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Maintaining and Restoring Gradients of Ions
in the Epidermis: The Role of Ion and Water
Channels in Acute Cutaneous Wound Healing

Kevin Mai,1,* Emanual Maverakis,2 Jung Li,3 and Min Zhao2,4

1College of Osteopathic Medicine of the Pacific, Western University of Health Sciences, Pomona, California, USA.
2Department of Dermatology, University of California, Davis, Sacramento, California, USA.
3Des Moines University College of Osteopathic Medicine, Des Moines, Iowa, USA.
4Department of Ophthalmology & Vision Science, University of California, Davis, Sacramento, California, USA.

Significance: Aquaporins and ion channels establish and regulate gradients of
calcium, sodium, potassium, chloride, water, and protons in the epidermis.
These elements have been found to play significant roles in skin biology and
wound healing. In this study, we review our understanding of these channels
and ion gradients, with a special emphasis on their role in acute wound healing.
Recent Advances: Specifically, we assess the temporal and spatial arrange-
ments of ions and their respective channels in the intact skin and during wound
and healing to provide a novel perspective of the role of ionic gradients through
the various stages of wound healing.
Critical Issues: The roles of gradients of ions and channels in wound healing are
currently not well understood. A collective analysis of their traits and arrange-
ments in the skin during wound healing may provide a new perspective and
understanding of the functionality of gradients of ions and channels in skin
biology and wound healing.
Future Directions: It is important to elucidate how the gradients of ions and ion
channels regulate and facilitate wound healing. A better understanding of the
ionic environments may identify novel therapeutic targets and improved strat-
egies to promote wound healing and possibly treat other cutaneous diseases.

Keywords: ion gradients, ion channels, epidermis, wound healing, wound age,
wound types

SCOPE AND SIGNIFICANCE
Hemostasis, inflammation, pro-

liferation, and maturation are the
typical phases of wound healing.
Each phase is processed by dif-
ferent cell types and molecular
mediators.1–3 Specifically, the ionic
environment has been shown to be
critical in facilitating wound heal-
ing processes, such as cellular
differentiation, migration, and pro-
liferation. Recent discoveries have
identified unique gradients of water
and ions, including calcium, potas-
sium, sodium, chloride, and protons

in the epidermis.4–7 In this review,
we attempt to draw connections
between ion channels and gradients
to suggest possible roles the ionic
environment has in cutaneous
wound healing.

TRANSLATIONAL RELEVANCE

A precise medical approach to
wound healing will require the
development of phase-specific strat-
egies to address the different physi-
ological elements associated with
each phase of wound healing. Given
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that ion gradients play a major role in skin
homeostasis and wound healing,2,8 the develop-
ment of therapeutic approaches that restore epi-
dermal ion gradients will be an important step in
the adoption of a phase-specific precision medicine
approach to wound healing. A better understand-
ing of the ionic environment behind wound heal-
ing may bridge the application of translational
research into clinical operations.

CLINICAL RELEVANCE

Skin wounds are associated with high morbidity
and pose a significant economic burden on both
patients and society. Each year, over 7.75 million
people in the United States suffer from skin
wounds.1 With the rising population, prevalence
and financial burden of skin wounds are expected
to increase. In this review, we discuss changes in
the gradients of ions and channels in wound heal-
ing and possible clinical implications.

GRADIENTS OF IONS AND EXPRESSION
OF ION CHANNELS AND PUMPS
Ion gradients in the epidermis and their
changes following injury

Calcium gradient. Calcium ions have been
known to regulate the differentiation of keratino-
cytes in vitro. However, the localization of these
cations in epithelial tissues was not well charac-
terized until G.K. Menon et al. demonstrated the
existence of a calcium gradient using ion capture

cytochemistry.9 Under homeostatic conditions,
the calcium gradient peaks in the outer stratum
granulosum and has the lowest level in the basal
layer (Fig. 1).4,10 Although how the calcium gradi-
ent is maintained in our epidermis is still not well
understood, there is evidence to suggest that the
stratum corneum as well as the tight junctions
present in the stratum granulosum are crucial in
the conservation of the gradient.10 Calcium plays
an important role in maintaining the protein- and
lipid-rich epidermal barrier, while also governing
barrier-related processes such as keratinocyte ter-
minal differentiation.4,10,11

The maintenance of a calcium gradient across
the healthy epidermis allows for perturbations in
this gradient to be recognized as disruptions of
epidermal integrity. Physical or chemical injury
to the epidermis disrupts the calcium gradients,
which has been linked to increased lipid synthe-
sis and lamellar body formation and secretion.11

Protein Kinase C (PKC) delta controls changes in
intracellular calcium concentrations following epi-
thelial ion gradient disruption,12 a mechanism
by which disruption of extracellular calcium levels
can trigger an intracellular response. The trans-
membrane calcium concentration gradient that
forms following extracellular disruption of cal-
cium levels in wounds leads to intracellular chan-
ges that initiate healing. Such changes further
support the association between disruption of
the calcium gradient and skin wound healing
(Fig. 2).

Figure 1. Gradients of ions and AQP3 in the epidermis. The gradients of ions and AQP3 are depicted as triangles with both dark shade and width to show high
level, whereas lighter shade and decreased width show lower level. Those triangles are for illustrative purpose and do not have exact quantitative comparison
across ions and the AQP3. AQP3, aquaporin 3.
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Reconstruction of the gradient has also been
shown to be crucial in wound healing. Since it is
unclear how the gradient is restored, it may be
important to first look at sources of epidermal cal-
cium. Platelets, for example, house a considerable
amount of calcium.13 The extensive role of platelets
in the hemostasis phase of wound healing suggests
an important contribution to the initial charge
of the calcium gradient. Other important sources
include respective ion channels.

Potassium gradient. Within the skin, potas-
sium participates in wound healing through mod-
erating terminal differentiation of keratinocytes
and stratum corneum barrier function.14 In con-
trast to the calcium gradient, potassium levels
peak in the stratum spinosum and fall to their
lowest point in the stratum granulosum (Fig. 1).6 It
has been proposed that injuries that disrupt the
potassium gradient are a secondary outcome to
keratinocyte ion pumps becoming senescent to
prevent further loss of ions through a breached
barrier.14

Akin to the calcium gradient, the potassium
gradient shares a comparable increase in lamellar
body secretion following gradient disruption.11,14,15

How these gradients interact to facilitate these
wound-healing processes may be explained by their
corresponding ion channels. Although potassium
channels amass in the epidermal layer, the major-
ity are activated following a rise in extracellular
calcium.16 Hence, a rise in extracellular calcium

following skin barrier disruption results in rising
potassium. In turn, these ionic modifications
induce the hyperpolarization of less differen-
tiated keratinocytes.14 Aside from their role in
suppressing the differentiation of keratinocytes,
potassium also increases the rate of calcium
influx.14 With this cycle, potassium may function
as an intermediate and feedback inhibitor in res-
toring the calcium gradient.

Sodium and chloride gradient. In the skin,
sodium and chloride through sweat serve as osmo-
tic buffers and thermoregulators, among other
things.17 These ions are involved in skin wounds
and share a synonymous distribution of their gra-
dients from the center of the stratum corneum to
its outermost apical surface (Fig. 1).7 Their spa-
tial distribution along the external layer of the
epidermis suggests sweat glands may play a role
in wound healing. Sweat, in this context, may be
a key source and vehicle for transferring sodium
and chloride to the outer epidermis where the
gradients can be reestablished following wound
induction. This is supported by Watabe et al.’s
study where increased sodium was found in the
stratum corneum of hidrotic skin compared to
anhidrotic skin.18 Losing these gradients follow-
ing wound induction may be attributed to dam-
age or loss of these glandular units.

The purpose of these gradients, especially their
location in the outer epidermis, can be explained by
the role of sodium and chloride as osmotic ele-

Figure 2. Injury disrupts ionic gradients in the epidermis. Epidermal wound healing and restoration of ionic gradients, which in turn affect migration,
proliferation, and differentiation of keratinocytes. The milieu established by the new epidermis modulates local environment for wound healing processes in
dermis.
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ments.17 An osmotic drive in the outer epidermis
aids in maintaining epidermal hydration by pre-
venting excessive passive water loss through evap-
oration. This is supported by experiments where
anhidrotic skin was less hydrated than hidrotic
skin.18 This is especially important in wound
healing since an adequately hydrated environ-
ment helps facilitate the process.

pH gradient. The pH gradient (i.e., proton
gradient), also termed the ‘‘acid mantle,’’ estab-
lishes a low pH of 4–6 localized in the stratum
corneum (Fig. 1).5 The skin’s pH is linked to vari-
ous functions ranging from antimicrobial defense
to lipid synthesis.19 When skin is wounded, the acid
mantle is lost, and the epithelial pH increases.3,20

In fact, it is within a higher pH (*7.4) where ker-
atinocyte growth and proliferation thrive.21 These
studies suggest that the pH gradient is a vital
intermediate in signaling wound healing and epi-
thelial reorganization.

The loss of this gradient may be attributed to
factors like lactate, which helps maintain the
epidermal pH. An important source of epidermal
lactate is keratinocytes.22 Hence, the loss of kera-
tinocytes in wounds has been associated with the
loss of the pH gradient.20 The reepithelization of
wounds has been noted to lower the epidermal pH,
which further emphasizes keratinocytes as an
important source of lactate.20,23 Furthermore,
there is evidence to suggest that lactate has

proangiogenic activity and can be used therapeu-
tically to accelerate the healing process. In Por-
porato et al.’s, lactate has been demonstrated to
promote ischemic and excisional wounds in mice
models, and inhibition of its uptake by cells can
significantly delay ischemic reperfusion.24 Lac-
tate’s role in wound healing may be contributed
by its role in proangiogenic activities as well as its
contribution to the pH gradient.

In place of the vertical pH gradient lost follow-
ing wound induction, a horizontal gradient is cre-
ated. Studies measuring the pH across wounds
have found that the center of wounds typically has
the highest pH compared to wound borders.20,23

This arrangement provides some insight into the
directionality in restoring the acid mantle.

Expressions of ion channels, pumps,
exchangers, and aquaporins in the epidermis

Ion channels, pumps, exchangers, and aqua-
porins are expressed differently in different lay-
ers of the epidermis and have distinct gradients
of expression levels across the epidermis. Many of
these molecules have been found highly expressed
in the basal level of the epidermis (Fig. 3).8,14,25–29

Calcium channels. Transient receptor poten-
tial vanilloid (TRPV) channels are calcium-
permeable nonselection cation channels widely
expressed across mammalian tissues, especially
the skin. Activation of these channels allows for the

Figure 3. Expression of Orai1, AQP3, TRPV3, NKA, ENaC, L-Type VGCC, and CFTR across the epidermis. Orai1 protein has been found mostly expressed among
the stratum basale with a slighter expression in higher layers. AQP3 expression is high among the stratum basale and spinosum layer and decreases in upper
layers with total absence in the stratum corneum. TRPV3 has been found to be detected strongly in the basal layer of the epidermis. NKA are expressed
preferentially at the stratum germinativum compared to the upper layers of the epidermis. ENaC has been found to be expressed throughout the epidermis,
except for the stratum corneum, and with a higher level of expression among differentiated keratinocytes. The a1C subunit of L-Type VGCC is expressed
throughout the epidermis with a higher expression in apical layers. CFTR channels are expressed uniformly across the epidermis. ENaC, epithelial sodium
channel; NKA, Na/K+ ATPase; TRPV, transient receptor potential vanilloid; CFTR, cystic fibrosis transmembrane conductance regulator; VGCC, voltage-gated
calcium channels.
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transmembrane flux of calcium and the depo-
larization of cells. Due to their mechanical and
thermosensory attributes, they have been heavily
studied in skin wound healing.29–31

TRPV1, TRVP2, TRVP3, and TRVP4 channels
are found expressed among basal and suprabasal
keratinocytes (Fig. 3).26,29 Channels such as
TRPV3 have been found to be strongly expressed
among basal keratinocytes. TRPV1 channels are
associated with cell death due to their induction
of mitochondrial damage and calcium influx.30

Because of their low distribution within the der-
mis, these channels may hold less influence on the
calcium gradient.29 Like TRPV1, strong activation
of TRPV3 is associated with cell death.29 However,
with moderate activation, TRPV3 promotes kera-
tinocyte proliferation through calcium/calmodulin-
dependent protein kinase II-induced nuclear factor
kappa B.32

There also exists clinical data that suggest sig-
nificant upregulation of TRPV3 expression in ker-
atinocytes isolated from psoriatic lesions as well
as the epidermis of burn scars with pruritis. Fur-
thermore, TRPV3 antagonists have been specu-
lated to play a role in the attenuation of psoriatic
symptoms.33 Although the clinical use of TRPV
disruptors is possible, there has been no clinical
evidence or trial so far suggesting this use. The
apoptotic role of TRPV3 suggests some involve-
ment in disrupting the calcium gradient by killing
cells regulating the gradient. TRPV4 channels are
involved in organizing actin junctions through a
Rho-mediated process.34 In contrast, TRPV2 chan-
nels play a unique role in scar formation through
transforming growth factor-b1 and a-smooth
muscle actin-mediated contractions in dermal
fibroblast.31

Orai1 is an important pore subunit for a store-
operated calcium channel. Orai1 channels are
calcium influx channels that are mainly expressed
in the stratum basale (Fig. 3). These calcium
channels may play an important role in the skin,
serving as a key intermediate in keratinocyte dif-
ferentiation, proliferation, and polarized motility.8

Upon the endoplasmic reticulum depletion of cal-
cium storage, stromal interaction molecule1 acti-
vates and recruits Orai1 to the endoplasmic
reticulum-plasma membrane junction. Orai1 then
enhances focal adhesive turnover through an
epidermal-growth-factor receptor-PKC b-calpain-
focal adhesion kinase-mediated pathway.8

a1C subunit of L-type voltage-gated calcium
channels (VGCC) are expressed throughout the
epidermal keratinocytes of human skin with a
higher level of expression among apical layers.

Denda et al. demonstrated that topical application
of calcium on the skin after stratum corneum dis-
ruption resulted in the delayed recovery of the
barrier. However, when nifedipine and verapamil,
blockers of VGCC, were topically applied, the
removal of that delay was seen. VGCC’s effect on
barrier recovery was further evidenced in the delay
of barrier recovery upon application of S-(-)-BAY
K8644, an opener of VGCC.35 These results suggest
that VGCC plays an important role in skin bar-
rier homeostasis and blocking these channels may
reduce the amount of time required for skin
recovery.

Potassium channels. Two of the major epider-
mal potassium channels that may be involved in
maintaining the potassium gradient are Kcnh2
and Kcnj8 channels. Kcnh2 channels are voltage-
activated potassium channels that hyperpolarize
the plasma membrane by conducting K+ out of
cells, thereby maintaining keratinocyte homeo-
stasis.2 Kcnj8 channels differ in that they are in-
ward rectifying potassium channels that maintain
a membrane potential depolarization.36 Interest-
ingly, wound healing can be promoted by Kcnj8
activation and Kcnh2 inhibition, favoring a net
intracellular influx of potassium. The spatial orga-
nization of these channels in the skin has not been
reported.

AQP3 channels. Aquaporins are involved in
the functionality and regulation of ion channels.
Aquaporin 3 (AQP3) channels transport both water
and glycerol across the plasma membrane and are
involved in keratinocyte migration.37 These chan-
nels are mostly expressed in stratum basale kera-
tinocytes, with lower levels expressed in cells below
the stratum corneum (Fig. 3).27 The epidermal
aqueous gradient stretches from the stratum cor-
neum to the stratum granulosum and seem-
ingly aligns with AQP3 channels and other ion
gradients.38

The transepithelial loss of water following bar-
rier disruption results in profound disruption in
the surrounding ionic environment and also
unveils unique patterns of AQP3 expression in
wound healing. This was characterized by Western
blot analysis of intact keratinocytes from murine
and human skin surrounding the wound, suggest-
ing a unique topographic arrangement of AQP3
in burn wounds.14 These channels maintain a sig-
nificantly higher level of expression along burn
wound edges compared to burn wound centers and
uninjured skin (Fig. 4).37 Further investigation
with AQP3-null mice showed delayed healing of
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cutaneous wounds related to reduced water and
glycerol transport, resulting in impaired keratino-
cyte migration and AQP-3 facilitated proliferation,
respectively.39

Na/K+ ATPase. Na/K+ ATPase (NKA) is exp-
ressed preferentially at the stratum germinativum
compared to the upper layers of the epidermis and
plays an important role in maintaining transe-
pithelial potential (TEP) in normal epithelium.40

The role of TEP in the normal epidermis is not yet
identified. However, there is evidence to suggest
that it plays a crucial role in the differentiation
process during wound healing.41

NKA’s effect on the skin’s TEP highlights sodi-
um’s influence on cellular migration. In wound
healing, the distribution of NKA from the basal
layer upwards forms a declining gradient (Fig. 3).25

The TEP is established by the sodium gradient
that is formed across the epidermis. In wound
healing, the TEP is crucial in establishing the
epithelial electric field, which affects cellular ori-
entation, protein distribution, and protein syn-
thesis.25 Following wound induction, the TEP is
disrupted, which induces a direct current toward
the middle of the wound.

How sodium and its gradient influence the TEP
in wound healing can be observed in their activity
levels. The activity of NKA echoes that of the TEP
in wound healing. Studies have shown that both
the TEP and NKA increase over the course of
wound healing.41 In contrast, inhibition of NKA
activity has been linked with significant decreases
in the TEP and cellular migration rate.25

Na+/H+ exchangers - NHE1. Epidermal intra-
cellular pH induces proliferation and differentia-
tion in multiple stem and pluripotent cells in the
skin. Sodium-proton exchanger 1 (NHE1) is a gly-
coprotein found in the epidermis, which has a
major role in regulating intracellular pH.21 NHE1,
predominantly expressed in the granulosa lay-
er,21,42 is a crucial antiporter that regulates the
epidermal pH by extruding intracellular H+ ions
in exchange for extracellular sodium,19 acidifying
the lower stratum corneum.

When NHE1 was knocked out in mice, the epi-
dermal pH increased.19 Its expression is also
dependent on the epidermal pH. Several studies
demonstrated that low epidermal pH downregu-
lates expression of NHE1, while higher epidermal
pH induces expression of NHE1.3,43 NHE1 also
holds a cytosolic tail that binds calmodulin and
calcineurin. Calcium binds these components to
facilitate attachment.20 The loss of calcium would
result in reduced NHE1 activity and loss of the
acid mantle. The reliance on calcium suggests that
the restoration of the pH gradient may also be
dependent on the calcium gradient.

As mentioned previously, the center of wounds
holds a higher epidermal pH compared to the
margins. This is supported by the drastically
increasing expression of NHE1 at the early
wound margins (Fig. 5).3 This increasing expres-
sion at wound margins suggests that the pH
gradient recovers in an inward manner. Akin to
AQP3 and TRPV3 channels, this unique pattern
may be utilized for diagnostic purposes (Fig. 4). The
disarrangement of this exchanger can aid in

Figure 4. Potential Clinical Implications of Epidermal Ion Channels. Overview of how the discussed ion channels may be utilized clinically.
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understanding wound healing in pathologies with
cutaneous pH disturbances like psoriasis and
ichthyosis.21,44

ENaC channel. Epithelial sodium channels
(ENaC) are expressed strongly in all epidermal
layers, except for the stratum corneum. Its exp-
ression is increased in more differentiated kera-
tinocytes, and it plays an important role in
maintaining sodium homeostasis.45 In the matu-
ration phase of wound healing after epithelializa-
tion, the skin barrier dysfunction typically results
in sodium dysregulation due to wound dehydra-
tion, which causes chronic inflammation charac-
teristic of pathologies such as hypertrophic
scarring.46

It has been clinically observed that prevention of
water loss by occlusive dressing has been beneficial
to the wound healing process. Xu et al. further
identified that ENaC responds to reduced hydration
status in keratinocytes by activating fibroblasts
through the proinflammatory cyclooxygenase 2

(COX-2)/prostaglandin E2 (PGE2) pathway.46,47

These results suggest that ENaC pathway is a po-
tential therapeutic target for fibrosis.

Activation of ENaC is heavily dependent on
proteolytic activities in the cell and its long open-
ing and closing time are inconsistent with direct
sensing mechanisms. Instead, Nax was proposed
as the sodium sensing channel in human skin
keratinocytes.46 Nax functions to maintain sodium
homeostasis using prostasin, a protease critical
for activation of ENaC. Prostasin knockdown
cells result in a block of sodium flux and suppres-
sion of downstream inflammatory genes COX-2,
interleukin (IL)-1B, and IL-8.46,47 In vivo knock-
down of Nax in animal models also showed dela-
yed stratification of keratinocytes and less
stratified cell layers overall. These results sug-
gest that inhibition of Nax channels may have
possible therapeutic value in conditions char-
acterized by excessive scarring and inflamma-
tion such as atopic dermatitis and hypertrophic
scarring.

Figure 5. Epidermal NHE1 and pH in wound healing. Following wound insult, the center of wounds expresses a higher epidermal pH compared to the
periphery of the wound. NHE1 is also found in a relatively higher expression along the wound periphery during the course of wound healing. NHE1, sodium-
hydrogen exchanger 1.
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CFTR channel. In exploring the chloride chan-
nel cystic fibrosis transmembrane conductance reg-
ulator (CFTR)’s role in wound healing, conditions
with impaired CFTR channel, such as cystic fibrosis,
provide valuable insight into the channel’s func-
tionality. Impairment of CFTR has been associated
with delayed wound healing and impaired cellular
migration. This may be due to the loss of synergistic
relationship between epidermal sodium and chlo-
ride channels. In human skin, CFTR channels have
been found to be expressed in keratinocytes uni-
formly across the layers of the epidermis.48 Activa-
tion of epidermal sodium channels is dependent on
chloride channels.48 Hence, impaired wound healing
in this context supports the theory that it may be due
to the loss of sodium’s and chloride’s collaborative
efforts in creating an osmotically driven water flux.

Voltage-gated sodium channels. Voltage-gated
sodium channels Nav, along with sodium-calcium
exchanger are heavily expressed in intraepidermal
free nerve endings and have an implied functional
role in neuropathic pain.49 P.Zhao et al. demon-
strated through real-time reverse transcriptase-
polymerase chain reaction analysis that Nax is also
expressed variably throughout the layers of stratum
basalis to stratum granulosum. Furthermore, the
upregulation of these channels in the painful skin of
patients with complex regional pain syndrome and
postherpetic neuralgia suggests a role of keratino-
cyte sodium channels in pain states.49 Further
studies in epidermal signaling pathway may be
useful in development of peripheral analgesics
without affecting the central nervous system.

Channels that are differentially expressed by
wound type and wound age. The channels that
encompass different phases of wound healing can
be identified through their level of activity (Fig. 6).
In embryonic mice, Zhang et. al demonstrated that
both Kcnh2 and Kcnj8 channels held the highest
level of expression immediately following skin
incisions.2 The peak and gradual reduction of these
channels within a 24-h window coincide with the
homeostatic phase of wound healing. Inhibiting
TRPV2 channels in keratinocytes of rat skin
wounds reduced the standard rise in intracellular
calcium. This was shown to be crucial in myofi-
broblast differentiation, dermal contraction, and
scar formation.31

These functions of TRPV2 correspond with
that of the remodeling phase that predominates
the end of wound healing. Furthermore, ENaC’s
function as an inducer of inflammatory cytokines
such as COX-2, IL-1B, and IL-8 also corresponds
to that of the remodeling phase of wound heal-
ing, specifically after epithelization.46 Although
no channel has been identified as a key marker for
the inflammatory phase, calcium has been shown
to peak during this interval.50 Since the TEP does
not recover until roughly day four, and Kcnj8/
Kcnh2 channels fall within 24 h, a low NKA and
Kcnj8/Kcnh2 activity also corresponds with the
inflammatory phase.2,25

Multiple channels appear to be involved with the
proliferative phase of healing. Ishida et al. showed
that AQP3-positive cells started gradually increas-
ing after day 3 of wounds on human skin. The
expression peaked on day 7 before decreasing

Figure 6. Example of changes in ion channels and water channels in different phases of wound healing. Changes in expression of ion channels and water
channels in skin wound healing. Those changes may serve as potential markers for identifying wound healing phases.
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thereafter.51 Despite the variations in age among
sample subjects, AQP channel expression patterns
remained consistent. On the contrary, the use of
NHE1 expression in differentiating the prolifera-
tive phase may be inferior to the use of AQP3
channels. Haverkampf et al. showed that, although
the rise in NHE1 expression aligns with the pro-
liferative phase, the variability held a degree of
inconsistency.3 Finally, NKA activity correlated
with the proliferative phase through their inter-
connection with the TEP. Following wound injury,
the TEP has been shown to form on day 4 before
peaking by day 8 and gradually returning to the
basal level thereafter.25

Channels may also aid in differentiating types
of wounds (Fig. 7). AQP3 channels, for example,
may identify burn wound edges. Since TRPV chan-
nel activity consistently rose as temperatures
increased in cultured human keratinocytes, they
may be useful in monitoring the effectiveness of
cooling treatments for burn wounds.26 In addition,
TRPV3 offers a method of outlining burn wounds
as their expression levels were found scattered
along burn wound edges (Fig. 4).26 Orai1 channels
corresponded with ultraviolet B (UVB) damage
since orai1 mRNA expression in human kerati-
nocytes increased after UVB induction.52 Dif-
ferentiating UVB-induced wounds would help
identify photosensitive disorders such as porphy-
ria cutanea tarda or polymorphous light eruption.

The different expressivity of these channels over
the course of wound healing provides a novel per-
spective into the order by which the ion gradients
are restored. Potassium may be one of the early
gradients recovered. Its early reestablishment may
be the foundation necessary to restore the other

gradients. The high expressions of both AQP3 and
NHE1 channels in the proliferative phase sug-
gest that the acid mantle requires the reestablish-
ment of an aqueous source. The establishment of a
chronological order of ion channel repair in wound
healing opens more doors for a precision medicine
approach through a phase-specific focus. Before
making this conclusion, it is important to identify
whether this order is consistent among all types of
skin wounds.

Clinical significance of channels
in wound healing

Understanding the distribution and signifi-
cance of these gradients and channels across
wound healing will be key in conceptualizing their
therapeutic possibilities (Fig. 8). By correlating
treatment with ionic nuances across the course of
wound healing, a precision medicine approach can
be implemented. For example, a net inward flow
of potassium through Kcnj8 activation and Kcnh2
inhibition has been shown to augment wound
healing.2 A deeper analysis demonstrated that this
process predominates the homeostatic phase of
healing. Establishing the time course and order of
these ion and gradient activities in wound healing
guides therapeutic targeting. Discerning when to
target AQP3 channels will be beneficial in pathol-
ogies like psoriasis, whereas understanding the
role of TRPV2 channels in dermal contraction and
scar formation within the maturation phase will be
valuable for individuals susceptible to hypertro-
phic or keloid scars.31

Therapeutic possibilities. The role these ion
channels hold in differentiating the age and type of
wounds opens the discussion for many therapeutic

Figure 7. Functional test of ion channels using pharmacological agents. An overview of functional studies utilizing ion channel targeting agents.
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possibilities. Manipulating function of these chan-
nels in specific phases or types of wounds may
affect wound healing. For example, wound healing
has been shown to be augmented by the net inward
potassium flow through Kcnj8 activation and
Kcnh2 inhibition.2

For the proliferative phase, AQP3 channels may
be a potential target. The use of histone deacety-
lase inhibitors has shown to induce AQP3 expres-
sion in basal keratinocytes.53 This would be useful
for those with abnormally low AQP3 expression
such as in psoriasis. For the maturation phase,
TRPV2 channels may be a viable target due to their
position in dermal contraction and scar forma-
tion.31 This would be valuable in individuals sus-
ceptible to hypertrophic or keloid scars, especially
when the current standard treatment calls for
corticosteroids, which with long-term use can lead
to skin atrophy.54

The same concept could be employed for chan-
nels associated with specific types of wounds. The
TRPV1 selective antagonist, capsazepine, has been
shown to protect keratinocytes when exposed to
elevated temperatures. However, in the presence
of the nonselective antagonist, ruthenium red,
the range of reduced keratinocyte death was
decreased.26 The reduced effectiveness when uti-
lizing nonselective antagonists may be due to the
protective role TRPV4 holds in skin barrier
homeostasis.32 Since TRPV3 expression was found
to be scattered along burn wound edges, thera-
peutic targeting of this region may be an added
benefit.26

Periplocin has been shown to augment Na+/K+
ATPase-mediated healing in skin wounds. This
promotes proliferation and migration, specifically
in fibroblast cells, which increase dermal and epi-
dermal thickening.55 However, participation of a

Figure 8. Selected Examples of Ion and Water Channels in epidermis and their implications in injuries and diseases. This figure depicts the associations
between ion and aqueous gradients with their respective channels, pumps and exchangers.
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TEP-dependent mechanism has not yet been ex-
plored in the setting of periplocin. Due to the
shared fate of increased cellular migration, a TEP-
mediated role is not impractical when considering
these pharmacological agents. This would also
support the theory of pharmacological modification
of wound fields discussed by Nuccitelli et al.56

CONCLUSION

We attempt to provide an overview of ionic gra-
dients, expression of ion channels aquaporins in
the epidermis, and their changes in skin wounds
(Fig. 9). The ionic environments and their correct
evolution in healing are expected to be critical to
essential cell behaviors, such as cell proliferation,
migration, differentiation, adhesion, and correct
tissue formation. An understanding of ion channels
in skin wounds may eventually serve as a founda-
tion for the future development of therapeutic
strategies.

To modulate ionic gradients and ion channels in
skin biology and acute wound healing, it is essen-
tial to investigate the prevalence of abnormal ionic
environments, ionic gradients, and ion channel
variability in wound healing. The epidermis is

expected to play a central role in regulating local
ionic gradients spatiotemporally. How does epi-
dermal regulation of ionic environments interact
with the dermis underneath, the infiltration of
immune cells, and the growth of new vessels and
innervation?

There exists ample evidence of communication
between epidermal keratinocytes and dermal fibro-
blasts, especially in wound healing. For example,
several studies have shown keratinocyte produc-
tion of TGF-B, IL-1, and ET-1 increases production
of col-I from fibroblasts. Vice versa, keratinocyte
cadherin expression is upregulated in the presence
of fibroblasts. Despite these robust studies of der-
mal and epidermal communication, the study of ion
channels in this context is yet not well character-
ized.57 One aspect of changing ionic environment at
wounds, wound electric fields have been demon-
strated to play a critical role in guiding epithelial
migration and growth.58 One of the goals is to un-
derstand what ionic environment is most beneficial
for wound healing, and how to efficiently promote
the restoration of the ion gradients to heal a wound.
While ion channels hold substantial potential for
diagnosing and treating skin wounds, there is still
much to uncover.

Figure 9. Epidermal Distribution of Ion Channels and Pumps. An overview of the distribution of the discussed ion channels and pumps across the epidermis.
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TAKE-HOME MESSAGE

� The epidermis has unique concentration gradients of ions.

� Ion channels and pumps are expressed differentially in different layers of
the epidermis.

� Injuries or diseases disrupt the gradients of ions and expression pattern
of ion channels and pumps.

� Wound healing reestablished the ion gradients and expression pattern of
ion channels and pumps, which in turn contribute to proper wound
healing.

� The roles of ion gradients and differential expression of ion channels/
pumps warrant further investigation, which will help elucidate the
mechanisms of wound healing, and may suggest a new therapeutic
approach.
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41. Dubé J, Rochette-Drouin O, Lévesque P, et al.
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AQP3 ¼ aquaporin 3
CFTR ¼ cystic fibrosis transmembrane

conductance regulator
COX-2 ¼ proinflammatory cyclooxygenase 2
ENaC ¼ epithelial sodium channel

IL ¼ interleukin
NHE1 ¼ sodium-hydrogen exchanger 1
NKA ¼ Na/K+ ATPase

PGE2 ¼ prostaglandin E2

PKC ¼ protein kinase C

TEP ¼ transepithelial potential

TRPV ¼ transient receptor potential vanilloid

UVB ¼ ultraviolet B

VGCC ¼ voltage-gated calcium channels
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