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Foot ulcers, particularly in the diabetic setting, are a major medical and
socioeconomic challenge. While the effects of diabetes and its various sequelae
have been extensively studied, in the wound field it is commonly assumed that
the wound healing process is essentially identical between different skin types,
despite the many well-known specializations in palmoplantar skin, most of which
are presumed to be evolutionary adaptations for weightbearing. This article will
examine how these specializations could alter the wound healing trajectory and
contribute to the pathology of foot ulcers.

wound healing, volar skin, foot ulcer, keratinocytes, eccrine sweat gland, barrier
function, specialization, palmoplantar

Introduction

Foot ulcers are a highly prevalent and costly medical burden. Diabetic foot ulcers (DFUs)
are a particularly challenging wound type, with prevalence as high as 13% in North America (1),
DFUs are the leading cause for lower-limb amputations worldwide (2), associated with 5-year
mortality that exceeds many forms of cancer (3), and such high recurrence rates that leaders in
the field have advocated for describing successful wound closures as “remission” rather than
“cure” (4). There is clearly a pressing need to improve our understanding of DFU’s
pathophysiology, to enable the development of more effective treatment options.

DFUs have a complex etiology with contributions from multiple disease factors, chief among
them diabetes and its various detrimental consequences, as has been covered comprehensively
in recent reviews on the topic (5, 6). DFUs commonly develop in the plantar metatarsal head
and the heel, but this is typically attributed to increased tissue trauma related to weightbearing
(7), rather than any inherent property of plantar skin tissue itself. More broadly, in the wound
field there is a general presumption that the wound healing process is essentially homogenous
all over the body, such that in in vitro studies skin cells’ anatomic origins are usually disregarded,
in animal models the experimental wounds are almost exclusively produced on trunk/back skin,
and in clinical studies biopsies from other anatomic areas are routinely used as controls to
compare against plantar wound samples. Many of these are reasonable practices, especially in
light of constraints associated with animal/human studies (e.g., animals” trunk/back skin offers
logistical benefits such as a large area and relatively flat contour, while requiring control wounds
on the plantar skin in clinical studies is likely to be both impractical and ethically dubious), but
they do carry the implicit, and largely unvalidated, assumption that results and conclusions
drawn from wounds on any one part of the body are necessarily applicable to wounds occurring
everywhere else. The body of data showing skin site-specific variations in cell populations (8-10)
and wound healing (11) should cast doubt on this assumption, but it is especially questionable
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in palmoplantar skin, also known as volar skin, which has long been
known for its highly specialized nature. This review aims to summarize
the key volar-specific specializations that are likely to affect wound
healing, and to make the case that these specializations should
be taken into consideration both in our understanding of DFU’s
pathophysiology, and in efforts to develop treatment options for DFU.

Permeability barrier function

For terrestrial animals, limiting water loss is arguably the most
crucial function of skin tissue (12). This role largely falls on the
outermost stratum corneum of the epidermis, which is responsible for
the bulk of skin’s permeability barrier function. The stratum corneum
is many times thicker on volar skin than non-volar skin types (13),
which may lead one to expect volar skin to have at least comparable,
if not superior, barrier function. Surprisingly, multiple studies have
shown that the volar stratum corneum’s barrier function is downright
abysmal - the diffusion coeflicient in the volar stratum corneum is
about 100-fold higher than its non-volar counterparts (14, 15), and
trans-epidermal water loss (TEWL) from the palms is about 4-fold
higher than from most other parts of the body (15, 16). This poor
barrier function in volar skin has potential implications for its healing
response, as disruption of the skin barrier is thought to be the
triggering event responsible for activating a cascade of downstream
cellular and molecular responses that have been honed by millennia
of evolutionary pressure toward restoring barrier function as quickly
as possible (17), while continued deficiency in barrier function after
wound closure is thought to be a major etiological driver behind
hypertrophic scarring (one that can be alleviated by augmenting
barrier function with occlusive dressings) (18). Thus the constitutively
reduced barrier function in volar skin could have broad impacts on
normal tissue homeostasis, initiation of the injury response, and the
physiologic “end goal” for the repair process.

Atypical structural and mechanical
properties

As noted above, the volar stratum corneum is greatly thickened
compared to non-volar skin. The same is true for all the suprabasal
layers of the volar epidermis, such that according to one study the
plantar epidermis is about 6-fold thicker than the epidermis on the
dorsal foot (13). The greatly thickened volar epidermis may
be expected to interfere with sensory function since mechanoreceptors
in the skin are all located in the dermis, but it has been shown that foot
callus thickness does not negatively affect sensitivity toward the types
of tactile stimuli typically encountered during standing and walking
(19, 20). This implies that volar skin must be stiff enough to transmit
mechanical forces from the skin surface to the dermal
mechanoreceptors with negligible dampening. Atomic force
microscope (AFM) measurements have indeed confirmed that the
stratum corneum, viable epidermis, and dermis in plantar skin having
Young’s moduli that are 3-, 4.8- and 7.2-fold higher than their
respective non-volar counterparts (21). Neither the cause of this
increased stiffness, nor the extent to which it may be altered by injury/

scarring are currently known - with the latter having obvious
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implications for post-healing tissue robustness and the risk of wound
recurrence. The increased thickness and stiffness in volar skin may
be advantageous for weightbearing, but are likely to negatively affect
wound closure, as the physical contraction of wound edges is usually
part of the wound closure mechanism, and increased tissue stiffness
is likely to impede this contraction response, akin to the effects of
wound splinting, which is a common method employed to delay
healing in animal models (22). In addition to affecting the speed of
acute wound closure, physical forces experienced by wound beds also
have profound effects on long-term healing trajectory. This has long
been known by surgeons who take pains to minimize transacting
Langer lines when making skin incisions, and more recently the
modulation of wound-associated mechanical forces, by either
mechanical force redistribution or pharmaceutically interfering with
mechanotransduction pathways, has been shown to substantially
impact scar formation and tissue regeneration (23-25). Thus the rate
and quality of wound healing in volar skin are both likely to
be significantly affected by its unique mechanical environment, both
intrinsically in the aforementioned increased tissue stiffness, and
extrinsically where plantar skin in particular is routinely subjected to
mechanical forces at magnitudes that are rarely ever experienced by
other tissue/cell types.

Glabrousness and the role of eccrine
sweat glands

Thanks mostly to the advent of transgenic mouse models, recent
years have seen an accumulation of a wealth of mechanistic
understanding for the extensive contributions of hair follicles (HF),
especially their resident stem/progenitor cell populations, to the
wound healing process. However, this knowledge is not directly
applicable to volar skin, which is completely devoid of pilosebaceous
units, but is densely populated with eccrine sweat glands (ESGs). ESGs
harbor their own stem cell populations that are also capable of
participating in wound healing (26), but compared to HF-associated
healing, our understanding of ESG-mediated healing is relatively light,
mostly because mice, like most mammalian species, do not harbor
ESGs in non-volar skin. Non-volar ESGs are a rare and relatively
recent evolutionary development found only in catarrhine primates,
and humans are more abundantly endowed with non-volar ESGs
[which serve as our primary means for thermoregulation (27)] than
any other animal, with 10x higher density of ESGs than our nearest
primate relatives (28). Volar ESGs, on the other hand, are common to
many mammalian species, where they have no meaningful role in
thermoregulation, but instead modulate traction and are prominently
featured in the “fight or flight” response (29, 30). In a study of human
partial-thickness wound healing, it was shown that ESGs, rather than
HFs, are the predominant contributor to the re-epithelialization
process, in large part because ESGs outnumber HFs by a roughly 3:1
ratio in human non-volar skin (31). A related study also showed that
aging caused a substantial reduction in ESG-associated post-injury
epithelial outgrowth (due to loss of intercellular cohesiveness), while
HEF-associated outgrowth remained unchanged (32). This difference
between ESG- and HF-derived outgrowth, if also true in volar ESGs
(not a foregone conclusion given the aforementioned functional
differences in volar vs. non-volar ESGs), suggests that the lack of hair
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in volar skin may render it uniquely vulnerable to aging-associated
declines in healing capacity. Diabetes also has distinct effects on ESGs,
with decreased sweating and the resultant dry skin being common
manifestations of diabetic autonomic neuropathy (33). Whether this
diminished functional state in diabetes-afflicted ESGs extends to their
ability to contribute to wound healing is another as-yet unanswered
question with profound implications for the healing capacity of DFUs.

Unique and wound-like keratin
composition

Keratins are the principal structural component of the
epidermis, and the expression of Keratin 9 (K9) is arguably the most
prominent molecular characteristic of volar keratinocytes (34-36),
where, based on data from a knockout mouse model, K9 is required
for terminal differentiation and mechanical integrity of the volar
epidermis (37). It was previously thought that K9 expression was
exclusive to volar skin, but recently K9 expression was also
described in non-volar lesions of lichen simplex chronicus and
psoriasis (36). Following a similar theme of shared features between
volar and distressed skin, the volar epidermis has also been noted
for expressing K6, 16, and 17 (38)-a trio of keratins whose
expression in the interfollicular epidermis is otherwise characteristic
of activated keratinocytes associated with wounds (38, 39) or
pathologies such as psoriasis (40, 41). While K9 is expressed in both
weightbearing and non-weightbearing areas of volar skin, the
stress-response keratins K6 and 16 were found to be only expressed
in the weightbearing heel, not in the non-weightbearing areas of the
sole or the palm (42). Curiously, the same study showed
upregulation of the basal keratins K5 and 14 (typically produced by
keratinocytes in the mitotically active basal epidermis), and
downregulation of the keratinocyte differentiation marker K10, also
specifically in heel skin, suggesting that transitioning to a less-
differentiated and wound-like phenotype may be involved in
enabling volar keratinocytes to fulfill its weightbearing function. A
natural question then is how these volar keratinocytes that are
seemingly already in an activated, wound-like state at baseline
would respond when faced with an actual injury. Would they
be able to execute the wound repair process while remaining in
their baseline state, without further activation? Would injury merely
cause an increase in the same wound-associated phenotypes that
are constitutively present in volar keratinocytes? Or are there
alternative injury-response pathways that are specific to volar
keratinocytes? The constitutive expression of certain wound-
associated transcriptional networks is thought to prime the oral
mucosa for rapid healing (43), whether the same is true for the
wound-like volar keratinocyte phenotype remains to be determined,
but given the existence of this phenotype, it seems prudent to
reconsider the prevailing assumption that volar skin will necessarily
respond to injuries in the same way as their non-volar counterparts.

Fibroblast heterogeneity

Although historically (and at times still) treated as a homogenous
and rather nondescript cell type, it is now abundantly clear that skin
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fibroblasts are composed of diverse subpopulations derived from
different embryonic origins, with tremendous molecular and
functional variability corresponding to both anatomic location and
skin depth (8, 9, 44, 45). Different skin fibroblast subpopulations
perform distinct functions in different phases of wound healing, and
wound healing outcomes can be substantially altered by modulating
specific fibroblast subpopulations (25, 46-48). It has long been known
that volar fibroblasts harbor unique properties: classic heterotypic
transplantation experiments have demonstrated that site-specific
structural/morphologic characteristics of the epidermis are mostly
determined by the origin of the underlying dermis (49), and
subsequent studies have shown that paracrine signaling from volar
fibroblasts can induce non-volar keratinocytes to produce the
characteristic volar epidermal marker K9 (36, 50). The greatly
increased stiffness of the volar dermis (21) also suggests likely
differences in how volar fibroblasts construct and maintain the dermal
architecture. DFU-associated volar fibroblasts are known to exhibit
multiple functional alterations (51, 52), but beyond that the behavior/
performance of volar fibroblasts in the wound setting remains
largely unexplored.

Immune system and its environment

The immune system plays a central role in orchestrating the
wound healing process, and the failure of wound-associated
inflammation to progress in an orderly manner is thought to be a
major pathologic contributor to the chronicity of nonhealing
wounds (53, 54). A key feature of the immune system is its high
degree of specialization in different tissue sites (55), and there is
evidence that innate and adaptive immunity both vary considerably
between different skin areas (56). One of the main findings of a
recent study utilizing bulk and single-cell RNA sequencing to
compare human palm, sole, and hip skin was a broadly diminished
immunological presence in palmoplantar skin, with reduced
immune cell populations and downregulation of immunological
processes (10). This is consistent with the reported 2-3 fold
reduction in the density of Langerhans cells (LCs, specialized
epidermal dendritic cells that serve as our foremost immunological
barrier against the outside world) in normal, uninjured volar skin,
compared to other non-volar skin areas (13, 57). While the exact
role(s) of LCs in wound healing is still under investigation, increased
LC in wound edges of DFUs has been correlated with improved
healing rates (58), and the dynamics of epidermal LC population
changes as well as expression of defensins have been found to diverge
between plantar DFUs and venous ulcers on the calf in ways that
suggest differing immune mechanisms between plantar and calf skin
(57). It has also been shown that there is substantial region-specific
heterogeneity in the skin microbiome, which is affected by local skin
properties such as moisture and lipid content (59). The microbiome
in plantar skin is likely subjected to additional influence from being
the only skin area that is consistently in contact with the ground, and
from the weightbearing areas of the feet having near neutral pH (60),
whereas almost all other skin areas are normally slightly acidic,
which is thought to serve a critical antimicrobial function (the
so-called “acid mantle”) (61). Thus volar skin harbors distinctive
features in both the intrinsic (immune system organization and
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functionality) and extrinsic (local microbiome) aspects of its
immune milieu, which, given the crucial importance of the
inflammatory response to the wound healing process, seem likely to
impact wound healing in this tissue.

Conclusion

10.3389/fmed.2023.1156828

DFUs are well known to be a multifactorial disease, and the

specialized physiology of volar skin could be one contributing factor
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that has been traditionally overlooked. Figure 1 summarizes some of
the volar-specific skin properties that are likely to affect wound healing.
The late Dr. Albert Kligman has observed that the stratum corneum of
volar skin is “so unique as to require separate status” compared to its
non-volar counterpart (62). With the body of evidence showing that
the viable portions of volar skin are every bit as unique as its stratum
corneum, it appears that more comprehensive investigations of the
wound healing process specifically in volar skin are warranted. Our
research group has recently begun such investigations (63), in hopes of
shedding new light on the pathophysiology of foot ulcers.
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