
sion of M1 inflammatory markers such as inducible
nitric oxide synthase, IL-6, and TNF-o. Further-
more, HDL caused a 10-fold increase in the ex-
pression of M2-like markers Arg-1 and Fizz-1.*3 It
is important to note that both Arg-1 and Fizz-1 are
likely to contribute to tissue remodeling in wound
healing as they mediate the deposition of extra-
cellular matrix in animal models.** These findings
further highlight the biological plausibility of uti-
lizing the anti-inflammatory properties of HDL for
wound healing.

HDL also inhibit the production of inflammatory
cytokines from monocytes. One mechanism by
which HDL does this is through binding of the
apoA-I component of HDL to the “stimulating fac-
tor” on circulating stimulated T lymphocytes. This
blocks the normal interaction between monocytes
and stimulated T lymphocytes, thereby prevent-
ing cytokine release (e.g., IL-1§ and TNF-«) from
monocytes at sites of inflammation (Fig. 3).“° ApoA-I

Activated T- lymphocytes

has also been shown to inhibit the production of in-
flammatory cytokines such as IL-15, TNF-¢, and
intercellular ROS by blocking the interaction of T
cell ligands with the leukocyte f2-integrin subunit.?!
Consistent with these findings, rHDL reduces the
secretion of chemokines CCL2, CCL5, and CX3CL1
from monocytes and the expression of chemokine
receptors CCR2 and CX5CR1.%7

HDL also suppress Toll-like receptor (TLR)-
induced expression of proinflammatory cytokines
from macrophages.*® For example, pretreatment of
bone marrow-derived macrophages with HDL re-
duced IL-6 and TNF-« secretion in response to a
variety of TLR ligands. The mechanism for these
effects of HDL was found to be through regulation
of the transcription factor ATF3 that is down-
stream of the TLR. ATF3 is induced through TLR
stimulation and acts through a negative feedback
system to inhibit excessive production of proin-
flammatory cytokines. Interestingly, infusion of
HDL into mice increased the level of ATF3 mRNA
expression in the Kupffer cells (macrophages) of
the liver. In the same study, HDL demonstrated an
endothelial protective effect by increasing re-
endothelialization of carotid arteries after carotid
injury, an effect that was not observed in Atf-3-
deficient mice.*®

Diabetes significantly prolongs wound inflam-
mation and halts the normal sequence of the
wound repair process. This includes disruption to
wound macrophage regulation. In a study done by
Mirza et al.,'® macrophages isolated from chronic
wounds of patients with type 2 diabetes promi-
nently exhibited a proinflammatory M1-like phe-

Monocyte

N

IL-1B
TNF-a
ROS

Figure 3. Anti-inflammatory effects of HDL on monocytes/macrophages. HDL block the interaction between stimulated T lymphocytes and monocytes by
interacting with “stimulating factor X" on T lymphocytes. This reduces the interaction between stimulated T lymphocytes and monocytes, which in turn reduces
monocyte secretion of inflammatory cytokines and ROS. ROS, reactive oxygen species. Color images are available online.
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notype, expressing high levels of inflammatory
cytokines, including IL-1f, matrix metalloprotei-
nase (MMP)-9, and TNF-«.'3 Furthermore, wound
macrophages obtained from diabetic mice persisted
as proinflammatory M1-like macrophages and
failed to transition to the reparative M2-like phe-
notype.’> The phenotypic switch from M1-like
macrophages to M2-like macrophages is also be-
lieved to be controlled by factors such as I1.-4/IL13,
IL-1, TLR activation, and optimal activity of stress-
associated MAPK, P38.*" Suppression of inflam-
mation can, however, overcome these issues. The
use of an IL-1f blocking antibody was found to
improve wound healing, reduce M1-like macro-
phages, and increase the presence of M2-like
macrophages in wounds.'® This highlights the im-
portance of controlling inflammation to ensure
successful wound healing in diabetes. Despite this,
very few wound healing agents target inflamma-
tion. While HDL have potent anti-inflammatory
properties, there is no published literature to date
specifically reporting the anti-inflammatory effects
of HDL in diabetic wounds. Our laboratory recently
found that topical application of rHDL in a diabetic
wound healing model was able to reduce the gene
expression of inflammatory markers such as CCL2,
IL-6, TGF-f, and relA in wound tissues, 3 days
postwounding and treatment. This provides prom-
ising support for an anti-inflammatory effect of
HDL in the context of diabetic wound healing.

Angiogenesis in wound healing and the role
of HDL

One of the most important contributors to wound
healing is angiogenesis.*® Angiogenesis is the for-
mation of new blood vessels from pre-existing ves-
sels and is critical in the proliferation phase of
wound healing.

Proangiogenic effects of HDL. A number of
studies demonstrate a proangiogenic effect of HDL
in vitro in response to hypoxia and in preclinical
murine models of hind limb ischemia and wound
healing (Table 2).*° In vitro, HDL have been shown
to significantly induce proliferation, migration, and
tubule formation of endothelial cells, which are
critical for angiogenesis. Investigation of the intra-
cellular mechanisms has revealed that these chan-
ges in endothelial cell function occur through Src
family kinases PISK and MAPK with the involve-
ment of SR-BI.%° SR-BI has also been implicated as
the receptor that mediates the augmentation of
ischemia-driven angiogenesis in in vivo murine
models of hindlimb ischemia and wound healing.?!
This study delineated that HDL interaction with

Table 2. Proangiogenic effects of high-density lipoproteins

Study Mechanism of Action for HDL's Proangiogenic Properties

Tan et al. Inducing proliferation, migration, and tubule formation

Cannizo et al®* of endothelial cells

Primer ot a/%

Tan et al* Activation of PI3K/Akt pathway leading to increased
VEGF-A production

Cannizo et al/* Augmenting VEGFR2 phosphorylation and downstream
activation of critical signaling proteins involved
in endothelial cell proliferation and migration

Tan et al.*? Stabilization of HIF-1 o, through increasing Siah 1/2
and decreasing PHD-1

Jin et al® Activation of VEGFR2 through S1P3 signaling pathway

Yuhanna et a/5 Stimulating eNOS and production of nitric oxide

PHD, prolyl hydroxylase domain; S1P3, sphingosine-1-phosphate 3;
VEGFR2, vascular endothelial growth factor receptor 2.

SR-B1 activates the PISK/Akt pathway leading to
increased levels of HIF-1o and the transcription
and production of VEGF-A (Fig. 4). Further in-
vestigation of the mechanisms of action revealed
that in endothelial cells, rHDL is able to stabilize
HIF-1x in high glucose.’? It was found to do this
through an increase in the ubiquitin ligases Siah-1
and Siah-2, which subsequently suppress the prolyl
hydroxylase domain (PHD) proteins PHD-2 and
PHD-3 that normally target HIF-1o for degradation.
There is also emerging evidence that rHDL stabi-
lizes HIF-1o and improves angiogenesis in diabetes
by correction of impaired metabolic reprogramming
responses to hypoxia.>?

VEGF-A is a potent proangiogenic growth factor
that is under the control of HIF-10. It activates nu-
merous angiogenesis cellular activities once bound
to its receptor, vascular endothelial growth factor
receptor 2 (VEGFR2), on endothelial cells. Following
binding, activation of the ERK1/2 and p38MAPK
downstream signaling pathways occurs, which are
important for cell proliferation and cell migration,
respectively (Fig. 4). In a recent in vitro study, rHDL
was shown to augment VEGFR2 phosphorylation
and cause activation of downstream ERK1/2 and
p38MAPK proteins in endothelial cells under hyp-
oxic conditions, adding another piece to the puzzle of
how rHDL promotes angiogenesis.’*

S1P is a bioactive lipid mediator that regulates
angiogenesis, vascular stability, and permeability.®®
HDL transports 60% of the S1P in the plasma making
it the main acceptor and carrier of S1P. It has been
reported that HDL-mediated angiogenesis involves
activation of VEGFR2 also through the S1P3 signal-
ing pathway.?® This occurs through binding of the
HDL/S1P to S1P3 receptor, which then phosphory-
lates (activates) VEGFR2 and promotes angiogenesis
functions, including proliferation, migration, and
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Figure 4. The proangiogenic effects of HDL in endothelial cells. Following interaction with scavenger receptor (SR)-B1, HDL activates downstream PI3K/Akt
signaling. This increases HIF-1a stabilization through an increase in the ubiquitin ligases Siah-1 and Siah-1, which inhibit the PHD proteins PHD-2 and PHD-4
that normally target HIF-1o for degradation. With increased HIF-1o stabilization, it allows for elevated levels of HIF-1a translocation to the nucleus. In the
nucleus, HIF-1o binds to HIF response elements (HRE) in the promoter regions of proangiogenic genes, including VEGF-A, which increases their expression.
This increases the interaction between VEGF-A and its receptor VEGFR2, leading to enhanced activation of ERK1/2 and p38 MAPK that promote endothelial cell
migration and proliferation, respectively, and results in increased angiogenesis. PHD, prolyl hydroxylase domain; VEGFR2, vascular endothelial growth factor

receptor 2. Color images are available online.

tubule formation in endothelial cells.’® The Ras-
activated MAP kinase pathway was the intracellular
mechanism of action for these HDL-S1P/S1P3
receptor-driven proangiogenic effects of HDL.?®

Impaired angiogenesis and wound healing in dia-
betes. Diabetes leads to a significant impairment
in angiogenesis as a result of a number of mecha-
nisms. First, endothelial cells become dysfunctional
when exposed to elevated systemic glucose concen-
trations, leading to a loss in their integrity and in-
creased apoptosis.* Second, high glucose causes
imbalances in cytokine/chemokine and growth fac-
tor levels that disturb normal angiogenesis.

Studies have shown that the ability of VEGF-A
to simulate the migration of monocytes from dia-
betic patients is impaired, when compared to
monocytes from healthy individuals. This was
despite higher levels of VEGF-A in the plasma of
patients with diabetes indicating this is due to a
deficiency in the activation of VEGFR2.?” Fur-
thermore, in diabetic mice wounds, the mRNA and
protein levels of VEGF-A are significantly re-
duced, compared to healthy controls.”® Higher
levels of the antiangiogenic growth factor pigment
epithelium-derived factor®® and low levels of FGF-
2 cell surface receptors syndecan-4 and glypican-
12 in diabetic patients also lead to impaired an-
giogenesis in diabetes. Furthermore, increases in
antiangiogenic molecules that cause proteolysis of

VEGF-A have been observed in chronic venous
ulcers.%%6! Another vascular maturation pathway
relevant to angiogenesis in diabetic wound is the
Angl/Ang2/Tie2 complex. In diabetic mice, the
ratio of Angl to Ang2 has been decreased, which
leads to reduced maturation of nascently formed
blood vessels.*

Another reason for the impairment of angio-
genesis in diabetes is that high glucose impairs
angiogenesis responses to wound ischemia, a re-
sult of a low oxygen supply due to tissue injury or
peripheral artery occlusion.*® Central to this is
the high-glucose-induced destabilization of HIF-
1o, the key transcription factor that is activated in
response to hypoxia/ischemia to promote VEGF-A
and angiogenesis.*® Related to this is a reduction
in the recruitment of endothelial progenitor cells
(EPCs) to the site of diabetic wounds. EPCs make
significant contributions to wound vasculariza-
tion in response to ischemia. In diabetes, the
production of the chemokine stromal cell-derived
factor (SDF)-1o in the wound is reduced. SDF-1«
normally facilitates the migration and recruit-
ment of EPCs to the wound and thus a reduction in
its concentration at the wound site leads to less
EPC recruitment and neovascularization. In
summary, diabetes leads to a multitude of events
that cause a reduction in angiogenesis, which is
essential for wound repair. An agent that remains
proangiogenic in hyperglycemia would therefore



378 LOTFOLLAHI ET AL.

be immensely valuable for improving
healing in DFUs.

An emerging role for HDL in wound

repair as diabetes, resulting in nonhealing wounds.

Accumulating evidence demonstrates o Currently, there is no effective treatment that actively improves wound
that HDL display significant wound healing in diabetes, highlighting a significant unmet clinical need.
healing benefits. e HDL exhibit anti-inflammatory effects in endothelial cells and macro-

For example, dropwise topical appli-
cation of rHDL to nondiabetic and dia-
betic wounds in a murine model of wound
healing improved the rate of wound clo-
sure.’%2 Using Laser Doppler imaging,
topical HDL was also found to increase

TAKE-HOME MESSAGES

e Appropriate inflammation and angiogenesis are essential for optimal
wound healing. These processes are impaired in chronic conditions such

phages, while also promoting proangiogenic functions in endothelial
cells. HDL therefore presents as a highly promising therapeutic option for
chronic wound healing.

e Preclinical models show that topical HDL can improve wound healing in
the contexts of diabetes, atherosclerosis, and aging.

wound angiogenesis in both nondiabetic
and diabetic mice. This effect of rHDL was atten-
uated in SR-BI”~ mice, demonstrating that SR-BI,
at least in part, mediates improved wound healing
and wound angiogenesis by rHDL.?! Daily topical
application of HDL formulated in a 20% Pluronic
F-127 gel (PH 7.2) was also found to increase
wound healing in atherosclerosis-prone apolipo-
protein (apo)E” mice through an increase in
granulation tissue formation and reepithelializa-
tion.% Furthermore, a study in 24-month-old mice
also found that topical rHDL promoted the rate of
wound healing and wound angiogenesis.®?
Overall, HDL improve wound healing in the
context of diabetes, high cholesterol, and aging.
The pathways for this are likely to be through an
improvement in angiogenesis and an acceler-
ated resolution of inflammation that together
assist with wound tissue granulation and re-
epithelialization.

FUTURE DIRECTIONS

This review provides a comprehensive insight
into the currently known evidence on the effects of
HDL on inflammation and angiogenesis and high-
lights its promise as an effective wound healing
agent. Future research investigating the efficacy of
topical HDL on wound healing in diabetes using
in vitro, preclinical and clinical testing will facili-
tate its translation.

SUMMARY

Despite the significant clinical need for effective
wound healing therapies with pleiotropic actions,
there is still no commonly used therapeutic agent
that actively improves healing in chronic wounds
such as DFUs. The prevalence of diabetes and the
associated complications of diabetes such as DFUs
are rising. As discussed in detail, HDL exhibit

valuable properties such as anti-inflammatory and
proangiogenic effects, making it a highly promising
therapeutic treatment for wound healing. Future
clinical trials that test the effect of topical HDL on
acute and chronic wounds are required and eagerly
awaited.
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CETP = cholesterol ester transfer protein
DFU = diabetic foot ulcer
EGF = epithelial growth factor
eNOS = endothelial nitric oxide synthase
FGF = fibroblast growth factor
HDL = high-density lipoprotein
ICAM = intercellular cell adhesion molecule
IGF = insulin-like growth factor
IL-18 = interleukin beta 1
MMP = matrix metalloproteinase
NF-xB = nuclear factor kappa B
NGF = nerve growth factor
NO = nitric oxide
PDGF = platelet-derived growth factor
PHD = prolyl hydroxylase domain
PMA = phorbol 12-myristate-13-acetate
ROS = reactive oxygen species
S1P3 = sphinogase-1 phosphate receptor 3
SDF = stromal cell-derived factor
TGF-$ = transforming growth factor-f8
TLR = Toll-like receptor
TNF-o0 = tumor necrosis factor-oc
VCAM-1 = vascular cell adhesion molecule-1
VEGF = vascular endothelial growth factor




