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SUMMARY
Recent studies show that a group of salivary peptides, collectively known as histatins, are potent inducers of
wound healing in both soft and hard tissues. Among these molecules, histatin-1 stands out for its ability to
stimulate the repair of skin, oral mucosal, and osseous tissue. Remarkably, all these effects are associated
with the capacity of histatin-1 to promote angiogenesis via inducing endothelial cell adhesion, migration, and
signaling. These findings have opened new opportunities in the field of regenerative medicine, leading to an
increasing number of articles and patents proposing therapeutic uses of histatin-1. However, this scenario
raises a relevant concern regarding the appropriate use of these molecules, since, unlike the mode of action,
little is known about the molecular mechanism by which they promote angiogenesis and wound healing.
Recent studies shed light on the pharmacodynamics of histatin-1, by identifying the endothelial receptor
that it binds and downstream signaling. This perspective will discuss current evidence on the role of histatins
in wound healing and angiogenesis, emphasizing their impact on regenerative medicine.
INTRODUCTION

Histatins are antimicrobial peptides, naturally encountered in hu-

man saliva, which depict a variety of functions including anti-

fungal activity, maintenance of dental enamel homeostasis,

and wound healing enhancement.1 Compelling evidence in

epithelial cell models has shown that a subgroup of histatins pro-

motes epithelial cell adhesiveness, re-epithelialization as well as

mucosal and skin wound healing in vitro and in vivo (reviewed in

the studies by Pan L. et al,2 Torres P et al.,3 and van Dijk I.A.

et al.4). Interestingly, more recent studies show that one of the

most abundant histatins in saliva, histatin-1, harbors potent

proangiogenic activity, which is similar to that elicited by the pro-

totypal angiogenic factor, vascular endothelial growth factor A

(VEGF-A) and that this is mainly attributed to its migration-pro-

moting effects in endothelial cells.5,6 By promoting endothelial

cell adhesion, spreading, and migration, histatin-1 induces

vascular tube formation in vitro and angiogenesis in vivo,5,6

events that are associated with the activation of conserved

signaling pathways in endothelial cells.6 The variety of effects

that histatin-1 triggers in endothelial cells, mostly related to the

angiogenic responses, open new opportunities to the field of

regenerative medicine. Supported on the basis that angiogen-

esis is a crucial step in soft and hard tissue repair, several studies

have shown that histatin-1 promotes skin wound healing in rat

and mice models of diabetes7,8 and rodent burn models,9 and
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that it promotes bone repair in vivo,10,11 where its administration

is associated with increased vascularization in vivo. The

increasing number of studies that highlight the potential uses

of histatin-1 in tissue repair, along with the plethora of patent ap-

plications claiming for therapeutic uses of histatin-1 in regenera-

tive medicine, raises an important concern regarding the appro-

priate use of this molecule. This is critical because, unlike the

mode of action, little is known about the molecular mechanism

by which this molecule promotes angiogenesis. To this end, it

will be relevant to understand the pharmacodynamics of

histatin-1 and the cognate receptor(s) in endothelial cells, in or-

der to get a rational design of therapies based on this peptide.

This perspective summarizes past and current literature

regarding the relevance of histatin-1 and related histatins in the

wound healing process, with emphasis on their recently

acknowledged proangiogenic effects and their impact in the field

of regenerative medicine.

SALIVA: A SOURCEOFFACTORSTHATCONTRIBUTETO
MAINTAIN MUCOSAL HOMEOSTASIS

Wounds in the oral mucosa heal faster and more efficiently than

those in other epithelial tissues such as the skin.12–14 This is

interesting, because regardless of the tissue, the wound-healing

process proceeds via the same spatiotemporally regulated

phases, which include hemostasis, inflammation, proliferation,
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Figure 1. Wound healing

The different phases of epithelial wound healing are

described. These include hemostasis, inflamma-

tion, proliferation, and remodeling (see themain text

for details).
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and remodeling (Figure 1). Thus, the differences in the wound-

healing capacities between oral mucosa and other tissues are

mainly due to both intrinsic factors, including tissue architecture,

and extrinsic factors such as the presence of saliva.12,14 Saliva is

critical to the maintenance of oral mucosal homeostasis, as it

plays a variety of roles beyond the canonical effects in mechan-

ical lubrication, oral hygiene, chewing function, digestion, and

buffering capacity, but it is also the source of antimicrobial and

wound healing-promoting factors, which are relevant to the

maintenance of oral mucosal function.12,15 Indeed, popular cul-

tures have implemented ‘‘therapeutic uses’’ of saliva, derived

from either human or domestic animals, for the treatment of

wounds.16 Besides the popular belief that saliva is a ‘‘wound

healing fluid’’, compelling evidence supports the notion that

saliva promotes epithelial wound healing, based on studies ob-

tained using in vitro and in vivo models.12,17,18 Saliva contains

a plethora of molecules, including growth factors and antimicro-

bial peptides, which contribute to the improved wound-healing

effect.12–15 Thesemolecules have impacts at the different stages

of wound repair. For example, the presence of tissue factor, a

known initiator of the coagulation cascade, gives saliva the he-

mostatic potential necessary for wound repair.19,20 Regarding

antimicrobial molecules, multiple reports refer to the presence

of these peptides and their positive impact on the maintenance

of oral mucosal homeostasis (for further information see the re-

views by Vila T. et al.15 and Dawes C. et al.21). Moreover, human

saliva contains a great variety of peptides and proteins that favor

cell migration and proliferation, as central processes to the pro-
2 iScience 27, 111309, December 20, 2024
liferative phase of wound repair.14,15,22

Among these molecules, it is well known

the role of growth factors, including epithe-

lial growth factor (EGF) and VEGF,12,17 in

conjunction with cathelicidin (LL-37)23

and the trefoil factor-3.24 However, within

the group of salivary molecules that

contribute to the maintenance of oral tis-

sues, histatins are particularly remarkable,

as these peptides have been attributed

with a plethora of functions in oral homeo-

stasis and several effects in different cell

types (reviewed in1,3,15).

HISTATINS, SALIVARY PEPTIDES
WITH A VARIETY OF BIOLOGICAL
EFFECTS

Histatins are a family of histidine-rich pep-

tides, mainly expressed in human saliva

and to a lesser extent, in other body fluids,

such as tears25–28 (reviewed in the studies
byMelino S. et al.1 and Torres P. et al.3). Fromwithin this family of

peptides, histatin-1 and histatin-3 are protein products encoded

by the genes HTN1 and HTN3, respectively, whereas proteolytic

cleavage of these peptides yields smaller fragments, including

histatin-2 (derived from histatin-1) and histatins -4, -5, -6, -7,

-8, -9, -10, -11, and -12 (derived fromhistatin-3)1. The sequences

of main histatins, including histatin-1, -2, -3, and -5, are shown in

Figure 2.

These peptides have been extensively studied for their roles in

the innate immune system, particularly for their antimicrobial

properties and for their capability to bind copper(II) and zinc(II)

metals. Structure and functional analyses based on histatin-5

indicate that these peptides contain two relevant metal-binding

motifs, which are located within the NH2-terminal region and

that include a copper(II)/nickel(II) bindingmotif (D-X-H) and a zin-

c(II) binding motif (HEXXH).1 Histatin-5 and histatin-3 are known

for their potent antifungal activity against various pathogens,

including Candida albicans, Candida krusei, Candida glabrata,

Cryptococcus neoformans, and Aspergillus fumigatus.26,31,32

The effectiveness of histatin-5 is highlighted by its correlation

with the prevalence of Candida albicans in HIV-positive33 and

COVID-19-positive patients,34 which showed reduced levels of

this histatin along with an increased incidence of fungal infection.

In addition to the antifungal properties, histatin-5 exhibits signif-

icant antibacterial activity against Enterococcus faecium,

Enterobacter cloacae, Pseudomonas aeruginosa, Acinetobacter

baumannii, and Staphylococcus aureus.35,36 Histatin-5 also in-

hibits proteases from Porphyromonas gingivalis (Arg-gingipain
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Figure 2. Human histatins

(A) Amino acid sequence of main human histatins.

The two histatin genes, HTN1 and HTN3, are indi-

cated with their protein products, histatin-1 and

histatin-3, respectively. Derivative fragments of

these histatins (histatin-2 and histatin-5) are also

shown.

(B) The 3D structure of histatin-1 is shown, high-

lighting residues Phe26, Tyr30, and Y34, which are

critical for biological activity in endothelial cells. The

3D model was previously proposed by Mateluna

et al., in molecular modeling studies.5 The 3D

structure of full-length histatin-3 is shown and it was

obtained from AlphaFold Protein Structure Data-

base (repository code: AF_AFP15516F1).29,30

iScience
Perspective

ll
OPEN ACCESS
and Lys-gingipain) and Clostridium histolyticum (clostripain).37

These findings underscore the importance of histatins as crucial

antimicrobial peptides in the oral cavity.

Another archetypal histatin, histatin-1, is primarily recognized

for its various roles in dental enamel homeostasis and antimicro-

bial activity (reviewed in the study byMelino S. et al.1). On the one

hand, histatin-1 contains a phosphorylated serine residue (Ser-2)

that facilitates its binding to calcium hydroxyapatite,26,38 which

allows histatin-1 to integrate into the acquired enamel pellicle

and that plays a vital role in the protection of dental enamel.39,40

The salivary pellicle provides buffering capacity and acts as a

reservoir for calcium ions, aiding in the remineralization of incip-

ient carious lesions.40 Indeed, it has been shown that patients at

high risk of caries have lower concentrations of histatin-1, as

compared with those without caries,41 and histatin-1 levels in-

crease in whole saliva following treatment for early childhood

caries.42

Furthermore, histatin-1 expression throughout an individual’s

life is associated with the dental eruption process.43 Histatin-1

levels start to increase around 7 months of age and peak be-

tween the first and sixth years of life.43 This timing aligns with

the eruption of deciduous teeth in the first year and the eruption
iSc
and replacement of permanent teeth

around 6 years.43,44 Initially, it seems that

the relationship between histatin-1 and

tooth eruption is primarily due to its role

in enamel homeostasis; however, recent

studies indicate that during the first year

of life, most histatin-1 in saliva is in

its non-phosphorylated form.43 This is

intriguing, because it is currently known

that the non-phosphorylated form of

histatin-1 is capable of inducing cell migra-

tion, as it will be described in the following

text,45,46 and this is a relevant aspect of

wound repair, which might affect the onset

of deciduous tooth eruption.43,45

As aforementioned, histatins have been

historically studied in the context of their

antimicrobial properties and because of

their role in the maintenance of enamel ho-

meostasis. However, evidence accumu-
lated in the last decade has shown that some histatins are in-

ducers of epithelial wound healing via stimulation of a common

mechanism in tissue repair: induction of cell migration (reviewed

in the studies by Pan L. et al,2 Torres P. et al.,3 and van Dijk I.A.

et al.47; Table 1).

HISTATINS, WOUND HEALING AND CELL MIGRATION

The role of histatins in cell migration and wound healing was first

documented by Oudhoff and colleagues in 2008, as these pep-

tides were shown as the major factors present in human saliva

that contribute to wound healing in vitro.45 This study and a sub-

sequent report showed that histatin-1 and its derivative frag-

ment, histatin-2, promote cell migration in a wound-scratch

assay in oral keratinocytes and increase re-epithelialization in a

skin equivalent model.45,73 Subsequent studies extended the

migration-promoting activity of histatin-1 and the derived 12–

38 residue fragment (histatin-2) to other oral cells and non-oral

cells, including oral and dermal keratinocytes, gingival and skin

fibroblasts,23,45,46,73 bone and primary mesenchymal cells,61,62

corneal epithelial cells,51 human periodontal ligament cells,68

as well as endothelial cells6 (a timeline of histatin-associated
ience 27, 111309, December 20, 2024 3



Table 1. Histatins and their effects in cell and tissue wound healing

Histatin Type Cell Type Receptor Signaling Pathway Cellular Effects Reference

Histatin-1 Endothelial cells Vascular Endothelial

Growth Factor Receptor 2,

(VEGFR-2). Direct binding

and involvement of this

receptor in histatin-1-

dependent effects.

Involvement of the Rin2/Rab5/Rac1

axis and activation of ERK1/2.

Nuclear translocation of Nrf2, and

decreased interaction of the

IP3R1/GRP75/VDAC1 complex.

Cell adhesion, spreading and

migration; angiogenesis

in vitro and in vivo.

Anti-senescence and

antioxidant effects.

Torres et al.6, Cao et al.7, Zhu et al.8,

van Dijk et al.48, Lin et al.49,

and Xian et al.50

– Epithelial cells Involvement of G protein-

coupled receptor (GPCR),

in conjunction with Sigma-2

Receptor (S2R). Co-regulation

of these receptors is suggested.

Activation of ERK1/2 and E-Cadherin

has been described. In addition,

an anti-apoptotic response

(IGF-1/BCL-2/BAX) was observed.

Cell-matrix and cell-cell

adhesion, as well as cell

migration and viability.

Re-epithelialization

in vitro and in vivo.

Zheng et al.9, Oudhoff et al.45,

van Dijk et al.47, Shah et al.51,

Lei et al.52, Oydanich et al.53,

Liu et al.54, van Dijk et al.55,

Pan et al.56, Ma et al.57,

Son et al.58, Huang et al.59,

and Lei et al.60

– Osteoblastic

lineage cells

ND Activation of b-catenin signaling.

In addition, cytoprotective roles

have been associated with

decreased caspase-3 activation.

Cell adhesion and migration.

Induction of osteoblastic

differentiation markers,

including ALP, Runx2,

Osteopontin, Osteocalcin,

along with mineralizing

phenotype. Bone repair in vivo.

Sun et al.10, Torres et al.11,

Castro et al.61, Torres et al.62,

Sun et al.63, Sun et al.64,

van Dijk et al.55, Siwakul et al.65,

Shi et al.66, and Du et al.67

– Fibroblasts ND Activation of mTOR signaling

pathway.

Fibroblast migration and

expression of myofibroblast

markers in vitro.

van Dijk et al.47, Arab et al.68,

Lin et al.49, and Cheng et al.69

– Macrophages ND Decreased phosphorylation of

JNK and p38; negative

regulation of NF-kB.

Decreased pro-inflammatory

markers; macrophage

transition from M1 to M2.

Wu et al.70 and Lee et al.71

– Mesenchymal

stem cells

ND Involvement of p38 and

ERK1/2 is suggested.

Cell adhesion. Wang et al.72

Histatin-2 Fibroblasts ND – Cell migration. Oudhoff et al.23, Oudhoff et al.46,

and van Dijk et al.47

– Epithelial cells GPCR is suggested on the

basis of inhibition

experiments.

ERK1/2 activation. Cell adhesion and migration.

Re-epithelialization in vitro.

Oudhoff et al.45, Oudhoff et al.46,

van Dijk et al.47, and Oudhoff et al.73

– Mesenchymal

stem cells

ND – Cell migration. Boink et al.74

Histatin-3 Fibroblasts ND Histatin-3/HSC70 complex

binds to p27, and is degraded,

allowing the cell cycle to

continue (G1/S transition).

Cell proliferation. Imamura et al.75

Histatin-5 Chondrocytes ND – Cell proliferation; synergic

effects with EGF.

Murakami et al.76

– Epithelial cells ND ERK1/2 activation. Cell adhesion and migration.

Re-epithelialization in vitro.

Shah et al.77

N.D., non-determined.

4
iS
c
ie
n
c
e
2
7
,
1
1
1
3
0
9
,
D
e
c
e
m
b
e
r
2
0
,
2
0
2
4

iS
cience

P
e
rs
p
e
c
tiv

e
ll

O
P
E
N

A
C
C
E
S
S



(legend on next page)
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effects in cell migration and wound healing is provided in Fig-

ure 3, and a summary of the literature is shown in Table 1).

This body of evidence led to the definition of histatin-1 as a gen-

eral promoter of cell migration (reviewed in the study by Torres P.

et al.3). Moreover, histatin-1 and some derivative fragments have

been shown to increase cell adhesion and spreading both in the

absence and presence of extracellular matrix, as shown in

epithelial, bone lineage, and endothelial cells,6,47,62 whereas

histatin-1 itself was shown to promote cell-cell adhesion via tight

and adherens junctions in epithelial cells.48

The extent of the effects that histatin-1 triggers in cells other

than those located in oral tissues provide new opportunities to

explore the potential uses of this peptide in regenerative medi-

cine. In the following paragraphs, examples of proposed thera-

peutical uses for histatin-1 in different models are provided.

Importantly, most evidence points toward the effects of this

molecule in the re-epithelialization phase of wound healing

with emphasis on the angiogenic responses.

Histatins in soft tissue repair
Pioneering studies in a full-skin woundmodel based on an equiv-

alent that resembles human skin indicated that the 12–38 amino

acid fragment derived from histatin-1 promotes reepithelializa-

tion in skin keratinocytes.73 Subsequent studies in animal

models including mice, rats, and rabbits supported the notion

that histatin-1 and related peptides promote soft tissue repair

in general, as it will be described in the next paragraphs. In

mice, treatment of full-thickness skin wounds with histatin-1,

administered via conjugation in thermosensitive thiolated chito-

san hydrogels, enhanced wound healing by increasing blood

vessel formation (CD31 and VEGFA-positive staining) and

collagen fiber alignment.49 Also, by using the same model of

full-thickness skin wound healing in C57/BL6 mice, the topic

application of a solution containing 10 mM histatin-1, promoted

wound healing and improved the mechanical properties of

healed skin, by increasing collagen deposition, granulation tis-

sue, and fibroblast number within the wounded area.52,69 These

observations were in agreement with the observation that

histatin-1 promotes fibroblast differentiation and contractility in

collagen gels,69 and they are also in agreement with early

in vitro studies showing that histatin-1 harbors motogenic

activity (i.e., migration-promoting effects) in dermal and gingival

fibroblasts.46,74

The application of histatin-1-functionalized materials has been

explored by using an acellular dermal matrix, as a drug delivery

carrier of histatin-1, in a model of wound healing in diabetic

Sprague-Dawley rats, which showed increased angiogenesis

and minimal scarring width in vivo.7 Specifically, functionaliza-

tion of an acellular dermal matrix with histatin-1 fused to a

collagen-binding domain (for increased affinity toward the

collagen-rich acellular dermal matrix), permitted sustained

release of histatin-1, vascular endothelial cell adhesion and

migration, extracellular collagen accumulation, and endothelial
Figure 3. Timeline: retrospective analysis of histatin-dependent effect

The timeline shows the main findings related to the roles histatins in cell and tiss

spreading, and migration. Also, the effects of histatins in soft and mineralized tis

been proposed in animal models. The impact of histatins on angiogenesis and th
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tube formation in vitro.7 These observations are reminiscent of

those obtained in C57 mice, where the administration of

histatin-1, embedded in an acellular dermal matrix, increased

the wound healing capacity in full-thickness wounds, though

not to the same extent as the effects observed with topic admin-

istration of soluble histatin-1 (10 mM), which showed the best

proangiogenic and anti-inflammatory responses.52 These dis-

crepancies might be due to the lack of a sustained-release

mechanism of histatin-1.

Alternatively, the role of histatin-1 in preclinical rodent models

of wound healing has been explored in the context of diabetes

and acute burning. On the one hand, gelatin/chitosan-based hy-

drogels loaded with histatin-1 were shown to accelerate full-

thickness wound healing in db/db congenital diabetic mice,

events that were associated with downregulation of pro-inflam-

matory mediators and upregulation of CD31 and a-SMA

(a-smooth muscle actin), which suggests a potential application

of this molecule in diabetic wounds.8 On the other hand, in an es-

tablished model of rat burn wound healing, treatment with a

host-guest gelatin hydrogel loaded with histatin-1 promoted

wound healing by inhibiting the expression of pro-inflammatory

factors and by increasing the vascularization at skin burn wound

sites.9

The effects of histatins in soft tissue repair have been

extended to models beyond the skin tissue, such as corneal

epithelium, where soluble histatin-1 was found to promote

corneal epithelium wound healing in a rabbit model.53 These ob-

servations are in agreement with previous findings in vitro, where

histatin-1 promoted corneal epithelial cell spreading and migra-

tion in a wound-scratch assay51 and it calls attention, based on

earlier evidence reporting the expression of this molecule in hu-

man lacrimal epithelium.27 Intriguingly, this wound-healing ca-

pacity in corneal epithelial cells was also extended to another

histatin, histatin-5, as it was found to promote corneal wound

healing in vitro and in C57BL/6 mice.77 The effects of histatins

in other epithelial tissues have been extended to the context of

peri-implantitis, where histatin-1, embedded in a small intestine

mucosa hydrogel, favored epithelial sealing around implant

surfaces, thereby decreasing peri-implantitis.54 Whether the

wound-healing capacities of histatins are extended to other

soft tissues remains to be explored and will require future

research.

Histatins in mineralized tissue repair
Besides the widely documented effects of histatins in soft tissue

repair, accumulating evidence points toward the therapeutical

application of these molecules in hard tissue repair. Studies in

major bones, cartilage, and subchondral bone, as well as in

dental tissues are becoming increasingly reported, as follows.

Early studies showed that histatin-1 and derivative peptides pro-

mote bone-lineage cell adhesion and spreading onto different

surfaces, including glass and bioinert surfaces,55,63,64 non-

treated and sandblasted-acid etched titanium surfaces,55,63
s in tissue repair

ue repair. These include the effects at the cellular level, namely cell adhesion,

sue repair are shown, along with the different therapeutic strategies that have

e consequences in tissue repair are highlighted.
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and extracellular matrix-coated surfaces.62 In fact, immobilized

peptides derived from histatin-1, attached to titanium surfaces

promote cell spreading and expression of osteogenic genes in

murine preosteoblasts.65 These observations become relevant

in the field of dental implantology and osseointegration, since

histatin-1-derivative peptides have been shown to promote

trabecular bone formation in a canine model of titanium-based

implants.78 In this context, histatin-1 was recently reported as

a novel osteogenic molecule that promotes bone cell adhesion

and migration, as well as the expression of genes involved in

osteogenic differentiation, as shown in MC3T-E1 murine preos-

teoblasts and SAOS-2 human osteosarcoma cells.62 Moreover,

this peptide promoted mineralization in vitro, as shown in osteo-

blastic-lineage cells and primary mesenchymal cells derived

from the dental pulp and apical papilla.62 These findings were

further validated at the preclinical level, where histatin-1 acceler-

ated bone regeneration in a murine model of non-critical size

defect.11 Alternatively, studies in rats showed that co-adminis-

tration of histatin-1 improved the extent of osteogenesis induced

by the osteogenic agent BMP2 (bone morphogenetic protein 2),

as shown in a model of ectopic bone formation.10 Interestingly,

regardless of the model (ectopic or orthotopic bone formation

in vivo), the observations were associated with improved blood

vessel formation, as it will be mentioned in the following

text.10,11 In summary, current evidence points toward the notion

that histatin-1 and derived peptides behave as novel osteoin-

ductive factors at both the in vitro and in vivo levels.

The effects of histatins in mineralized tissue repair have been

extended to other tissues including cartilage and subchondral

bone in temporomandibular joints, as the administration of

histatin-1, functionalized in a methacrylate gelatin hydrogel pro-

moted bone and cartilage regeneration in critical-size osteo-

chondral defects in temporomandibular joints of New Zealand

white rabbits.66 This study showed that the effects of histatin-1

are dose dependent, in a manner that differentially impacted

either bone or cartilage regeneration, an issue that is intriguing

based on the acknowledged relevance of vascular formation

during either process.79 On the other hand, in a ratmodel of oste-

oarthritis, histatin-1 attenuated both cartilage and bone decon-

struction via decreased macrophage infiltration.70 These find-

ings are in agreement with the anti-inflammatory effects of

histatin-1, as this peptide has been found to promote the M1

to M2 transition in macrophages, and it was also shown to

decrease the secretion of pro-inflammatory cytokines.71

Taken together, the evidence provided at both the in vitro and

in vivo levels suggests that histatin-1 is a general promoter of

wound healing in mineralized and soft tissues. Remarkably,

most preclinical studies coincide in that the effects of histatin-1

in these tissues are attributed to histatin’s proangiogenic activity,

which is relevant, because angiogenesis is a critical process

required during wound healing. Most of this evidence is sup-

ported by seminal studies showing that histatin-1 is a proangio-

genic factor.6

HISTATIN-1, A NOVEL PROANGIOGENIC FACTOR

Compelling evidence at both in vitro and in vivo levels supports

the notion that a subgroup of histatins, namely histatin-1 and
to a lesser extent histatin-2, are proangiogenic, as it will be

described in the following text. Pioneering studies in 2017

showed for the first time that histatin-1 is a potent angiogenic

factor, with effects that are reminiscent of those elicited by the

prototypal angiogenic factor, VEGFA.6 Specifically, histatin-1

stimulates cellular andmolecular events that contribute to angio-

genesis, including endothelial cell adhesion, spreading, and

migration, as well as endothelial tube morphogenesis in vitro

and angiogenesis in vivo.6 In doing so, salivary concentrations

of histatin-1 (5–10 mM) accelerated the kinetics of endothelial

cell adhesion and spreading on fibronectin-coated surfaces,

which was paralleled by increased endothelial cell migration

and the activation of a conserved signaling cascade that stems

at the endosomal compartments (the cell signaling induced by

histatins will be discussed in the following section). These obser-

vations were confirmed in different cell models, including the

endothelial cell line EA.hy926 and human umbilical vein endothe-

lial cells (HUVECs), as well as by using histatin-1 obtained from

different sources, including chemical synthesis and the peptide

proceeding from healthy donors of human saliva.6 Moreover,

histatin-1 augmented both endothelial tube formation in vitro

and angiogenesis in the chick chorioallantoic membrane assay,

which was particularly intriguing, because in both cases, the

magnitude of the effects triggered by histatin-1 was similar to

that observed with VEGFA.6 Interestingly, another study pub-

lished in the same year showed that histatin-1 promotes endo-

thelial cell adhesion, thereby improving endothelial barrier func-

tion.48 Subsequent studies showed that histatin-1 restores

endothelial cell migration and tube formation capacity following

exposure to cytotoxic drugs,61 which extends the cytoprotective

effects of this peptide observed in other non-endothelial

cell models.56 Moreover, the effects of histatins on endothelial

cells have been extended to another related histatin, namely

histatin-2 (the derivative fragment of histatin-1), which was

capable of inducing endothelial cell migration in vitro.5

The aforementioned studies constituted the basis for subse-

quent reports that supported their observations of histatin-asso-

ciated wound healing capacity on the peptide’s proangiogenic

effects in vivo (described in the previous section). Specifically,

in Sprague-Dawley rats, histatin-1 promoted full-thickness

wound healing associated with increased expression of blood

vessel markers CD31 and VEGFA.9,49 Similarly, in a C57 mice

model of full-thickness wound healing, histatin-1 promoted for-

mation of CD31 and VEGFA-positive blood vessels.52 The latter

was further extended to a congenital model of diabetic mice and

rats, whereby histatin-1 promoted full-thickness wound healing

associated with increased vascularization and protein levels of

CD31 7,8. Similar observations have been made in hard tissue,

where histatin-1 allowed bone regeneration via increased blood

vessel formation11 and contributed to BMP-2-induced osteo-

genesis in vivo via increasing VEGFA and CD31 positivity.10

Taken together, the evidence supports the notion that

histatin-1 promotes wound healing in soft and mineralized tissue

via induction of blood vessel formation.

The current view that histatin-1 improves wound healing

(endogenously in the oral mucosa or upon therapeutic adminis-

tration in other tissues) via promoting angiogenesis and endothe-

lial cell responses is referred to as the mode of action.
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Figure 4. Pharmacodynamics of histatin-1

The image summarizes the findings that histatin-1 is

a potent angiogenic factor, which binds to the

VEGFR2, leading to the activation of downstream

signaling. While ERK and Rab5/Rac-dependent

signaling have been described downstream

histatin-1, their sequential activation and require-

ment of VEGFR2 remain to be explored.
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Nevertheless, the mechanisms by which histatin-1 promotes

endothelial cell migration and angiogenesis, i.e., themechanism

of action, remain poorly understood. In this context, recent

studies by our group identified the receptor for histatin-1 in endo-

thelial cells, as the vascular endothelial growth factor receptor

2 (VEGFR2).5 By using pharmacological inhibition, knockdown,

and direct binding approaches, VEGFR2 was shown as the

cognate receptor for histatin-1 and to be required for histatin-

1-dependent endothelial cell signaling, migration, and angiogen-

esis in vitro.5 These findings provide relevant insights into

the molecular pharmacology of histatin-1, representing a first

approach to design, modify, and improve structural elements

contained in this molecule, to get better outcomes for pharma-

cological uses.

PHARMACODYNAMICS OF HISTATIN-1 IN
ENDOTHELIAL CELLS

The identification of VEGFR2 as the histatin-1 receptor in endo-

thelial cells paved new roads to the pharmacodynamic studies of

these molecules in angiogenesis, as a common denominator in

tissue regeneration. Since VEGFR2 plays a pivotal role in regu-

lating angiogenesis, the binding and activation of this receptor

by histatin-1 offer new possibilities for therapeutic interventions

requiring the improvement of new blood vessel formation.

Structure analysis of histatin-1 revealed that the binding

to VEGFR2 occurs via three aromatic residues that are analogic

to those described in the endogenous ligand VEGFA (Figures 2B

and 4). Specifically, residues Phe26, Tyr30, and Tyr34 are essen-

tial for histatin-1-dependent effects in endothelial cells, including

migration and angiogenesis in vitro, as shown by mutational an-

alyses.5 These observations are intriguing, because it has been
8 iScience 27, 111309, December 20, 2024
demonstrated that the binding and activa-

tion of VEGFR2 lead to a plethora of down-

stream phosphorylation events on the re-

ceptor’s cytoplasmic tail, which instead

trigger differential signaling pathways and

endothelial cell responses, ranging from

proliferation and viability, through migra-

tion and vascular morphogenesis.80 The

observation that histatin-1 rather promotes

a subset of effects in endothelial cells,

including adhesion, spreading, and migra-

tion, but not proliferation, is intriguing,

because it provides insights into the

phosphorylation events that may account

within the receptor.5,6 To date, only one

tyrosine phosphorylation has been re-
ported in VEGFR2, namely Tyr8015, and hence, further research

is required to identify other possible targets of histatin-1. As

mentioned, the different phosphorylatable tyrosine residues in

VEGFR2 are involved in the differential activation of downstream

signaling pathways. In this respect, it is interesting that histatin-1

activates two signaling branches, which include ERK1/2 on the

one hand, and endosomal signaling by Rab5/Rac on the other

hand6 (Figure 4). Particularly, activation of the Rab5/Rac

signaling axis is required for histatin-1 to induce endothelial

cell migration.6 However, whether these and other yet-to-be-

identified signaling pathways are placed downstream binding

of VEGFR2, remains to be determined. Interestingly, in

non-endothelial cells, histatin-1 was shown to activate compo-

nents of the MAPK pathway, an event associated with cell

migration.45,57,63,73

Intriguingly, unlike endothelial cells, in epithelial cells,

histatin-1 has been proposed to act via a G-coupled protein

receptor (GCPR), as shown in inhibition experiments with

pertussis toxin.57,73 However, these data should be carefully in-

terpreted, since direct binding of histatin-1 to GCPR has not

been demonstrated yet, but only the dependency of this recep-

tor. In the same model of epithelial cells, histatin-1 and

histatin-2 were shown to be targeted to subcellular compart-

ments, including the endoplasmic reticulum and mitochon-

dria,81 and this targeting has been associated with the capacity

of these peptides to induce cellular metabolic activity in a

GCPR-dependent manner.57,81 Accordingly, in epithelial cells,

histatin-1 binds to the sigma 2 receptor (TMEM97) at the endo-

plasmic reticulum, and this binding is required for epithelial cell

migration.58 Whether similar mechanisms operate in endothelial

cells remains to be determined, along with the functional

requirement of the receptor.
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As aforementioned, former studies on the pharmacodynamics

of histatin-1 in endothelial cells reveal a sophisticated mecha-

nism involving the activation of VEGFR2 and multiple down-

stream signaling pathways.5,6 Based on its histidine-rich

sequence, histatin-1 might interact with negatively charged sur-

faces at the plasma membrane, thereby enabling anchoring and

subsequent activation of VEGFR2, allowing the peptide to be

further endocytosed. These possibilities need to be further

assessed, as they would allow us to understand the stability

and efficacy of this peptide for future therapeutic applications.

This structural feature is not only vital for its function in angiogen-

esis, but also provides a foundation for innovative therapeutic

applications, such as the design of mimetic peptides that can

mimic or potentiate the effects of histatin-1 in tissues where

angiogenesis is compromised.

FUTURE DIRECTIONS AND PERSPECTIVES

Increasing evidence raises the view that the salivary peptide

histatin-1 is a novel factor that promotes wound healing in soft

and hard tissues by inducing a variety of cell responses in

different cell types. The findings that histatin-1 increases

re-epithelialization in epithelial cells, osteogenic differentiation

in bone-lineage cells, and angiogenesis via endothelial cell

responses, highlighted this protein as a multifunctional molecule

with therapeutic uses in regenerative medicine. Of note,

emphasis should be made on the appropriate design and formu-

lation of histatin-1-based therapies, as the pharmacology of this

fascinating molecule is beginning to be elucidated.

Besides the applicability of histatin-1 as a therapeutic agent

to improve wound healing, the identification of this peptide as a

proangiogenic factor provides insights that help to understand

the basis of efficient wound healing in the oral mucosa, as this

tissue is known to heal faster and more efficiently than skin.14 In

this respect, it remains intriguing whether histatin-1-driven

angiogenesis accounts for better wound healing in the oral mu-

cosa, since coordinated and time-restricted, rather than exac-

erbated and continuous angiogenesis, drives efficient and scar-

free wound healing.82 Hence, future studies will be required to

understand whether histatin-1 acts as a spatiotemporal regu-

lator of angiogenesis in a clinical context and whether this

event is responsible for improved wound healing in the oral

mucosa. Finally, the identification and molecular characteriza-

tion of histatin-1’s angiogenic activity open new avenues for

both, to understand the basic biology of wound healing and

to provide new opportunities to design novel therapeutic ap-

proaches in regenerative medicine.
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