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General Functions of Saliva

Whole saliva is the joint secretory product of the various salivary glands that are 

present in the oral cavity. The three pairs of main salivary glands are parotid, 

submandibular, and sublingual glands. And, apart from these three pairs there are 

hundreds of very small salivary glands, for example in the lip, cheek, tongue, and 

palate. The submandibular and sublingual glands are mainly responsible for the 

characteristic visco-elastic (slimy) properties of saliva by the secretion of the highly 

glycosylated mucins. Parotid gland saliva, on the other hand, is serously (watery) 

and lacks mucins. 

 Whole saliva contains more than 1,000 proteins according to one of the 

latest counts, including the abovementioned mucins (1). Together with water all 

these proteins attempt to ensure that both the teeth and the soft tissues in the 

oral cavity remain in good condition, and that the first step of food digestion is 

well supported (2). Overall, different aspects of saliva are needed for the various 

functions it performs in the oral cavity. 

 Whole saliva contains amylase, among other enzymes, which together 

with mechanical breakdown of the food by teeth comprehends the first step in the 

digestive system. In addition, mucins and water facilitate bolus formation to ensure 

comfortable swallowing and transport of food.

 The buffering capacity is one of saliva’s protection mechanisms. 

Saliva neutralizes acid from drinks and food that might otherwise dissolve the 

hydroxylapatite (mineral of dental enamel) and this may lead to dental erosion. 

Another protection process is the formation of the salivary pellicle. The pellicle is a 

small film of specific salivary proteins selectively absorbed to the teeth surface, that 

prevents attachment of cariogenic bacteria and thus preventing the dental caries 

process (3). In addition, saliva is capable of restoring enamel lesions somewhat 

with the aid of the pellicle proteins, e.g. statherin and proline-rich proteins.

 Saliva also plays an important role in the protection of hard and soft 

tissue against pathogenic bacteria, fungi, and viruses. It contains several peptides 

and proteins for this function, among which agglutinin, defensins, sIgA, LL-37, 

histatins, cystatins, lactoferrin, lactoperoxidase, mucins, lysozyme. The plurality 

in general and diversity in mode of action (agglutination and swallowing, direct 

toxicity for microbes, antibody-dependent immunity, etc.) by these components is 

an indication that saliva is essential for maintaining all oral tissues in good health.

 Last but not least, saliva has a protective function for the mucosal tissue 

and has wound-healing capacities. This will be discussed in depth in the next 

sections.
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Oral Wound Healing

It has long been recognized and clinically well appreciated that wounds in the oral 

cavity tend to heal faster, and with less inflammation and scar-tissue formation 

than in skin. In an experimental setup and under controlled conditions, artificially 

created wounds in the skin take several weeks to heal whereas similar wounds 

in the mouth take no more than seven days (4, 5). In addition, the inflammatory 

activity, in terms of present neutrophils, macrophages, and certain cytokines, 

is lower in oral wounds than those in skin (6, 7). Similarly, lower induction of 

connective tissue formation may occur as lower expression of TGF-β
1 
was found in 

oral wounds compared to skin (6, 7). TGF-β
1 
is known to be a key molecule in the 

regulation of connective tissue formation, and is commonly known as an inducer 

of this process.

 There are several differences between the oral cavity and the skin that could 

account for the superior oral wound healing. First, there is a better microcirculation 

in oral tissue compared to skin. So the oral tissue has much better access to nutrients 

and minerals derived from the blood, but it could also remove waste and debris 

much faster from the wound site. The same holds true for cells derived from the 

blood that are needed for wound healing, both entering and leaving the area can be 

done much faster. The second difference, being unique for the whole body, is the 

continuous secretion of saliva by the salivary glands into the mouth, containing 

many physiologically active proteins.

Salivary Components and Oral Wound Healing

Throughout history, mankind has been fascinated by the wondrous healing powers 

of human and animal saliva. Allegedly, the ancient Greeks already applied snake 

saliva to help cutaneous wounds to heal (8). More experimentally, delayed oral 

wound healing is found in rats that had their salivary glands surgically removed 

(9), and enhanced wound healing of the skin is found when mice lick their wounds 

(10). Therefore, it thus may be no surprise that the discovery of one of the most 

famous and best-studied growth factor was extracted from mouse salivary gland. 

In 1962, Stanley Cohen isolated epidermal growth factor (EGF) from mouse 

submandibular gland tissue (11). For this discovery, he was awarded with the Nobel 

prize in medicine together with Rita Levi-Montalcini with whom he co-discovered 

nerve growth factor (NGF) a few years earlier. Subsequent studies revealed that 

EGF plays a crucial role in several cellular processes that take place during wound 

healing, including cell proliferation, cell differentiation, and cell migration (12, 

13). Additional evidence for the role of EGF in saliva was found when the delayed-
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wound-healing effect of de-salivated rats could be reversed by applying EGF in a 

salt buffer (14). Next to EGF, numerous growth factors that could influence wound 

healing have been found in saliva, see Table 1 at, and for review see reference 15 

(15).

Table 1 Overview of possible wound-healing factors of saliva and their concentrations

Regular 

Growth Factors

Human Oral Fluid 

ng/ml (refs)

Human Plasma 

ng/ml (refs)

Murine Saliva 

ng/ml (refs)

EGF ~ 0.9 (36-39) ~ 0.2 (40, 41) ~ 20,000 (42)

NGF ~ 0.9 (43) ~ 0.1 (44) ~ 40,000 (42)

VEGF ~ 1.4 (45, 46) ~ 0.5 (41)

FGF < 0.001 (47, 48) ~ 0.2 (49)

IGF ~ 0.4 (50-52) ~ 170 (53) ~ 75 (54)

TGF-α ~ 5.6 (55) ~ 0.03 (56) ~ 560 (55)

TGF-β ~ 0.024 (57) ~ 2.0 (41)

TNF-α ~ 0.003 (58) ~ 0.008 (59)

Insulin ~ 0.2 (60) ~ 925 (61)

Other factors Human Saliva 

µg/ml (refs)

LL-37 ~ 0.14 (62, 63)

Defensins ~ 0.3 (63, 64)

Histatins ~100 (17, 19, 20)

Considering the abovementioned about the involvement of animal salivary proteins 

in wound healing, it seems plausible that the same growth factors also play this 

role in humans. However, one would overlook one important aspect, namely the 

concentration of a growth factor that is needed for action, and the concentration 

of that growth factor as present in saliva. In Table 1, the growth factors present in 

saliva are listed and a comparison is made between the concentration in human 

plasma, human saliva, and murine saliva. It is clear from Table 1 that growth 

factors are often found in human saliva only in trace amounts, especially when 

comparing some of them to rodent saliva. This observation was the basis for the 

study described in the second chapter of this thesis. One could hypothesize that not 

the regular growth factors are responsible for enhanced wound healing by human 

saliva, but rather that other or new players have to be involved. As can already be 

deducted from the title of this thesis, we found that histatins are the major wound-

closure agents present in saliva.
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Histatins and Other Host-Defense Peptides in Wound Healing 

The histatin family originates from two genes, HTN1 and HTN3, which initially give 

rise to two peptides, Hst1 and Hst3. Subsequently, through proteolytic cleavage all 

other histatins originate from those two. Hst1 gives rise to Hst2, and Hst3 gives 

rise to a whole set of histatins (16). The most prominent members in saliva are 

Hst1, Hst3, and Hst5 in a 3:1:3 ratio (17). The continuous addition by salivary 

secretion and proteolytic breakdown results in concentrations in saliva that is 

estimated around 10 µM (18), although it also has been shown to be something in-

between 5-50 µM (17, 19, 20). Histatins were originally discovered as antibacterial 

histidine-rich peptides in saliva (21), but are now well-known for their anti-fungal 

activities. Hence, the name is derived from a combination of nystatin (a well-known 

fungizone) and histidine (amino acid abundantly present in these peptides).

Although initially promising as new antimicrobial agents, and, in light of 

the upcoming bacterial resistancy against antibiotics, also potentially important, 

antimicrobial peptides such as histatins either lack specificity (also toxic for the 

host cell) or lack activity when present in physiological salt solutions. Derivates, 

or altered species that biotechnologically have overcome these issues stand more 

chance for future therapeutics. For more information on the antibacterial and 

antifungal properties, their discovery, their mode of action, and development of 

antimicrobial peptides there are several excellent reviews available (22, 23).

Recently, it became apparent that many antimicrobial peptides, or host-defense 

peptides, also affect host cells directly. The most studied and also relevant for 

oral health is the cathelicidin-derived LL-37. LL-37 has been associated with 

wound healing in numerous studies. Particularly, two different topics are under 

investigation; i) the possible therapeutic role for wound-healing treatment, ii) 

hypothesis on what the exact role of LL-37 is in vivo. At first glance, LL-37 looks very 

promising for future therapeutics as wound healing agent. It enhances epithelial 

and fibroblast cell proliferation and migration for initial wound closure in in vitro 

assays (24-27), and it improves actual wound healing in mice (24). Transactivation 

of the EGFR (25, 28, 29) and direct activation of the P2X7-receptor, albeit not 

via direct binding (26), are the two mechanisms through which LL-37 act here. In 

addition, angiogenesis is enhanced by FPRL1-mediated proliferation of endothelial 

cells (30). Also in that study, the Cramp -/- (the mouse orthologue gene of human 

cathelicidin) knockout mouse shows decreased angiogenesis upon wounding, 

whereas normal angiogenesis is not altered (30). Fibrogenesis, another aspect of 

wound healing, is decreased (31), which hypothetically would reduce scar tissue 

formation and this is very favorable for good-qualitative wound healing. Although 

Ll-37 seems a very promising agent for wound healing, it can, however, also cause 
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acute cell death, which is obviously not favorable for proper wound healing. In 

addition, the inflammatory phase of wound healing might cause some problems. 

LL-37 can be both a direct inducer of inflammation by directed migration of 

neutrophils and other immune cells, and an indirect inducer of inflammation by 

the enhancement of cytokine production by epithelial cells and fibroblasts upon 

LL-37 treatment.

 The role of LL-37 in vivo in wound healing remains partially unknown. 

Although angiogenesis is decreased in the Cramp -/- mice, suggesting that LL-37 

has an important function, the effect on overall wound healing is not investigated in 

this or any of the other studies using the Cramp -/- mice (30, 32, 33). In addition, 

wounds that are challenged with Streptococcus spp. have enhanced infection rates 

in the Cramp -/- knock out mice (32). This last is obviously not a host-directed 

effect, but rather shows that the function of LL-37 really is what it initially found to 

be, an antimicrobial peptide. And, this feature is pretty important, also for wound 

healing. Nevertheless, when things are not regulated properly, LL-37 can be a cause 

or an inducer of diseases such as cancer and rosacea (27, 33-35).
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Working Mechanism for Enhancing Wound Healing; Cellular 

Receptors

As is discussed above, there might be several salivary components that are able to 

enhance wound healing. In this section it will be discussed how external factors 

generally influence tissue. Throughout evolution an extensive set of so-called 

cellular receptors have prevailed. This enables the cells in tissues to sense and 

respond to external factors. Different cellular receptors exist for different functions, 

and the multitude of different receptors on a cell enables it to respond specifically 

when confronted with different factors. A simplified scheme of receptor-mediated 

activation is shown in Figure 1A. It displays an unbound state of the protein receptor, 

and shows that upon binding of the specific ligand a conformational change of the 

receptor is induced, and subsequently intracellular proteins are activated. 
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Figure 1  Activation of cells by receptors, 

and subsequent regulation of the signal by 

endocytosis

A. The activation of cellular receptors by the 

binding of a ligand. The unbound receptor is 

inactive and is not able to activate intracellular 

proteins that can activate the cell. Upon binding 

of the ligand the conformation of the receptor 

changes and intracellular proteins now can 

bind to the receptor and in turn activate the 

cell.

B. The endocytosis of a ligand-receptor 

complex. i, the unbound inactive receptor and 

its ligand; ii, the ligand binds to the receptor 

resulting in changing the receptor conformation 

and leading to binding and activation of the cell; 

iii, invagination of the membrane, an initial 

stage of endocytosis; iv, the ligand-receptor 

complex is endocytosed by the cell and sits now 

in a vesicle inside the cell; v, dissociation of 

the ligand-receptor binding, receptor termins 

activationi since it returns to its original state; 

vi, the ligand is degraded by the cell; vii, the cell 

discriminates to either recycle the receptor to 

the membrane or to degrade it in parallel to the 

ligand.
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Commonly, upon activation of the receptor, the receptor-ligand complex is taken-

up by endocytosis (Fig. 1B). Then, intracellularly the ligand dissociates from the 

receptor and is degraded. This results in activation of the cell by the receptor only 

for a short time, because upon dissociation the receptor goes back to its original 

conformational state, thereby loosing its activating properties. The receptor, 

depending on multiple factors, can be recycled returning to the cellular membrane 

or it may have the same fate as the ligand; being degraded. The regulatory system 

for the cell to decide to either recycling or degrading the receptor is still largely 

unclear, although it is known that cells ‘mark’ receptors with specific proteins that 

determine their fate. If these processes are not tightly regulated, for example when 

there is no dissociation of the ligand-receptor complex, it may lead to unlimited 

growth and division of cells. It is not surprising that mutations in these processes 

can induce the cancer process. 

One could imagine that for wound healing a plethora of cellular functions 

is needed and even that the need for specific cellular functions is changing in time. 

The release of specific growth factors, or the presence of specific receptors must thus 

change in time to coordinate the different tasks that are expected from the cells. 

The fact that wound healing in general forms no problem for our body remains a 

very fascinating study object at several levels, especially the exact cellular working 

mechanisms.
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Thesis Outline

The aim of this thesis was to identify and characterize the wound healing agent(s) 

of human saliva. In Chapter 2 a simple in vitro model for re-epithelialization is 

introduced. As first approach to study the involvement of human saliva in wound 

healing process, a fast in vitro model, using a fast growing cell line, studying 

processes that resemble functions in the body was set up. Re-epithelialization is 

the process of wound covering by epithelial cells, these cells initially migrate over 

a wound and thereby closing it. Thereafter cell proliferation occurs to fully recover 

the tissue. Our in vitro model measures initial cell migration. Some proliferation 

can also be measured, but the major aspect for ‘wound closure’ in our system is 

cell migration. In this model we tested saliva, which enhanced wound closure. 

Subsequently, testing glandular salivas we identified histatins as the major agents 

of saliva responsible for saliva-mediated wound closure. This finding formed the 

basis for the rest of the thesis. Chapter 3 describes other protein factors in saliva 

that could alter wound healing, and showing that primary cells also respond to 

histatin, which is a step forward compared to the cell line used in Chapter 2. In 

Chapter 4 we study actual re-epithelialization in a 3D full skin wound model. This 

model is basically as close as one could approach in the lab compared to the actual 

human body. We also determined the minimal domain of the histatin peptide 

that is still active (a stretch of merely 13 amino acids). Biotechnologically a cyclic 

version of the peptide was synthesized enhancing its wound healing activity for 

about 1,000 fold. This remarkable finding may be an important factor for future 

therapeutic development, as well as giving insight in the working mechanism of 

histatin. Chapter 5 compares two host-defense peptides, LL-37 and Hst2 in the 

wound-healing process. As is discussed above LL-37 displays a range of possible 

functions. Our aim was to see whether histatins may have similar properties, and 

also may be involved in several functions in the body. We observed that histatins 

seem to exert only a few functions important for wound healing, and that they do 

not have any of the other properties that LL-37 has. In Chapter 6 the relation 

between endocytosis and activation by different histatins is studied. Finally, 

Chapter 7 describes a novel method of peptide cyclization, with histatin as a proof 

of principle. This technique greatly enhances the possibilities for studying cyclic 

peptides. NMR and binding studies are now performed without any problems, as 

the yield of this technique is much higher than traditional cyclization methods, 

such as we used in Chapter 4. Finally, Chapter 8 is the general discussion in 

which we will present a model of the working mechanism of histatin-stimulation of 

cells and giving also an outlook for future studies.
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Abstract

Wounds in the oral cavity heal much faster than skin lesions. Among other 

factors, saliva is generally assumed to be of relevance to this feature. Rodent saliva 

contains large amounts of growth factors such as epidermal growth factor (EGF) 

and nerve growth factor (NGF). In humans, however, the identity of the involved 

compounds has remained elusive, especially since EGF and NGF concentrations 

are approximately 100,000 times lower than in rodent saliva. Using an in-vitro 

model for wound closure, we examined the properties of human saliva, and 

fractions obtained from saliva by HPLC separation. We identified Histatin 1 (Hst1) 

and Histatin 2 (Hst2) as major wound-closing factors in human saliva. In contrast, 

the D-enantiomer of Hst2 did not induce wound closure, indicating stereo-specific 

activation. Furthermore, histatins were actively internalized by epithelial cells 

and specifically utilized the extracellular signal-regulated kinases 1/2 (ERK1/2) 

pathway, thereby enhancing epithelial migration. This study demonstrates that 

members of the Histatin family, which up to now were implicated in the anti-fungal 

weaponry of saliva, exert a novel function that likely is relevant for oral wound 

healing.
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Introduction

Wounds in the oral cavity heal much faster than skin lesions, with similar wounds 

healing in seven days in the oral cavity compared to several weeks on the skin (1, 

2). Accelerated healing in the oral cavity has been attributed to various factors, 

including better microcirculation in oral tissue, a higher turnover rate for oral 

epithelium, and the presence of saliva. The role of saliva in accelerating wound 

healing has been investigated predominantly in animal models: desalivated rats 

exhibit delayed oral wound healing (3), and accelerated healing takes place in mice 

that apply saliva to their skin by licking (4). In addition, gastric ulcer healing is 

delayed in desalivated rats. This delay can be reversed by the addition of epidermal 

growth factor (EGF) (5). The discovery of growth-stimulating compounds in saliva 

dates back to 1962, when Stanley Cohen isolated EGF from mouse submandibular 

gland tissue. Isolated EGF accelerated both incisor eruption and neonatal eyelid 

opening (6). Subsequent studies revealed that EGF plays a crucial role in several 

cellular processes that take place during wound healing, including cell proliferation, 

cell differentiation, and cell migration (7, 8). A number of other growth factors, such 

as nerve growth factor (NGF) and fibroblast growth factor, have also been found in 

saliva. Taken together, these studies indicate that growth factors, especially EGF, 

are responsible for saliva-enhanced wound healing in rodents.

 Although it is tempting to extrapolate the rodent results to humans, there is 

little direct experimental evidence that EGF is a key determinant of saliva-promoted 

wound healing in humans. Furthermore, since EGF and NGF concentrations in 

human saliva are approximately 100,000 times lower than in rodent saliva (9-12), 

it seems unlikely that these factors play the same prominent role in human oral 

wound healing as in mice and rats. 

 Human saliva contains a myriad of proteins and peptides that protect 

against microbial, mechanical, and chemical injuries (13). In the present study, we 

addressed the question of which factors in human saliva contribute to its wound-

healing properties. Saliva and saliva protein fractions were tested in an established 

in-vitro model for wound closure using an epithelial cell line. This revealed that 

histatins, rather than EGF, were the major wound-closing factors in human saliva. 

Further characterization indicated that the activation by histatins has several 

features in common with that by ‘classical’ growth factors. These include stereo-

specific and active uptake by the cell, and the requirement of a specific intracellular 

signaling pathway (ERK1/2). This study demonstrates that members of the Histatin 

family, which up to now were implicated in the anti-fungal weaponry of saliva, 

exert a novel function that likely is relevant for the maintenance of the integrity of 
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the oral soft tissues.

Material and Methods

Cell culture

The human buccal epithelial cell lines TR146 and HO-1-N-1 were provided 

by Cancer Research UK and Japanese Collection of Research Bioresources, 

respectively. Cells were cultured in prescribed growth media: TR146 in Dulbecco’s 

modified Eagle medium (DMEM) with 4.5 g/l glucose and HO-1-N-1 in DMEM 

- F12 medium (Invitrogen, Carlsbad, CA, USA), both appended with 10% Fetal 

Calf Serum (HyClone, South Logan, UT, USA), 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 250 ng/ml amphotericin B (Antibiotic antimycotic solution, 

Sigma-Aldrich Corp., St. Louis, MO, USA), at 37 °C, 95% humidity and 5% CO
2
. 

Cells were maintained until near confluence, detached with 0.25% trypsin-EDTA 

(Invitrogen), counted in a hepacytometer and seeded into new flasks or multi-well 

plates at the required cell densities. 

Saliva collection and fractionation of saliva

Parotid saliva was used in all experiments, and collected as previously described 

(14). Before use, saliva samples were sterilized by filtration through a 0.45 µm pore 

filter (Schleicher & Schuell Biosciences Inc., Keene, NH, USA). 

Parotid saliva (2 ml) was fractionated by RP-HPLC using a C8 column (10 

x 120 mm). Elution was performed with a linear gradient, from 5-45% acetonitrile 

containing 0.1% trifluoroacetic acid (TFA) for 45 min at a flow rate of 4 ml/min. 

Eluted proteins were pooled in three fractions and tested for wound-closing 

activity. The active fraction was lyophilized, reconstituted in 2 ml HPLC-grade 

water and further fractionated over the same column, eluted with a gradient from 

10-40% acetonitrile containing 0.1% TFA in 30 min, at a flow rate of 4 ml/min. 

Again, fractions with wound closing activities were lyophilized and reconstituted 

to the initial volume and applied on a Vydac C18 column (218 TP, 10 x 250 mm, 10 

µm particles), eluted with a gradient from 10-35% acetonitrile containing 0.1% TFA 

in 45 min, at a flow rate of 4 ml/min. The peak fraction containing wound closure 

activity was identified by ion trap mass spectrometry with a LCQ Deca XP (Thermo 

Finnigan, Waltham, MA), as previously described (15, 16).

Peptide synthesis

Peptides and FITC-labeled peptides (F-peptides) were synthesized by solid phase 

peptide synthesis using Fmoc chemistry with a MilliGen 9050 peptide synthesizer 
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(Milligen-Biosearch, Bedford, MA, USA). Purification by RP-HPLC and confirmation 

of authenticity by MS were conducted as previously described (16). For the FITC-

labelling, peptides were extended with the linker Fmoc-L-γaminobutyric acid, and 

after the detachment of the Fmoc-group, labeled overnight at room temperature 

with 30-fold excess FITC in DIPEA/DMF before removal of the side chain protecting 

groups and simultaneous detachment of the resin-support. F-Hst1 accelerated 

wound closure similar to unlabeled Hst1. 

EGF determination

EGF concentrations in saliva were determined by ELISA using a human EGF 

cytoset™ kit, following manufacturer’s instructions (Invitrogen).

In-vitro wound closure assay

Wound-closure experiments were performed as described previously (17). In brief, 

TR146 cells were grown in 12-well plates until confluence, and serum deprived 

for 24 h in keratinocyte serum-free medium (SFM) (Invitrogen). In each well a 

scratch was made using a sterile tip, and cellular debris was removed by washing 

with SFM. The width of the scratch was determined microscopically immediately 

after creation and 16 h later. The effects of the following conditions on wound 

closure were analyzed: (i) Parotid saliva, diluted 3: 10 in SFM. As a control was 

used saliva buffer (30 mM Na
2
CO

3
, 10 mM KCl, 6 mM K

2
HPO

4
, 3 mM KSCN, 1 mM 

CaCl
2, 

 0.1 mM MgCl
2
,
 
pH 7.3) diluted 3:10 in SFM. (ii) human epidermal growth 

factor (rhEGF) (Invitrogen), dissolved in SFM(iii) RP-HPLC fractions containing 

salivary proteins, dissolved in SFM; (iv) Synthetic peptides dissolved in SFM, at 

final concentrations of Hst1 30 µg/ml; Hst2 10 µg/ml; D-Hst2 10 µg/ml; Hst3 30 

µg/ml; Hst5 30 µg/ml (Table 1). For the conditions ii, iii, and iv SFM was used as 

a negative control. 

For the inhibitor studies mechanically wounded cells were exposed to 

inhibitors of ERK1/2 (U0126, 5 µM, LC Laboratories),  of the EGF receptor (EGFR) 

(AG1478, 1 µM, Calbiochem), or of  p38MAPK (SB203580, 5 µM; LC Laboratories) 

during the experiment. As negative control was used the inhibitor in SFM 

Relative closure was calculated as (X
0
 – X

16h 
)/(C

0
 – C

16h
), in which: X

0
 = 

width of the scratch at time = 0; X
16h

  = width of the scratch after 16 hour exposure 

to a condition; C
0
 = width of the scratch at time = 0; C

16h
  = width of the scratch after 

16 hour exposure to the control (saliva buffer or SFM).  

 

Boyden chamber assay

On an 8 µm pore-size Thincert™ for 24-well plates (Greiner Bio-one, Frickenhausen, 
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Germany), 2*104 HO-1-N-1 cells were seeded. After attachment overnight, and 

serum deprivation for 6 h, Hst2, D-Hst2 (10 µg/ml), rhEGF (10 ng/ml) or SFM 

only was added to the lower compartment. After 16 h, cells at the upper-side of the 

Thincert™ membrane were removed with a cotton swab. The remaining cells at the 

bottom-side were washed with PBS, fixed with 70 % ethanol, and stained with 10 µM 

propidium iodide (PI: Invitrogen) to visualize the nuclei. These nuclei were counted 

in three representative High Power Fields (HPF) (40x magnification) per well using 

a fluorescence microscope (Leica DM IL PLAN 40-400x magnification). 

Table 1 Amino acid sequence, wound-closure, and candidacidal properties of synthetic 

histatins

Name Amino acid sequence Relative 

closure

Candidacidal

LC
50

 ± SD

1 mM PPB SFM

Hst1 DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN 1.22 ± 0.12*  6.0 ± 0.3 >100

Hst2 RKFHEKHHSHREFPFYGDYGSNYLYDN 1.36 ± 0.13* 13.8 ± 1.9 >100

D-Hst2 rkfhekhhshrefpfygdygsnylydn 0.99 ± 0.14 10.7 ± 1.2 >100

Hst3 DSHAKRHHGYKRKFHEKHHSHR.....G.YRSNYLYDN 1.21 ± 0.12* 1.1 ± 0.1 >100

Hst5 DSHAKRHHGYKRKFHEKHHSHR.....G.Y 1.01 ± 0.11 2.3 ± 0.1 >100

rhEGF 1.41 ± 0.12*       N.D. N.D.

S=phosphoserine. Lowercase letters indicate D-amino acid residues. LC
50

: concentration (in µM) at 

which 50 % of the C. albicans cells were killed. rhEGF concentration (10 ng/ml) is ten times higher 

than normally occurring in human saliva. Wound-closure assays n=4 (values represent means ± SD, 

candidacidal assay n=3. *P<0.01 compared to control, N.D.= not determined.

Determination of the Candidacidal activity

Candidacidal activity was determined by measuring the fluorescence enhancement 

of PI (Invitrogen), a membrane-impermeable probe that upon binding to DNA 

becomes 20-30 times more fluorescent, essentially as previously described (18). In 

short, a Candida albicans (ATCC 10231) mid-log phase culture of 107 yeast cells/ml 

was supplemented with PI (final concentration, 10 µM) and subsequently added to 

serial dilutions of peptides. PI fluorescence was measured after 1 h incubation, at 

excitation and emission wavelengths of 544 and 620 nm, respectively, in a Fluostar 

Galaxy microplate fluorimeter (BMG Labtechnologies, Offenburg, Germany). LC
50

 

was defined as the peptide concentration at which 50% of C. albicans cells were 

killed.

Depletion from supernatant and localization of histatins

Depletion of peptides from the supernatant was analyzed as follows. Epithelial 
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cells were grown until confluence, washed with PBS, and incubated with 100 µg/

ml of the peptide of interest in SFM at 37 °C, unless noted otherwise. Directly after 

admission of the peptide and after 20 h of incubation aliquots from the supernatant 

were taken for quantification of the remaining peptides by RP-HPLC. Data was 

compared to peptide admission in wells lacking cells.

For the localization of F-Hst1, cells were grown until near confluence and 

incubated with 50 µg/ml F-Hst1 for 24 h at 4 °C, or for 2 h at 37 °C. To explore 

the effect of energy depletion on internalization, cells were treated with sodium 

azide (10 mM), an inhibitor of the oxidative phosphorylation, for 1 h prior to and 

during incubation with F-Hst1 for 2 h at 37 °C. To test the necessity of membrane 

proteins to be present for internalization, cells were treated with trypsin for 

approximately 3 min, washed with PBS, and then incubated with F-Hst1 for 2 h at 

37 °C. Subsequently to all conditions described, cells were washed vigorously with 

PBS three times to remove non-specific binding of F-Hst1. Cells were examined by 

fluorescence microscopy (Leica DM IL PLAN 40-400x magnification).

Statistical analysis

Each experiment was conducted at least three times and minimally in triplicate. 

Data was analyzed using one-way ANOVA with additional LSD test to determine 

significance between samples. P < 0.05 was considered significant. 
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Results

Human saliva accelerates in-vitro wound closure

Experimental evidence that saliva contains wound-healing constituents comes 

largely from animal studies. Therefore, we wanted to verify that human saliva 

also accelerates wound healing by studying the effect of saliva in an established 

wound-closure assay. Incubation of epithelial cells with human saliva strongly 

enhanced wound closure in vitro (Fig. 1A, B). The accelerated closure reached 

levels comparable to that of rhEGF at a concentration of 10 ng/ml, which is much 

higher than the concentration naturally occurring in human saliva (Fig. 1B). In 

rodents EGF is the main factor responsible for saliva-enhanced wound healing. 

To investigate the role EGF plays in human saliva-induced wound closure we 

tested saliva from six individuals on their wound-closure ability, and in parallel 

determined the EGF concentration. 

Donor rel. clos. EGF (pg/ml)

I 1.43 ± 0.12* 374

II 1.33 ± 0.21* 852

III 1.30 ± 0.12* 1151

IV 1.20 ± 0.18* 946

V 1.19 ± 0.13* 865

VI 1.16 ± 0.22 699

Control 1.00 ± 0.07 0

B
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Figure 1. Stimulating effect of 

saliva on in-vitro wound closure. 

A Micrographs of a confluent layer of 

epithelial cells directly after (upper 

panels) or 16 h after (lower panels) 

application of a scratch in the absence 

(left panels) or presence (right panels) 

of saliva (30%, v/v in SFM). Bar, 200 

µm. B Relative wound closure after 

16 h of incubation, calculated, as 

described in the methods section, from 

micrographs similar to those shown in 

A. C1, control for saliva (saliva buffer, 

3:10 diluted in SFM); C2, control for 

rhEGF (SFM). Saliva (n=7) and 10 

ng/ml rhEGF (n=4) induced wound 

closure ,  (*P < 0.01). C Wound closure 

activity and EGF levels in saliva from 

different people (*P < 0.05). D Effect 

of the EGFR inhibitor AG (AG1478) 

on saliva-induced and rhEGF-induced 

wound closure.: C1, control for saliva 

(saliva buffer 3:10 diluted in SFM); 

C2 control for rhEGF (SFM). Both 

in the presence and absence of AG, 

saliva accelerated wound closure(*P 

< 0.01, n=4). In contrast, AG almost 

completely suppressed rhEGF-induced 

wound closure.
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All but one of the saliva samples enhanced wound closing significantly (Fig. 1C). 

The EGF concentrations ranged from 374 to 1151 pg/ml (Fig. 1C), all well below the 

minimal rhEGF concentration needed to accelerate wound closure in our system 

(approx. 5 ng/ml, data not shown). In accordance, we found no correlation between 

EGF concentration and wound-closure activity. 

Next, we supplemented saliva with the EGFR inhibitor AG1478. This had no effect 

on the saliva-enhanced wound closure, while the activity of the control (rhEGF) 

was strongly reduced. AG1478 diminished the basal wound-closure rate in the 

buffer-treated cells also, indicating that the epithelial cell line TR146 exhibits a 

basal level of endogenous EGFR activation (Fig. 1D). Which is relatively normal in 

such assays (19). Altogether, these experiments indicate that EGF evidently does 

not play a prominent role in wound-closure activities of human saliva. 

Histatins are the wound-closing factors in saliva

Having excluded that EGF was responsible for saliva-enhanced wound closure, 

we aimed to identify the main factor(s) contributing to the wound-closure effect. 

To do so, we fractionated saliva by RP-HPLC and tested the biological activity of 

the collected fractions. The left panel of figure 2A shows the RP-HPLC profiles of 

the three-step saliva fractionation. The corresponding activities of the fractions in 

the wound-closure assay are shown in the right panel of figure 2A. The enhanced 

wound closure activity of saliva could be assigned to one specific fraction (Fig. 2A, 

peak 6). Subsequent identification of this fraction by ion-trap mass spectrometry 

revealed the presence of an Htn1 gene product (Fig. 2B). The Htn1 gene gives rise 

to two proteins, Histatin 1 (Hst1) and Histatin 2 (Hst2). 

To verify that the biological activity found in the HPLC fraction can indeed 

be attributed to histatins, we synthesized the histatins that are most commonly 

present in saliva. In Table 1, the amino acid sequences of Hst1, Hst2, D-Hst2 (the 

D-enantiomer of Hst2), Hst3, and Hst5 are shown, as are their activities in the in-

vitro wound-closure assay. Both candidates indicated by the mass spectrometric 

analysis, Hst1 and Hst2 accelerated wound closure (Table 1), in the concentration 

range from 5 to 100 µg/ml (data not shown). In addition, Hst3, one of the Htn2 

gene products, induced wound closure. Remarkably, Hst5, the Htn2 gene product 

that lacks the 8 C-terminal amino acid residues of Hst3, was completely inactive 

(Table 1). This implies that the C-terminus of Hst3 holds a key domain for activating 

epithelial cells. Interestingly, the D-enantiomer of Hst2 (D-Hst2), did not enhance 

wound closure. This indicates the involvement of a stereo-specific interaction in 

histatin-enhanced wound closure (Table 1).
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Hst2 induces cell migration

We next investigated the effects of histatins on the migration of epithelial cells, which 

is an important element of wound closure, in a chemotaxis assay. Hst2 induced cell 

migration with comparable values to that of rhEGF (10 ng/ml), whereas D-Hst2 

did not (Fig. 3A, B). Thus, Hst2, at concentrations commonly present in saliva, can 

induce cell migration at levels that are likely relevant for oral wound healing.

Figure 2 Isolation and identification of wound closure-inducing factors in saliva by RP-

HPLC.

A Fractionation of parotid saliva by reversed phase (RP)-HPLC chromatography. Upper panel: Parotid 

saliva (2 ml) was loaded on a C8 column. Elution was performed with a linear gradient of 5-45% 

acetonitrile. Fractions were pooled as indicated to obtain pools 1-3 and tested for wound-closure 

activity. Middle panel: Fraction 2 was loaded on the same C8 column and eluted with a linear gradient 

of 10-45% acetonitrile. Fractions were pooled as indicated to obtain fractions 4 and 5 and tested for 

wound-closure activity. Lower panel: Fraction 4 was loaded on a C18 column and eluted with a linear 

gradient of 10-35% acetonitrile. Fractions were pooled as indicated to obtain fractions 6-8 and tested 

for wound-closure activity (*P < 0.01). B Identification of the protein in fraction 6 by ion-trap mass 

spectrometry, as an Htn1 gene product.
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The antifungal mechanism of histatins is different from their wound-

closure mechanism

Histatins, in particular Hst3 and Hst5, have generally been recognized as 

antimicrobial peptides that play a role in the protection of the oral cavity against 

microbial invasion due to their membrane disrupting activity (18). To determine 

whether the molecular mechanisms underlying the antimicrobial activity of 

histatins are related to those involved in inducing wound closure, we tested the 

candidacidal activities of the synthesized histatins. At low ionic strength (1 mM 

potassium phosphate buffer, PPB), all histatin variants were candidacidal, 

including D-Hst2 and Hst5 (Table 1). The finding that D-Hst2 was as fungicidal 

as L-Hst2 illustrates that the histatin-mediated killing of C. albicans is non-chiral 

in nature, contrary to its wound-closure activities. In addition, Hst5 is one of the 

most potent antifungal histatins agents, which is completely opposed to its lack 

of wound-closure properties. In SFM (150 mM), the medium used in the wound 

closure assay, no candidacidal activity was detected for any of the histatin species 

tested (Table 1). In saliva buffer (50 mM) the candidacidal effects of histatins were 

also completely abolished (data not shown). Taken together, these data indicate 

that the antifungal and cell stimulating activities of histatins require completely 

different physicochemical and structural features.

Figure 3 Hst2 induced cell migration.

Cell migration inducing activities of Hst2, D-Hst2 (both 10 µg/ml), and rhEGF (10 ng/ml) were analyzed 

with a Boyden chamber assay. A PI staining of the nuclei of cells at the bottom-site of the Thincert™ 

membrane, after removal of the cells on the upper-side. B Cell migration inducing activities of SFM (C), 

Hst2, D-Hst2, and rhEGF as expressed in cells counted per HPF after 16 h (40x).  N=3, *P < 0.01.
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Cells internalize Hst1, Hst2, and Hst3, but not D-Hst2, via an active 

energy-dependent mechanism

The lack of epithelial cell-inducing activity of the D-enantiomer of Hst2 (Table 

1, Fig. 3), suggested a stereo-specific interaction between histatins and epithelial 

cells. We further examined the interaction of Hst1, Hst2, Hst3, and D-Hst2 with 

epithelial cells by monitoring the depletion of these peptides from the supernatant 

during incubation with epithelial cells (Fig. 4A). Hst1, Hst2, and Hst3 were depleted 

from the medium after incubation for 20 hours at 37 °C (Fig. 4A). In contrast, 

no depletion of D-Hst2 was observed. Also, at 4 °C hardly any depletion of Hst2 

occurred. This further indicates the involvement of a stereo-specific interaction, 

suggesting that the activation is receptor mediated. 

Receptor-mediated activation of processes such as cell migration is often 

accompanied by internalization of the receptor and its ligand, which commonly is 

an active process. We therefore examined whether epithelial cells are able to take 

up F-Hst1. When cells were incubated with F-Hst1 at 4 °C, mainly at the perimeter 

of the cells  a weak, diffuse labeling pattern was visible  whereas the cytoplasm was 

virtually negative (Fig. 4B). In contrast, after incubation at 37 °C, an intracellular 

bright, granular labeling pattern was observed, indicating uptake of the peptide 

into the cell (Fig. 4B). Pre-treatment of cells with trypsin completely abolished 
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Figure 4 Interaction of histatins with 

epithelial cells.

A Depletion of synthetic histatins from 

the culture medium supernatant by 

epithelial cells. Synthetic Hst1, Hst2, Hst3, 

and D-Hst2 (100 µg/ml) were incubated 

with a monolayer of cells. After 20 h, the 

concentration of the peptide remaining in 

the culture medium was determined by 

RP-HPLC and presented as percentage of 

total amount of peptide. Histatins 1-3 were 

depleted from the cell supernatants, but 

D-Hst2 was not.(n = 3, *P < 0.01). In the 

absence of cells no depletion of peptides 

occurred (not shown). B Fluorescence 

microscopy of epithelial cells after 

incubation with F-Hst1. Confluent layer of 

epithelial cells were incubated with F-Hst1 

(50 µg/ml) at 37ºC for 2 h (right panel) or 

at 4 °C for 24 h (left panel). Bar = 20 µm. 
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fluorescent labeling of the cells. Depletion of the energy charge of the cells by 

treatment with the sodium azide also abolished internalization of F-Hst1 (data not 

shown). Taken together, these results suggest that the wound closure effects of 

histatins involve a receptor on the membrane of epithelial cells that is internalized 

(together with bound histatin) by the cell in an energy-dependent manner.

ERK1/2 signal transduction pathway mediates histatin-induced wound 

closure

Two studies have shown that, within the wound-closure model, EGF-induced cell 

migration is regulated by p38MAPK, whereas proliferation involves activation of 

the ERK1/2 pathway (20, 21). To identify the intracellular pathways involved in 

histatin-induced wound closure, we examined the involvement of the two MAPK 

cascades that have been implicated in wound closure in vitro. We tested the effects 

in the wound-closure assay of the inhibitors U0126, which inhibits ERK1/2; 

SB203580, which inhibits p38MAPK; and AG1478, which inhibits the EGFR. 
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Figure 5 Hst2-induced and rhEGF-induced wound closure in the presence of inhibitors of 

EGFR, ERK1/2, and p38MAPK. 

Wound closure activities of rhEGF (10 ng/ml) and Hst2 (10 µg/ml) were determined in the presence 

of 1 µM AG1478 (AG)) , 5 µM U0126 (U), and 5 µM SB203580 (SB)  inhibitors of EGFR, ERK1/2, and 

p38MAPK, respectively. The y-axis shows relative wound closure compared to the control (C = SFM). 

Only U0126 inhibited the wound-closure activity of Hst2 significantly, demonstrating involvement of 

the ERK1/2 signal transduction pathway and exclusion of the EGFR/p38MAPK signaling pathway. 

N=4, *P < 0.01 vs. control.



-38-

Chapter 2

Hst2-induced wound closure was abolished by U0126, but not by SB203580 or 

AG1478 (Fig. 5). The EGFR inhibitor had no effect on the Hst2-mediated wound 

closure, which is in line with our finding that EGF plays no prominent role in saliva-

mediated wound closure (Fig. 1E). On the other hand, rhEGF activity was inhibited 

by SB203580 and by AG1478, but not by U0126 (Fig. 5), these results concur with 

previous studies (20, 21). Further experiments are required to fully elucidate the 

intracellular pathways and activation processes, still these experiments already 

reveal that Hst2-activated and EGF-activated cell migration are controlled by 

different intracellular mechanisms. 
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Discussion

Histatin is a major wound-closure factor in human saliva

In this study, we aimed to identify the components involved in the wound-healing 

properties of human saliva. Most surprising finding was that salivary histatins, 

which up to now had been acknowledged primarily as antimicrobial peptides in the 

oral defense against microorganisms, exhibited potent in-vitro effects on epithelial 

cells. Histatins are a family of at least 12 histidine-rich cationic peptides encoded by 

the Htn1 and Htn2 genes that are specifically expressed in human salivary glands 

(22). Hst1 is the primary gene-product of Htn1, and Hst2 is a shorter variant, which 

probably originated from Hst1 by intracellular processing prior to secretion. The 

other histatins are products of Htn2, of which Hst3 and Hst5 are most abundant 

in saliva. Together, Hst1, Hst3, and Hst5 comprise approximately 85% of the total 

of histatin proteins.

 Although a major role in oral wound healing has generally been attributed 

to salivary EGF, we did not obtain data corroborating this view. First, the EGF 

concentrations in human saliva (Fig. 1C) are orders of magnitude lower than in 

rodent saliva (9, 11, 12), and well below the concentration needed for detectable 

activation of epithelial cells in vitro. Secondly, inhibition of the salivary-EGF 

activity did not diminish stimulatory effects of saliva (Fig. 1D). In the relatively 

few studies showing that human saliva has wound-healing-related activity, often 

isolated salivary proteins were used (23-27). This makes it difficult to evaluate the 

physiological relevance of these findings and the exact function these proteins have 

in saliva. Especially since other growth factors, such as NGF, fibroblast growth 

factor, and trefoil peptide-3 are present in saliva at relatively low concentrations 

(10, 28, 29). In contrast, for histatins we found enhanced wound closure at least 

within the range between 5 to 100 µg/ml, which is the physiological concentration 

of histatins in human saliva (30).

Differences in mode of action between Histatin and other antimicrobial 

peptides

Histatins are members of the large family of cationic antimicrobial peptides, which 

are ubiquitously present among all living organisms (31). It has become clear that 

besides their antimicrobial functions, a number of these peptides also have effects 

on tissue of the host. Our newly found function for histatins thus seems in line 

with findings that other antimicrobial peptides present in human saliva (such as 

defensins and LL-37) have growth stimulating properties (24, 26). It was found that 

LL-37 acts via transactivatition of the EGFR by activation of a metalloproteinase 
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(32). For defensins it was also found that the EGFR is essential for activation (24). 

In contrast, we show that histatins activate the cells independently from the EGFR 

(Figure 5). Furthermore, it is shown that both LL-37 and defensins activate cells 

in a narrow concentration range, whereas at somewhat higher concentrations cell 

death occurs (24, 26, 33). We found that histatins induce wound closure within a 

range from 5 to 100 µg/ml, without causing cell death. The concentrations used 

are those naturally occurring in saliva (34). Furthermore, the D-enantiomer of LL-

37 is as active as LL-37 (26), while in the present study it was found that D-Hst2 

was completely inactive (Table 1, Fig. 3). This corroborates that the mechanism 

of action of histatin is essentially different from that of LL-37. The interaction of 

Histatin with its target cells displays characteristics that resemble those of regular 

growth factors, such as EGF, which upon binding are taken up by endocytosis (35). 

Histatins are also actively taken up by epithelial cells, but not at 4 °C or in the 

presence of the energy poison sodium azide. The active uptake likely occurs via 

a stereo-specific receptor since D-Hst2 is not taken up (Fig. 4). Furthermore, the 

cell migration activity of Hst2 is diminished in the presence of a specific ERK1/2 

inhibitor (Figure 5). The involvement of the ERK1/2 pathway in growth-factor-

enhanced cell migration is not uncommon, for review see (36). 

Concluding remarks

These data demonstrate that the wound-closure properties of human saliva can be 

attributed to histatins and not to EGF. Histatins thus exert a function that may be 

relevant for oral wound healing. Compared to growth factors such as EGF, histatins 

are relatively stable molecules, and accessible for cheap and large-scale production 

which make them attractive candidates for development as therapeutics for 

promoting wound healing.
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Abstract

The role of human saliva in oral wound healing has never been fully elucidated. We 

previously demonstrated that parotid-salivary histatins enhance in vitro wound 

closure. The question remains whether other salivary-gland secretions enhance 

wound closure, and which effect histatins have on primary and non-oral cells. 

Since the presence of histatins is not limited to parotid saliva, we expected wound-

closure activity of other salivary-gland secretions. However, here we show that 

non-parotid saliva does not stimulate wound closure, most probably due to the 

presence of mucins, as addition of MUC5B to parotid saliva abolished its effect. 

Furthermore, we found that histatins stimulate wound closure of (primary) cells 

of oral and non-oral origin. This suggests that the cellular receptor of histatins is 

widely spread and not confined to cells derived from the oral cavity. These findings 

encourage future therapeutic application of histatins in the treatment of all kinds 

of wounds.
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Introduction

Saliva plays a large part in the ability of the oral cavity to heal better than the 

skin. Several proteins have been thought to be involved in its beneficial property 

in this regard. They include classical growth factors such as epidermal growth 

factor (EGF) and nerve growth factor, but also defensins, cathelicidins, and trefoil 

factor 3 (1-5). However, because most of these studies use isolated compounds, 

often in concentrations exceeding those in human saliva, it is difficult to assess the 

biological relevance of these findings. 

 Recently, using an in vitro wound-closure model, we found that histatins 

are major wound-closing factors of parotid saliva (6). This shines a completely new 

light on the function of these histidine-rich peptides, which were so far thought 

to function mainly as part of the innate immune system in saliva (7-9). In this 

study, in addition to parotid saliva, we studied the wound-closure capacities of 

submandibular saliva and whole saliva. In the previous study we used a cell line, 

and cell lines are not always representative for primary cells. Furthermore, since 

histatins occur specifically in saliva from humans and higher primates and not in 

any other bodily fluids (10, 11), we addressed the question of whether their action 

is restricted to cells derived from the human oral cavity. We therefore extended the 

previous study to test the effect of histatins on primary fibroblasts from the gingiva 

and the foreskin, and MCF7, a human breast carcinoma cell line. 

Material and Methods

Cell-Line Culture

Human buccal-epithelial cell lines TR146 and HO-1-N-1 were provided by Cancer 

Research UK (London, UK) and the Japanese Collection of Research Bioresources 

(Osaka, Japan), respectively. The human-breast cell line MCF7 was given by Dr. 

Collard. Cells were cultured in prescribed media: TR146 and MCF7 in Dulbecco 

modified Eagle medium (DMEM) with 4.5 g/L glucose and HO-1-N-1 in DMEM-F12 

medium (Invitrogen, Carlsbad, CA, USA), both supplemented (10 % fetal calf serum 

(HyClone, South Logan, UT, USA), 2 % antibiotic-antimycotic solution (100 U/ml 

penicillin, 100 µg/ml streptomycin, and 250 ng/ml amphotericin B, Sigma-Aldrich, 

St. Louis, MO, USA)), at 37 °C, 95 % humidity and 5 % CO
2
. Cells were maintained 

until confluence, detached with 0.25 % trypsin-EDTA (Invitrogen), counted with 

hemacytometer, and seeded into new flasks or multiwell plates at the required cell 

densities.



-48-

Chapter 3

Isolation and Culture of Primary Fibroblasts

Gingival fibroblasts were obtained from three healthy individuals (age 22-24 years) 

who underwent extraction of a third molar (wisdom tooth) as described previously 

(12). Gingival fibroblasts were taken without overt signs of gingival inflammation 

and periodontitis (no plaque, periodontal probing ≤ 3 mm, no bleeding on probing, 

and no sign-of-loss of attachment). Free gingiva and part of the intradental gingiva 

was cut off the tooth and washed twice in supplemented DMEM. Tissue was cut 

into small pieces and divided in a six wells dish and grown until confluence, then 

gingival fibroblasts were expanded for 3 passages.

 Dermal fibroblasts were isolated from neonatal foreskins and cultured as 

follows. Epidermal sheets and dermis were separated by incubation in dispase II 

(Roche, Mannheim, Germany) overnight at 4ºC. The dermis was washed with PBS 

and incubated in collagenase type II (Invitrogen)/ dispase II in Hanks buffered 

salt solution (Invitrogen) at 37 ºC for 2 hours. The fibroblasts were separated from 

tissue debris in a filter chamber (NPI, Emmer-Compascuum, the Netherlands) 

after which the cell suspension was centrifuged (400 g, 6 min). The cell pellet was 

resuspended in supplemented DMEM and passed through a 40 μm cell strainer 

(Becton Dickinson Falcon, Erembodegem, Belgium). Single-cell suspensions 

of fibroblasts were seeded at 1x105 cells/cm2 in supplemented DMEM, medium 

was changed twice a week and cultures were passaged when 90% confluent using 

0.5 mM EDTA/ 0.05 % trypsin (Invitrogen).  Permission was given by the Ethics 

Committee of the VUmc to conduct the investigation, and informed consent was 

obtained from both the patients and the parents of the neonates.

Saliva Collection and MUC5B Isolation

Stimulated parotid, submandibular, and whole saliva was collected as previously 

described (13). Before use, saliva samples were sterilized by filtration through 

a 0.45 µm pore filter (Schleicher & Schuell Biosciences Inc., Keene, NH, USA). 

MUC5B was isolated as previously described (14).

Peptide Synthesis

Peptides were synthesized by solid-phase peptide synthesis using Fmoc chemistry 

with a MilliGen 9050 peptide synthesizer (Milligen-Biosearch, Bedford, MA, USA). 

Purification by RP-HPLC and confirmation of authenticity by MS were conducted 

as previously described (15). The amino-acid sequence of Histatin 2 (Hst2) is 

RKFHEKHHSHREFPFYGDYGSNYLYDN, and that of D-Hst2 is the same, but 

made with D-amino acids.
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In vitro Wound-Closure Assay

Epithelial wound-closure experiments were performed as described previously (6). 

Cells were grown in 48-well plates until confluence, and serum deprived for 6 h 

(HO-1-N-1) or 24 h (TR146 and MCF7) in keratinocyte serum-free medium (SFM) 

(Invitrogen) (TR146) or in prescribed medium without additives (HO-1-N-1 and 

MCF7). In each well a scratch was made using a sterile tip, cellular debris was 

removed by washing. The width of the scratch was determined microscopically, by 

making one representative micrograph per well, immediately after creation and 18 

h later (or at time points indicated). Relative closure was calculated as (X
0
 – X

yy
)/

(C
0
 – C

yy
), in which: X

0
 = width of the scratch at time = 0; X

yy
  = width of the scratch 

after yy time exposure to a condition; C
0
 = width of the scratch at time = 0; C

yy
  = 

width of the scratch after yy time exposure to the control (saliva buffer or deprived 

medium). The effects of the following conditions on wound closure were analyzed: 

(i) Parotid (with or without 1 mg/ml MUC5B), submandibular, and whole saliva, 

diluted 3: 10 in SFM. As a control saliva buffer (30 mM Na
2
CO

3
, 10 mM KCl, 6 

mM K
2
HPO

4
, 3 mM KSCN, 1 mM CaCl

2, 
 0.1 mM MgCl

2
,
 
pH 7.3) was used, diluted 

3:10 in SFM. (ii) recombinant human epidermal growth factor (rhEGF) (10 ng/

ml) (Invitrogen), dissolved in deprived medium (iii) Synthetic peptides dissolved 

in deprived medium, at salivary physiological concentrations of 10 µM (16) with or 

without isolated MUC5B at concentrations 0.001-1 mg/ml. For the conditions ii 

and iii deprived medium was used as a negative control. 

 Fibroblasts were grown in 48-well plates until confluence, and serum 

deprived for 4 days in DMEM + 0.1 % Bovine Serum Albumin (BSA) (Sigma-

Aldrich). The scratch assay was initiated as described above and followed for 4 

days, each day changing the medium. After indicated time points, relative closure 

was determined as described above. Comparable results were obtained when the 

cell-free wound area was determined by drawing lines around the wound margins 

using ImageJ software, the average wound closure (determined in quadruplicate) 

of all donors is shown. The following conditions were applied; Hst2 (10 µM), 

D-Hst2 (10 µM), and rhEGF (10 ng/ml). As a negative control DMEM + 0.1 % BSA 

was used. 

Statistical Analysis

Data was analyzed using one-way ANOVA with additional least-significant-

difference test to determine significance between samples. P < 0.05 was considered 

significant.
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Results

Effect of Salivary Secretions on in vitro Wound Closure

We tested parotid saliva, submandibular saliva, and whole stimulated saliva in 

our in vitro wound-closure model. Only parotid saliva was able to enhance wound 

closure (Figs. 1A, 1B). We have previously found that histatins are responsible 

for parotid-saliva-enhanced wound closure (6). Whole saliva, originating mainly 

from the parotid and submandibular glands, or pure submandibular saliva did not 

enhance wound closure (Figs. 1A, 1B). This is despite the fact that the concentration 

of histatins in submandibular saliva is comparable to that of parotid saliva (16). 

 While salivary mucins MUC5B and MUC7, which are responsible for the 

characteristic visco-elastic properties of saliva, represent a substantial portion of the 

proteins in submandibular saliva, these glycoproteins are completely absent from 

the serous parotid secretions. Since MUC5B has been shown to inhibit cell adhesion 

and migration in vitro (17), we explored whether this mucin was responsible for the 

lack of wound closure by mucin-containing salivas. Indeed, supplementing parotid 

saliva with purified mucin to a concentration in the physiological range (1 mg/

ml) completely abolished its wound-closure activity (Fig. 1C). We subsequently 

tested Hst2-mediated wound closure in the presence of various concentrations of 

MUC5B (Fig. 1D). In concentrations between 0.01 and 1 mg/ml MUC5B inhibited 

the Hst2-mediated wound closure. However, also the basal wound closure (i.e. in 

the absence of Hst2) was inhibited, excluding that MUC5B affected specifically the 

Hst2-activity (Fig. 1D). 

 To study the wound-closure kinetics we monitored the wound closure by 

Hst2, D-Hst2 (negative control), and recombinant human EGF (rhEGF) (positive 

control) over a 16 h period. Already after 8 hr a statistically significant difference 

in wound closure was observed between the Hst2-treated cells and the control cells 

(Fig. 1E). This is in line with the results obtained with rhEGF in recent literature 

(18). D-Hst2, the mirror image of Hst2, did not enhance wound closure.

Histatins Stimulate Cells Derived from Different Sites in the Human 

Body and Primary Fibroblasts 

We have previously shown that histatins enhance in vitro wound closure in the 

buccal epithelial cell line TR146 (6). There are two obvious but important issues we 

would like to address in this section. 

First, do histatins also affect cells from extra-oral origin, despite the fact 

that their occurrence is restricted to human saliva? We therefore tested Hst2 on an 

epithelial cell line (MCF7) derived from a breast carcinoma, and found that that 
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Figure 1. The effect of different salivary-gland secretions and specific proteins on relative 

wound closure of the cell line TR146.

A Representative micrographs of wound closure before and after 18 h of incubation with Parotid saliva 

(PAR), submandibular saliva (SM), or whole stimulated saliva (WSS). As a control (C) saliva buffer 

is used. Bar = 100 µM B Relative wound closure after 18 h of incubation, calculated as described in 

Materials and Methods from micrographs similar to those shown in A (n=5, *p < 0.01, # p < 0.05 

(compared to the control)).  C Relative closure of wounds after 18 h of incubation with PAR, or PAR 

supplemented with the high molecular mucin MUC5B (1 mg/ml). Addition of MUC5B inhibits enhanced 

wound closure of PAR significantly (n=5, * p < 0.01). D Relative wound closure of Hst2 (H2) (10 µM) 

incubated with different doses of MUC5B (M) in mg/ml (as depicted in the figure) compared to the 

Control (C) with and without 0.1 mg/ml MUC5B (M). (n=8, * p < 0.01, # p < 0.05 compared to the 

control) E Relative wound closure of Hst2 (10 µM), D-Hst2 (10µM), rhEGF (10 ng/ml), and control 

after indicated time points. (n=6, * p < 0.01 (both rhEGF and Hst2 compared to the control). Results 

are represented as means ± SD.
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Hst2 enhanced wound closure (Fig. 2). As a positive control, the buccal epithelial 

cell line HO-1-N-1 was used. The fact that D-Hst2 is unable to enhance wound 

closure confirms our previous study that the activation of cells involves a stereo-

specific mechanism, probably the interaction with a receptor. It thus seems that 

the receptor of histatins is not only limited to epithelial cells derived from the oral 

cavity. 

Secondly, are primary cells also stimulated by histatins? So far, the 

activity of histatin was demonstrated in a tumor cell line, which may not be truly 

representative for primary cells. Figure 3 shows the effect of Hst2 on two types 

of primary fibroblasts (derived from either foreskin (dermal) or from gingival 

tissue) in the wound-closure assay. Hst2 enhanced wound closure in both primary-

fibroblast cell types (Fig. 3). Typically, fibroblasts migrate more as individual cells 

when compared to the epithelial cell lines, which migrate as a front (Fig. 1). Despite 

the differences in basal rates of wound closure, which could be due to different 

isolation techniques or due to the different origin of fibroblasts, the relative 

enhancement of wound closure by Hst2 was comparable (Figs. 3B & D). 
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Figure 2 Relative closure of the buccal-derived HO-1-N-1 and breast-derived MCF7 cell 

lines after treatment with histatin.

Error bars represent means ± SD. Both HO-1-N-1 as MCF7 have enhanced relative wound closure after 

treatment (18 h) with Hst2 (10 µM) to the same level as the positive control rhEGF (10 ng/ml), as 

compared to the negative control. D-Hst2 (10 µM) does not enhance wound closure. (n=6, * p < 0.01).
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Figure 3 Relative closure of primary fibroblasts after treatment with histatin.

A Representative micrographs of the primary gingival-fibroblast wound-closure experiment at indicated 

time points. B Relative closure of gingival-fibroblast wounds after 20 h of treatment of Hst2 (10 µM), 

D-Hst2 (10 µM), rhEGF (10 ng/ml) compared to the control C. Error bars represent means ± SD of 3 

different donors tested in quadruplicate. (* p < 0.05). C Representative micrographs of the primary 

dermal-fibroblast wound-closure experiment at indicated time points. D Relative closure of dermal-

fibroblast wounds after 2 and 4 days of treatment as described at B. Error bars represent means ± SD of 

1 donor in quadruplicate. (* p < 0.05). Bar = 100 µM
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Discussion

We found that parotid saliva strongly enhances in vitro wound closure, but that 

other salivary secretions seemingly had no effect. We also found that the addition 

of the mucin MUC5B to parotid saliva completely abolished its effect. As previously 

reported, mucins inhibit cell migration and adhesion in vitro (17). This concurs with 

our finding that MUC5B delays in vitro wound closure, because they form an anti-

adhesive coating on the surface of culture wells. Such a coating will inhibit cellular 

attachment, which is a crucial phase in the migration process. To which extent 

these in vitro data can be extrapolated to the physiological situation is unknown. 

Basically two hypotheses prevail: mucins may either delay wound healing by 

blocking re-epithelialization (this study) or they may accelerate wound healing by 

preventing surface colonization, and enhancing wound repair in the form of long 

junctional epithelium (19, 20). To elucidate the function of mucins in oral wound 

healing, it would be helpful to capitalize on recent advances in tissue engineering 

by studying mucins ex vivo.

 The in vitro wound-closure assays studied in this paper show linear kinetics. 

This implies that cell migration is responsible for the measured wound closure, as 

cell proliferation, a process in re-epithelialization occurring after the initial cell 

migration, would result in an enhancement of closure in the second part of the 

experiment. These results concur with our previous study, in which was shown that 

histatins primarily enhance cell migration (6). 

 Although histatins occur only in saliva and have not been found in other 

bodily fluids (10), they not only activate cells from the oral cavity, but also cells 

originating from breast tissue and primary dermal fibroblasts. Biologically, this 

remarkable result raises some questions evolutionary-wise. Since histatins only 

occur in the oral cavity, why do they also act on tissue not derived from the mouth. 

Furthermore, have histatins hijacked another receptor or does it have its own? 

Nevertheless, this implies that histatins could be applicable not only in the oral 

cavity but also at other sites in the body. 

 The results of this study reveal that also wound closure in primary 

fibroblasts is enhanced by histatins. This not only shows that histatins have an 

effect on primary cells, which do not always act similar to cell lines, but also that 

histatins target two cell types that play major roles in wound healing; epithelial 

cells and fibroblasts. This finding suggests that histatins play an important role in 

maintaining the integrity of oral soft tissues.

 In general, the results of this study favor the clinical implementation 

of histatins in the treatment of wounds. Due to their relatively simple structure 
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these peptides are stable and can be cheap and safely synthesized on large scale 

by organic chemical methods. From the application point of view, these are major 

advantages over proteins with a more complex structure such as EGF, which only 

can be produced by recombinant DNA technology.
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Abstract

Wounds in the mouth heal faster and with less scarification and inflammation than 

those in skin. Saliva is thought to be essential for the superior oral wound healing, 

but the involved mechanism is still unclear. We have previously discovered that 

a human-specific peptide, histatin, might be implicated in the wound-healing 

properties of saliva. Here we report that histatin enhances re-epithelialization 

in a human full-skin wound model closely resembling normal skin. The peptide 

does not stimulate proliferation, but induces cell spreading and migration, two 

key initiating steps in re-epithelialization. Activation of cells by histatin requires a 

G-protein-coupled receptor that activates the ERK1/2 pathway. Using a stepwise-

truncation method, we determined the minimal domain (SHREFPFYGDYGS) of the 

38-mer-parent peptide which is required for activity. Strikingly, N-to-C terminal 

cyclization of Histatin-1 potentiates the molar activity ~1,000-fold, indicating 

that the recognition of histatin by its cognate receptor requires a specific spatial 

conformation of the peptide. Our results emphasize the importance of histatin in 

human saliva for tissue protection and recovery, and establish the experimental 

basis for the development of synthetic histatins as novel skin wound-healing 

agents.  
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Introduction

It is generally assumed that saliva plays a critical role in maintaining oral health. 

The importance of saliva is best recognized by patients that have reduced salivary 

flow, for example after radiation of head and neck cancer or patients with Sjögren 

syndrome. Many of these patients suffer from conditions such as mucositis, 

xerostomia, they have increased risk for oral infections as well as trouble eating, 

tasting, and sometimes even talking (1). Saliva is a very versatile fluid secreted by 

the different salivary glands and, according to the latest count, it contains over one 

thousand different proteins (2). Saliva is thought to be essential for the phenomenon 

of superior oral wound healing as compared to skin (3-5). The wound-healing effects 

of human saliva have been attributed to the presence of growth factors such as EGF 

and nerve growth factor (6, 7). However, this finding was based on rodent studies 

that found particularly high concentrations of these two growth factors in saliva 

(17-899 µg/ml, depending on type of stimulation) (8, 9). We have demonstrated 

that members of the salivary histatin peptide family, histatin-1 (Hst1), Hst2 (or 

(Hst1(12-38)), and Hst3 stimulate epithelial cell migration and might therefore be 

the prime agents that mediate the wound-healing activity of human saliva (10). 

Although histatins in saliva readily are degraded by proteases, the steady state 

concentrations are well within the range needed for cell activation (11). Our finding 

revealed a new and important activity of this histatin peptide family, which for over 

three decades had been primarily regarded as antimicrobial peptides implicated in 

the innate immunity of humans and higher primates (12, 13).

 The two activities of histatins, i.e. antimicrobial and cell-stimulating, are 

very distinct in their modes of action, structural requirements and selectivity. The 

antimicrobial activity occurs through disruption of the phospholipid membrane of 

the target cell, and is independent of the chirality of the peptide (10, 14-16). This is 

in contrast to its stimulating activity on host cells, which involves a stereo-specific 

interaction with a putative membrane receptor (10). In addition, Hst1 and Hst1(12-

38) are the most potent enhancers of in vitro wound closure, whereas Hst5, the 

most potent antimicrobial of the histatin family, is virtually inactive (10).

 Building on our previous finding that Hst enhances in vitro cell migration 

(10), in the present study we demonstrate that Hst enhances re-epithelialization in 

a tissue-engineered epidermal-skin equivalent, which closely resembles the human 

skin (17).  Rather than proliferation, Hst stimulated cell spreading and -migration, 

which was inhibited by Pertussis Toxin (PTx). We mapped the active domain by 

stepwise truncation and explored the effect of cyclization of the peptide. This 

revealed that the minimal biologically active domain encompasses a 13-amino acid 
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stretch of Hst1, and that cyclization of Hst1 results in a 1,000 fold increase in activity 

on a molar basis. The data suggest that the interaction with a G-protein-coupled 

receptor (GPCR) requires a specific three-dimensional conformation of the peptide. 

This work identifies histatin as a potent wound-healing agent, present in human 

saliva, which may form the basis of a novel skin wound-healing medication. 

Material and Methods

Peptide Synthesis

Linear peptides were synthesized by solid phase peptide synthesis using Fmoc 

chemistry with a MilliGen 9050 peptide synthesizer (Milligen-Biosearch, 

Bedford, MA, USA), purified by RP-HPLC, and their authenticity was 

confirmed by MS, as described before (15). The amino-acid sequence of Hst1 is 

DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN, that of the truncated 

versions can be deduced from this sequence (e.g. Hst1(12-38) represents the 

amino acids 12 until 38). The cyclic peptide was synthesized using Fmoc-Glu-

NovaSyn®TGA-ODmab (NovaBiochem, Läufelfingen, Switzerland), a dedicated 

support, in which the first amino acid is coupled to the resin by its side-chain carboxyl 

group while its α-carboxyl group is protected by the semi-orthogonal Dmab group 

(18). After completion of the sequence the N-terminal Fmoc was removed with 20 

% piperidine in N-methylpyrrolidone, subsequently the C-terminal ODmab was 

removed by 2 % hydrazine in N,N-dimethylformamide (DMF). On-resin head-

to-tail cyclization was achieved by prolonged reaction (72 h) with 1 eq. PyBOP, 

1 eq. HObt, and 1 eq. DIEA in DMF, containing 20 % DMSO and 2 % DCM. After 

cleavage from the resin and purification by RP-HPLC, cyclization was confirmed 

by MS, which showed that the molecular mass of cHst1 was 18 Da less than that of 

the linear Hst1, 4830 Da instead of 4848 Da, respectively, in accordance with the 

formation of a lactam-bond. The recovery was 1.3 %, which is a reasonable yield for 

on-resin synthesis of a cyclic peptide of this length.  

Epidermal Skin Equivalent Culture, Wound Model, and Re-

epithelialization Measurements

Epidermal keratinocytes were isolated from neonatal foreskins, essentially as 

described earlier (19). The study was approved by the VUmc Medical Ethical 

Committee. Second-passage cultures of keratinocytes were seeded on de-

epidermized dermis. After culturing for one week in medium containing DMEM (ICN 

Biomedicals, Irvine, CA, USA)/ Ham’s F12 (ICN Biomedicals) (3:1), 1% UltroSerG 
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(BioSepra SA, Cergy-Saint-Christophe, France), 1% penicillin/streptomycin 

(Gibco, Paisley, UK.), 1 µM hydrocortisone, 1 µM isoproterenol, 0.1 µM insulin, 2 

ng/ml KGF and 0.5 ng/ml EGF, cultures were lifted to the air-liquid interface and 

cultured for a further two weeks in air-exposed culture medium (DMEM/ Ham’s 

F12 (3:1), 0.2% UltroSerG, 1% penicillin/streptomycin, 1 µM hydrocortisone, 1 µM 

isoproterenol, 0.1 µM insulin, 2 ng/ml KGF, 0.5 ng/ml EGF, 10 µM L-carnitine, 10 

mM L-serine, 1 µM DL-α-tocopherol acetate, with a lipid supplement containing 

25 µM palmitic acid, 15 µM linoleic acid, 7 µM arachidonic acid and 24 µM bovine 

serum albumine). Culture medium was refreshed twice a week. Unless otherwise 

stated, all culture additives were obtained from Sigma (Sigma-Aldrich, St.Louis, 

MO, USA). 

Full-thickness wounds were made in epidermal skin equivalents after 2 

weeks of air-exposed culture (20). Wounds were created using freeze burning, 

which resulted in cell death of the entire region of the epidermis that was treated 

with a devise cooled to –196°C in liquid nitrogen for 10 sec. During freeze 

wounding, the area of the device in contact with the epidermal skin equivalent 

was 2 cm long and 2 mm wide. Two wounds separated by at least 0.5 cm 

were introduced into each culture. The experiment was performed from three 

independent donors in duplicate.

 Directly after wounding, epidermal equivalents were further cultured 

in air-exposed medium without EGF and KGF (see above) and supplemented 

with 72 µM Hst1(12-38) or D-Hst1(12-38). Medium supplemented with 10 ng/ml 

rhEGF was used as positive control, medium without supplementation as negative 

control. Medium was changed every two days. After 6 days, re-epithelialization 

was analyzed on haematoxylin/eosin stained paraffin sections (5μm) with the aid 

of a Nikon microscope and Osteomeasure software (osteometrics, Atlanta, USA). 

Re-epithelialization was measured as the distance the newly formed epidermis 

had migrated into the wound bed. Re-epithelialization after exposure to Hst1(12-

38), D-Hst1(12-38), or rhEGF-supplemented medium was compared to control 

medium and given relative to control. As re-epithelialization occurred from both 

wound margins, duplicate readings were obtained for each wound.

Cell-Line Culture and in vitro Wound-Scratch Assay

The human buccal epithelial cell line HO-1-N-1 was provided by the Japanese 

Collection of Research Bioresources (Osaka, Japan) and maintained as previously 

described (10). In vitro wound-scratch experiments were performed as previously 

described (10). In short, in a confluent layer of cells, that was serum starved in 

DMEM/F12 (Invitrogen, Carlsbad, CA, USA) for 6 h, a scratch was made with a 
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sterile tip. The width of the scratch was measured at the beginning and after 18 h 

using microscopic images (Leica DM IL, Leica DFC320 camera). Relative closure 

was calculated by dividing the closure of treated wound (DMEM/F12 + peptide) by 

that of the untreated wound (DMEM/F12 only). Final concentration of synthesized 

peptides in the assays was 10 µM, except for the dose-response experiments. As a 

positive control 10 ng/ml rhEGF (Invitrogen) was used. Pertussis toxin (Invitrogen) 

concentration was applied to the cells 1 h before the scratch was made and during the 

experiment at a final concentration of 200 ng/ml. U0126 (5 µM, LC Laboratories, 

Woburn, MA, USA) was used during incubation (no pre-incubation) as a specific 

inhibitor of MEK, thereby inhibiting phosphorylation of ERK1/2.

Proliferation Assay

Serum-starved (24 h) HO-1-N-1 cells were trypsinized and seeded in 96-well 

culture plates (1x104 per well). After 6 h of adherence, medium was changed 

with DMEM/F12 supplemented with 0.1, 1, 10, or 100 µM Hst1(12-38), 10 ng/ml 

rhEGF, or without anything (control). Medium was refreshed after 24 h. After 48 

h, cells were fixed with paraformaldehyde (3.7%) (Merck) in PBS for 20 min, and 

permeabilized with Triton X-100 (0.25%) in PBS for 5 min. Cells were then stained 

with propidium iodide (10 µM) (Invitrogen), and propidium iodide fluorescence was 

measured at excitation and emission wavelengths of 544 and 620 nm, respectively, 

in a Fluostar Galaxy microplate fluorimeter (BMG Labtechnologies, Offenburg, 

Germany). Fluorescence was proportionally increased with cell number as was 

tested separately. Representative microscopic (Leica DM IL equipped with Leica 

DFC320 camera) images were taken to illustrate differences in cell numbers.

Cell Spreading Assay

HO-1-N-1 cells, that were serum-starved for 24 h, were trypsinized and subsequently 

seeded at low density so that a single-cell population prevailed. The cells were 

seeded with or without 10 µM Hst1(12-38), and after 16 h they were fixed with 

paraformaldehyde (3.7 %) (Merck) in PBS for 20 min, and permeabilized with 

Triton X-100 (0.25 %) in PBS for 5 min. Then the cells were incubated with ALEXA 

Fluor® 488 phalloidin (Invitrogen) 1 h for F-actin staining, and DAPI for 10 min 

for nuclei staining. Images were taken (Leica DM IL equipped with Leica DFC320 

camera), and the area of individual cells (n = 35 per treatment, of phase-contrast 

images) was calculated using ImageJ software (21).
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Electric Cell-substrate Impedance Sensing (ECIS) 

For ECIS-based cell-spreading experiments (22), ECIS electrodes (Applied 

Biophysics, Troy, NY, USA) were coated with L-Cysteine for 30 min, and with 

fibronectin (Sigma) in 0.9 % NaCl overnight at 37°C. Serum-starved (24 h) HO-

1-N-1 cells were seeded (2 x 105 cells per well) in DMEM/F12 (400 µl) with or 

without 10 µM Hst1(12-38). Immediately after seeding the chamber slide was 

placed in its holder. ECIS was continuously monitored for up to 6 h.

Statistical Analysis

Data was analyzed using one-way ANOVA with additional least significant difference 

test to determine significance between samples. P-values are as described in the 

legends. 
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Results

Histatin accelerates wound re-epithelialization in a human-skin model 

through a PTx-sensitive pathway

In a previous study we demonstrated that histatins stimulate cell migration in an 

artificial wound-scratch model (10). In this model a wound is made mechanically by 

applying a scratch in a monolayer of epithelial cells cultured on a plastic substrate 

(see also Fig. 1D). In the present study, to test whether histatins have potential 

applicability as general wound-healing agents, their activity was examined in a 

tissue-engineered epidermal-skin equivalent that closely resembles the native 

healthy skin (17). The epidermal-skin equivalent consists of reconstructed 

epidermis on human a-cellular dermis. Due to the air-exposed culture method, 

complete epidermal differentiation occurs. This results in formation of a compact 

basal layer, spinous layer, granular layer and stratum corneum, which is similar to 

that found in native healthy skin (Fig. 1A). Full thickness wounds were introduced 

by cold injury, as described earlier (20). The degree of re-epithelialization of the 

wound was studied after six days. 

 Representative images of Hst1(12-38) and D-Hst1(12-38) (the 

D-enantiomer of Hst1(12-38)) treated wounds show that re-epithelialization was 

enhanced when treated with Hst1(12-38) (Fig. 1B). In contrast, D-Hst1(12-38) had 

no effect, indicating that stereospecific interactions underlie the histatin-induced 

enhancement of re-epithelialization. Quantification of the re-epithelialization by 

analyzing a series of images represented by the one shown in Figure 1B, confirmed 

that re-epithelialization was significantly enhanced by Hst1(12-38) with comparable 

rates as rhEGF, which we included as a positive control (Fig. 1C). These data indicate 

that histatins stimulate re-epithelialization of the skin after wounding and build 

upon our previous work showing that histatins are key modulators of the superior 

wound-healing properties of the mouth (10).

 Since the D-enantiomer of Hst1(12-38) is not able to activate cells (Fig. 1B 

& C), we suspected that histatin-mediated activation of cells is a receptor-mediated 

process. In a first attempt to define which class of receptors may be involved in this 

effect, cells were treated with PTx during an in vitro wound-scratch experiment. 

PTx is known to specifically inhibit signaling through GPCRs that couple to 

heterotrimeric proteins of the Gα
i
 subtype. We applied a scratch in a confluent 

layer of epithelial cells, and measured relative closure of the wound at t=0 and t=18 

h (Fig. 1D). Hst1(12-38) enhanced wound closure to the same extent as rhEGF, 

but contrary to rhEGF its activity was inhibited by PTx (Fig. 1E). This implies the 

involvement of a Gα
i
-linked GPCR in the activation of cell migration by histatins. 
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Figure 1 Histatin enhances re-epithelialization in skin equivalent and is PTx sensitive. 

A Comparison of human skin and tissue-engineered skin model. Tissue sections were stained with 

Heamatoxylin and Eosin for histological analysis. Bar = 100 µm B Representative micrographs of 

D-Hst1(12-38) and Hst1(12-38) treated wounds 6 days after wounding. a = healthy epidermis; b = 

ingrowing epidermis; arrow = start of wound area. Bar = 250 µm C Wounds were introduced in the skin 

model. After 6 days, cultures were harvested, and re-epithelialization was studied on haematoxylin/ 

eosin stained paraffin sections. Re-epithelialization was quantified as the distance the newly formed 

epidermis (in blue) had migrated into the wound bed after D-Hst1(12-38), Hst1(12-38) and rhEGF 

supplementation relative to unsupplemented control cultures. Two wounds were introduced in each 

culture and duplicate readings were obtained from each wound. Data represents means ± SD, n = 3, 

* = p ≤ 0.01 D Representative micrographs of Hst1(12-38) enhanced wound closure in the in vitro 

wound-scratch assay after 18 h. Dotted lines in images represent wound edges at t = 0 h. Bar = 100 µm 

E Relative closure, by measuring wound width from images shown in D, is calculated by dividing wound 

closure of treated wounds by that of the control. Wounds are treated with Hst1(12-38) or rhEGF, with 

and without PTx. Data represent means ± SD, n = 12, * p < 0.01 compared to the appropriate control.

Previously, we have determined that the activation of epithelial cells by histatins 

is not mediated by the EGF receptor (10), which is a common receptor utilized for 

transactivation by different cellular stimuli.
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Histatin promotes cell spreading and cell migration, but does not 

enhance cell proliferation 

Histatin promotes cell migration (Fig. 1D & E). However, since re-epithelialization 

is also enhanced by cell proliferation, we tested the effect of histatin on cell 

division. The dose-response effect of Hst1(12-38), or of rhEGF as a positive control, 

on proliferation was examined by quantifying the amount of DNA after 48 h of 

incubation. In addition, we made microscopic images of the wells that were used 

for DNA quantification by measuring fluorescence (Fig. 2A). The results clearly 

show that in contrast to rhEGF, Hst1(12-38) does not enhance cell proliferation 

(Fig. 2B).  

 

A

Control Hst1(12-38) rhEGF

B
*

C
o
n
tr
o
l

0
.1 1

1
0
1
0
0

rh
E
G
F

0

1000

2000

3000

Control

Hst1(12-38)

rhEGF

µM

F
lu

o
re

s
e

n
c

e
 (

A
U

)

Figure 2 Histatin does not promote cell 

proliferation

A Representative micrographs illustrating 

the number of cells per well after incubation 

in the presence or absence of Hst1(12-38) 

at concentrations ranging from 0.1-100 µM 

or rhEGF at 10 ng/ml. 1x104 HO-1-N-1 cells 

were seeded per well, 48 h later cells were 

fixed, permeabilized, and subsequently DNA 

was stained with PI, a red dye that becomes 

fluorescent upon binding to DNA. Bar = 100 

µm. B Total cell numbers were quantified by 

measuring PI fluorescence of DNA. Hst1(12-

38) does not enhance proliferation whereas 

rhEGF does. Data represent means ± SD, n = 

12, * p < 0.01 compared to the control.
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In addition to cell migration and proliferation, cell spreading, which precedes 

migration, is very important for re-epithelialization. To test the effect of histatin on 

cell spreading, low densities of epithelial cells were seeded in the presence or absence 

of Hst1(12-38). After 16 h, cells were fixed and permeabilized, and subsequently 

stained for F-actin and nuclei. Representative fluorescent microscopic images are 

shown in Figure 3A. The surface of 35 individual cells was calculated using ImageJ 

software. The area per cell was larger in the Hst1(12-38) treated cells as compared 

to the control (Fig. 3B) or D-Hst1(12-38)-treated cells (data not shown) indicating 

that Hst1(12-38) promotes cell spreading. To further study histatin-stimulated 

cell spreading we examined the effect of Hst1(12-38) on spreading with the aid 

of ECIS (22). This technique provides quantitative information, in real time, on 

cell attachment and spreading on coated golden electrodes. Serum-starved cells 

(2x105) were added to the chambers with or without Hst1(12-38), and impedance 

was measured online. Hst1(12-38)-treated cells already showed higher impedance 

after 2.5 h, as well as for the remainder of the experiment (Fig. 3C). These results 

show that histatin does enhance cell spreading. 
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Figure 3 Histatin enhances 

cell spreading.  

A Representative micrographs 

of HO-1-N-1 cell spreading 16 

h after seeding, in the presence 

or absence (control) of Hst1(12-

38). Actin is shown in green and 

nuclei are shown in blue. Bar = 

20 µm. B Average surface area 

per cell was quantified from 

images similar to those in A. 

Data represent means ± SD. n 

= 35, * p < 0.01 C Hst1(12-38)-

mediated cell spreading in real 

time by ECIS. HO-1-N-1 cells 

were seeded on fibronectin-

coated golden ECIS electrodes 

and attachment (0-30 min) 

and spreading (1-6 h) were 

monitored continuously. n = 4, 

* p < 0.01 comparing Hst1(12-

38) to the untreated control. 
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The minimal active domain of Hst1 is SHREFPFYGDYGS

Our next step was to identify the minimal domain that mediates the biological 

activity of histatin. Since the in vitro wound-scratch properties of Hst1(12-38) 

are comparable to that of the parent peptide Hst1 (10), this peptide was used as a 

starting point for mapping the minimal active domain. We compared the activities 

of fragments that differ by two-residue-stepwise truncation in the C-terminus, the 

N-terminus, or both (Fig. 4). Removal of the first six C-terminal residues had no 

significant effect on the cell-stimulating properties in the in vitro wound-scratch 

assay (Fig. 4A). Removal of the next two residues resulted in a fragment Hst1(12-

30) with a decreased activity. Further truncation resulted in a complete loss of 

activity (Fig. 4A). Stepwise truncation of the first four residues at the N-terminus 

did not affect the activity (Fig. 4B). Removal of amino acids 16 and 17, generating 

the fragment Hst1(18-38) starting with a double histidin at position 18 and 19, 

resulted in a response that was not statistically different from the control (P=0.07). 

Strikingly, upon further truncation, the activity was completely restored (Fig. 4B). 

Similarly, when variants were prepared in which residues had been removed from 

both termini, the peptides starting with His18His19 also showed decreased activity 

compared to the shorter, N-terminally truncated fragments. This decreased 

activity was statistically significant for Hst1(18-34) (Fig. 4C). Our hypothesis is that 

these variants are less or not able to activate the putative receptor because of the 

presence of clustered positive charges at the N-terminus. Overall, on the basis of 

these results we conclude that the region between residues 20 and 32 is critical for 

the wound healing properties of Hst1.
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Figure 4 Hst1(20-32) is the minimal active domain of Hst1 in the in vitro wound-scratch 

assay.

Wound-scratch experiments and relative-closure measurements of confluent HO-1-N-1 wells were 

done as described and shown in Figures 1D & E. A C-terminal-stepwise truncation of Hst1(12-38), 

and subsequent measuring of relative-wound-closure characteristic for each peptide. B N-terminal-

stepwise truncation of Hst1(12-38), and subsequent measuring of relative-wound-closure characteristic 

for each peptide. C N-to-C-terminal truncation of Hst1(12-38), peptides were made based on the results 

shown in A and B. (A-C) Error bars represent means ± SD. n = 12, ** p<0.01, * p<0.05 compared to the 

control.
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Cyclization of Hst1 potentiates its activity thousand-fold

The structure-activity relationship of histatins, particularly the anomalous behavior 

in the N-truncated series (Fig. 4), suggests that, in addition to a specific amino-

acid sequence, additional structural requirements govern the activity of histatin. 

This prompted us to prepare a variant in which the conformational freedom was 

constrained by covalently linking the C-terminus to the N-terminus. The activity of 

this cyclic Hst1 (cHst1) was compared to that of linear Hst1 in the in vitro wound-

scratch assay. We found a dose-dependent enhancement of wound closure with 

both peptides (Fig. 5A). However, the minimal concentration needed to enhance 

wound closure differed greatly, 0.001 µM for cHst1 versus 1 µM for Hst1 (Fig. 5A). 

Thus, constraining the conformation of Hst1 by cyclization resulted in a more 

than 1,000-fold stimulation of the molar activity, likely because the affinity for the 

receptor was increased.

 Similar to high concentrations of linear Hst1(12-38), low-concentrations 

of cHst1 also promoted wound healing in a PTx-sensitive and ERK1/2 dependent 

fashion (Fig. 5B). This indicates that the two histatin variants signal through the 

same receptor.
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Figure 5 Cyclization of Hst1 

potentiates its effect 1,000 times.

Wound-scratch experiments and 

relative closure measurements of 

confluent HO-1-N-1 wells were done 

as described in Methods section, and 

shown in Figure 1D & E. A Relative 

wound closure of Hst1 (square symbol) 

and cHst1 (triangle symbol) compared 

to the control (depicted as 0 µM in 

the graph). cHst1 remains active until 

0.001 µM, whereas Hst1 is active until 

1 µM. B Relative closure by cHst1 (0.1 

µM) and rhEGF (10 ng/ml) with and 

without the addition of pharmaceutical 

inhibitors PTx or U0126 (inhibitor of 

MEK, the activator of ERK1/2). (A-B) 

Error bar and symbols represent mean 

± SD. n = 12, *p<0.01 compared to the 

appropriate control.



-73-

Wound healing by histatin is structure dependent

Discussion

The superior wound healing in the oral cavity compared to cutaneous wound 

healing has been an intriguing yet unexplained phenomenon. Although several 

mechanisms have been proposed, saliva has always been considered to be of 

significant beneficial relevance to the outcome of oral healing. It is also possible 

that the healing effects of saliva are not only limited to the oral cavity since licking 

of a skin wound by animals and humans is a readily acknowledged event which 

may also promote skin wound healing. Recently, we isolated histatin from human 

saliva, and identified histatin as the component that was responsible for the in vitro 

epithelial-cell-migration inducing properties of saliva (10). In the current study, 

we examined the effect of histatin on re-epithelialization of a wound created in 

a tissue-engineered three-dimensional skin model. Re-epithelialization of full 

thickness wounds is enhanced by histatin, with rates comparable to that of the 

gold standard rhEGF. Histatin does not enhance proliferation, but stimulates re-

epithelialization by stimulating cell migration and cell spreading. We also showed 

that the activation by histatins is not only sequence, but also structure dependent, 

by using a cyclic version of Hst1. This cyclization of the peptide increased its 

concentration-dependent effect on wound healing 1,000 fold.

 Chemokines and growth factors are generally small proteins (5-10 kDa) 

that have a stable conformation by sulphur bridges of their cysteine residues. 

Nevertheless, linear peptides that were derived from chemokines or growth factors 

can activate cells, but at 1,000 times higher concentrations than the original ligand 

(23). The binding affinities of these linear peptides are greatly enhanced upon 

cyclization (23-25). This seems similar to our finding that cyclization increases the 

molar activity of histatin. However, most studies aim to find antagonists of receptors 

to inhibit pathological processes such as cancer (23), or HIV-1 entry via CXCR4 

(26). In contrast, to our knowledge this is the first study to show that cyclization 

results in improved cell-stimulating activity. The only known cyclic protein motif 

expressed in mammals is presented by theta defensins, which thus far have been  

considered as broad-spectrum antimicrobial peptides (27, 28). In view of the strong 

potentiating effect of cyclization on histatin activity, it is tempting to speculate that 

theta defensins may play also a role in the activation of host cells.

 Our current data show that a GPCR is involved in the activation of cells 

by histatin. This is in line with our previous study in which we excluded the EGF 

receptor (10). The EGF receptor is commonly utilized by indirect activation of cells 

by various factors including UV-light, lysophosphatic acid, or other antimicrobial 

peptides (29-33). Thus, histatin appears to signal through a specific receptor, albeit 
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that this as yet unidentified receptor may be shared with other ligands, similar 

to the situation for the chemokine receptor subgroup of GPCRs that also signal 

through Gα
i
 (34).

 At first sight, our findings have some similarities with other proclaimed 

antimicrobial peptides that can affect host tissues, such as LL-37 and defensins. 

At a closer look however, there are substantial differences. Firstly, contrary to 

D-Hst1(12-38), the D-enantiomer of LL-37 is as active as the natural-occurring 

peptide (35). Secondly, both LL-37 and defensins have been shown to act via the 

EGF-receptor (30, 31, 33), whereas we have previously shown that histatin does 

not (10). Thirdly, LL-37 and defensins enhance cell proliferation (30, 35), whereas 

in this study we show that cell proliferation is unaffected by histatins. Finally, 

LL-37 and defensins enhance several cellular processes, but at somewhat higher 

concentrations they are cytotoxic (36-38). This is in contrast to histatins, which are 

not cytotoxic at least up to 100 µg/ml.

 As a concluding remark, we would like to note that unlike manufactured 

recombinant growth factors currently in clinical trials (39, 40), histatins are stable 

molecules that can be produced easily and on a large scale. They therefore have 

high potential for use as novel therapeutics suited for the treatment of wounds. For 

clinical implementation of histatins in the treatment of wounds it is of key interest 

to minimize the production costs. Also, in general, the smaller the compound the 

better it is able to penetrate the skin. Our identification of the minimal domain 

might thus be very important for the development of histatin as a new therapeutic 

agent for wound healing. Our finding of potentiation of the molar activity by 

cyclization is obviously clinically relevant, but also gives valuable insight into the 

mode of action utilized by histatin. We think that a specific spatial conformation of 

histatin is required to bind and activate the receptor, which in turn triggers signal 

transduction and cell activation.  
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Abstract

Antimicrobial peptides are multifunctional in innate immunity and wound repair of 

multicellular organisms. We recently discovered that histatins, a family of salivary 

antimicrobial peptides, enhance epithelial cell migration, suggesting a role in oral 

wound healing. It is unknown whether histatins display innate-immunity activities, 

alike other antimicrobial peptides such as LL-37. Therefore, we compared the effect 

of Histatin-2 and LL-37 on several activities within the context of wound healing 

and innate immunity. We found that Histatin-2 enhances fibroblast migration 

and faintly induces proliferation. LL-37 also enhanced fibroblast migration and 

proliferation, but only at a narrow concentration optimum (~1 µM). At higher 

concentrations, LL-37 caused cell death, whereas Histatin-2 was not cytotoxic. 

Both peptides did not alter fibroblast-to-myfibroblast differentiation. Histatin-2 

did not enhance IL-8 expression, nor did Histatin-2 alter LPS-elevated cytokine and 

chemokine expression. In addition, human-neutrophil migration was unaffected 

by Histatin-2. In contrast, LL-37 induced IL-8 expression, but dampened the 

LPS-induced immune response. Overall, histatins are, unlike other antimicrobial 

peptides, not cytotoxic or pro-inflammatory. It seems that they are important for 

the initial stage of wound healing in which fast wound coverage is important for 

healing without infection, inflammation, or fibrosis development. Interestingly, 

these characteristics are typical for the mouth.
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Introduction

Antimicrobial peptides (AMPs) are molecules that, although originally discovered 

as antimicrobial, currently are regarded as multifunctional molecules in innate 

immunity and wound repair of multicellular species (1-5). A family of AMPs, which 

specifically occurs in the saliva of higher primates, is formed by the histatins (6). 

They are solely expressed and secreted in salivary glands, whereas other AMPs 

generally have a broader tissue distribution (4). Until recently, direct effects of 

histatins on host cells have not been reported. We were the first to demonstrate 

that histatins were the major components in saliva that enhanced epithelial cell 

migration (7). Subsequently, we have tested it in a 3D-skin wound model in which 

histatins enhanced re-epithelialization (8). In addition, we have shown that 

histatins stereo-specifically activate cells using an unidentified receptor (7), and 

that its activity can be potentiated 1,000-fold by fixing the conformation through 

cyclization (8). Another study described that histatins enhance DNA synthesis of 

fibroblasts (9).

 Other AMPs, such as the human cathelicidin LL-37, have a variety of effects 

on host cells, depending on the applied concentration. For instance, at relatively 

low concentrations, LL-37 enhances proliferation and migration of epithelial cells 

and fibroblasts (10-12), and proliferation of endothelial cells (13). In addition, it 

suppresses collagen synthesis and thus fibrotic activity (14), which is also beneficial 

for proper wound healing. In contrast, when using higher concentrations of LL-37 

than used in abovementioned studies, this AMP induces late apoptosis/necrosis or 

simply ‘cell death’ (15). To increase complexity, LL-37 has also been shown to have 

anti-apoptotic properties at lower concentrations and depending on cell type (15-

17).

 Also with respect to its immune-modulating properties, a mixed picture 

emerges, since both pro-inflammatory and anti-inflammatory properties of LL-

37 have been reported. LL-37 can suppress the LPS-mediated immune response 

(18-20), an anti-inflammatory property. However, in the absence of LPS, LL-37 

can enhance cytokine and chemokine expression, production, and release (11, 21-

24), a pro-inflammatory property. In addition, LL-37 can boost the inflammatory 

response by directly attracting neutrophils, macrophages, monocytes, eosinophils, 

and CD4+ T-lymphocytes (25-27), and by stimulating degranulation of mast cells 

(28). 

 Other AMPs such as defensins and Temporin A (a representative frog-

derived AMP) have activities alike LL-37 (11, 25, 29). We were very interested 

to compare histatin with a representative AMP (LL-37) on a range of activities 
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that are known to be influenced by AMPs. Therefore, we compared the effects of 

Histatin-2 (Hst2) and LL-37 on several activities important in wound healing and 

innate immunity. We found that Hst2 enhances wound healing properties without 

inducing inflammation or fibrosis development. In contrast, LL-37 enhanced IL-8 

expression and may indirectly induce fibrosis development, but nevertheless was 

able to induce fibroblast migration and proliferation. 

Table I. Amino-acid sequence, molecular weight (MW), net charge, and amphipaticity of 

Hst2 and LL-37

Peptide Amino-acid sequence MW Charge1 <µ>2 (44)

Hst2 RKFHEKHHSHREFPFYGDYGSNYLYDN 3445 0 0.137

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 4493 +6 0.521

1 Net charge at pH = 7

2 <µ> amphipaticity, calculated as mean hydrophobic moment at 100°, in a α-helical conformation

Material and Methods

Peptide synthesis

Peptides were synthesized by solid-phase peptide synthesis using Fmoc chemistry 

with a MilliGen 9050 peptide synthesizer (Milligen-Biosearch, Bedford, MA, USA). 

Purification by RP-HPLC and confirmation of authenticity by MS were conducted 

as previously described (30). The amino-acid sequence and characteristics of Hst2 

and LL-37 is presented in Table I (44).

Determination of the Candidacidal activity

Candidacidal activity was determined by measuring the fluorescence enhancement 

of PI (Invitrogen, Carlsbad, CA, USA ), a membrane-impermeable probe that upon 

binding to DNA becomes 20-30 times more fluorescent, as previously described 

(30). In short, a Candida albicans (ATCC 10231) mid-log phase culture of 107 yeast 

cells/ml was supplemented with propidium iodide (PI) (final concentration, 10 

µM) and subsequently added to serial dilutions of peptides. PI fluorescence was 

measured after 1 h incubation, at excitation and emission wavelengths of 544 

and 620 nm, respectively, in a Fluostar Galaxy microplate fluorimeter (BMG 

Labtechnologies, Offenburg, Germany). 

Isolation and culture of human primary gingival fibroblasts

Gingival fibroblasts were obtained and maintained from healthy individuals who 

underwent extraction of a third molar (wisdom tooth) as described previously (45). 
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Donors had given written informed consent, and the study was approved by the 

VUmc medical ethical committee. In short, gingival fibroblasts were taken from 

patients without overt signs of gingival inflammation and periodontitis. Free gingiva 

and part of the intradental gingiva was cut off the tooth and washed twice in DMEM 

1g/L glucose (Invitrogen), supplemented with 10% fetal calf serum (HyClone, South 

Logan, UT, USA) and 2% antibiotic-antimycotic solution (100 U/ml penicillin, 100 

µg/ml streptomycin, and 250 ng/ml amphotericin B (PSA), Sigma-Aldrich, St. 

Louis, MO, USA)). Tissue was cut into small pieces and divided in a six wells dish 

and isolated cells were grown until confluence at 37 °C, 95% humidity and 5% CO
2
, 

after which gingival fibroblasts were expanded for 3 passages.

Cell death determination

Gingival fibroblast cells were seeded in 96-wells plates at 103 cells per well in 

supllemented DMEM and attached and grown for 48 h. Supplemented DMEM 

was replaced with DMEM (0.1% BSA, 1% PSA) and different concentrations of LL-

37 or Hst2 (0, 1, 2.5, 5, 10, 100 µM). As a positive control Triton X100 (3%) was 

added 30 min prior to fluorescence measurements to a set of control wells. After 

18 h medium was replaced with PBS containing PI (final concentration 15 µM) and 

fluorescence was measured at excitation and emission wavelengths of 544 and 620 

nm, respectively, in a Fluostar Galaxy microplate fluorimeter. Fluorescence was 

linearly increased with increased cell number as was tested separately. 

Cell migration (In vitro wound closure)

Wound closure assay was done as described before (40). In short, gingival fibroblasts 

were grown in 48-well plates until confluence, and serum starved for 4 days. In 

each well a scratch was made using a sterile tip, and cellular debris was removed 

by washing. The width of the scratch was determined microscopically (as shown 

in Figure 1A), by making one representative micrograph per well, immediately 

after creation and 20 h later, and relative closure was calculated. The following 

conditions were applied; Hst2 (0.1, 1, 2.5, 10 µM) or LL-37 (0.1, 1, 2.5, 10 µM). As 

a negative control DMEM (0.1% BSA, 1% PSA) was used, and as a positive control 

recombinant human epidermal growth factor (Invitrogen, 10 ng/ml) was used.

Proliferation Assay

Gingival fibroblasts were seeded in 96-wells plates at 103 cells per well in 

supplemented DMEM and attached overnight. Then cells were serum starved for 

24 h in DMEM (0.1%  BSA, 1% PSA) after which medium was replaced with DMEM 

(0.1% BSA, 1% PSA) containing different concentrations of LL-37 or Hst2 (0, 0.1, 
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Table II. Gene product, Gene ID, and primers used in this study.

Gene 

Product

Gene 

ID
Forward primer Reverse primer

IL-1β 125538 CTTTGAAGCTGATGGCCCTAAA AGTGGTGGTCGGAGATTCGT

IL-6 136244 GGCACTGGCAGAAAACAACC GGCAAGTCTCCTCATTGAATCC

IL-8 169429 GGCAGCCTTCCTGATTTCTG CTGACATCTAAGTTCTTTAGCACTCCTT

TNF-α 206439 CCCAGGGACCTCTCTCTAATCA GCTTGAGGGTTTGCTACAACATG

RANTES 161570 CATCTGCCTCCCCATATTCCT TGCCACTGGTGTAGAAATACTCCTT

β2 166710 AAGATTCAGGTTTACTCACGTC TGATGCTGCTTACATGTCTCG

PBGD 149397 TGCAGTTTGAAATCATTGCTATGTC AACAGGCTTTTCTCTCCAATCTTAGA

1, 2.5, 10 µM), and recombinant human TGF-β
1
 (10 ng/ml, PeproTech EC, London, 

UK) (a positive control). Medium was refreshed after 24 h. After 48 h, cells were 

fixed with paraformaldehyde (3.7%) (Merck) in PBS for 20 min, and permeabilized 

with Triton X-100 (0.25%) in PBS for 5 min. Cells were then stained with PI (10 

µM), and PI fluorescence was measured at excitation and emission wavelengths 

of 544 and 620 nm, respectively, in a Fluostar Galaxy microplate fluorimeter. 

Fluorescence was linearly increased with increased cell number as was tested 

separately.

Immune modulation and fibrogenesis (mRNA expression with 

Quantative RT-PCR)

Gingival fibroblasts were seeded in multi-well plates and attached overnight. For 

the immune modulating study cells were incubated (with or without LPS from E. 

coli (Sigma-Aldrich) (20 ng/ml)) with LL-37 (2.5 µM), Hst2 (10 µM), or DMEM 

(0.1%  BSA, 1% PSA) as negative control for 6 h. For the fibrogenesis modulating 

study, after attachment overnight, cells were serum starved for 24 h. Subsequently, 

cells were treated with LL-37 (2.5 µM), Hst2 (10 µM), or recombinant human 

TGF-β
1
 (10 ng/ml) for 24 h. After different treatments cells were lysed, RNA was 

isolated and reverse-transcribed to cDNA as described earlier (32). In the same 

article a detailed protocol we used for the qPCR can be found (32). We used 

primers for IL-1β, IL-6, IL-8, TNF-α, and RANTES/CCL5 to determine immune 

modulation (see Table II). To determine fibrosis modulation gene expression of 

ACTA2 (gene encodes α-Smooth Mucle Actin (α-SMA) protein) and COL1A1 (gene 

encodes collagen I α 1) was determined in a qPCR analysis using unique TaqMan® 

Assays-on-DemandTM Gene Expression kits (Hs00426835_g1 and Hs01076777_

m1, respectively, Applied Biosystems, Foster City, CA, USA) specific for human. 

GAPDH mRNA expression was determined using TaqMan® Rodent GAPDH 

Control Reagents (Applied Biosystems) and used as a control.
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Immunofluorescence microscopy

Human gingival fibroblasts were seeded in 48-well plates at a density of 104 

cells per well and attached and spread overnight. Then cells were serum starved 

overnight and treated with LL-37 (2.5 µM), Hst2 (10 µM), or TGF-β
1
 (10 ng/ml) 

for 24 h. Cells were fixed with paraformaldehyde (3.7%) in PBS for 20 min, and 

permeabilized with Triton X-100 (0.25%) in PBS for 5 min. Then the cells were 

incubated with anti-α-SMA (1:200, DakoCytomation, Glostrup, Denmark) for 2 h 

at room temperature in PBS 0.5% BSA. Subsequently, cells were incubated with 

ALEXA-fluor 488-labeled rabbit-anti-mouse (Invitrogen) antibody for 1 h, and 

DAPI was used for nuclei staining. Representative images were taken with a Leica 

DM IL microscope equipped with Leica DFC320 camera. 

Human neutrophil migration assay

Neutrophil migration was assessed by means of the Fluoroblok inserts (Falcon; 

Becton Dickinson, San Jose, CA) as described (46). Cells (5 x 106/ml) were 

labeled with fluorescent dye calcein-AM (1 µM final concentration; Invitrogen) 

for 30 minutes at 37°C, washed twice, and resuspended in HEPES (N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer at a concentration 

of 2 x 106/ml. Chemoattractant solution (LL-37 (1 & 10 µM), Hst2 (1, 10, 100 

µM), and complement 5a (C5a) at 10 nM) or medium alone (0.8 ml/well) were 

placed in a 24-well plate, and 0.3 ml cell suspension was delivered to the inserts 

(3-µm pore size) and placed in the 24-well plate. Cell migration was assessed by 

measuring fluorescence in the lower compartment at 2.5-minute intervals for 30 

minutes with the Spectrofluorplus (Tecan, Mannedorf, Switzerland).
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Results

Candidacidal properties of Hst2 and LL-37

We compared the two peptides on their proclaimed antimicrobial activity, in our 

case, the ability to kill the opportunistic yeast C. albicans. We have previously 

established that propidium iodide (PI)-fluorescence accumulation equals killing 

(30). LL-37 is approximately tenfold more lethal than Hst2 after 1 h of incubation 

(Fig. 1). Although several other mechanisms than membrane-disruptive have been 

proposed for histatin-mediated C. albicans killing, a recent paper strongly suggest 

that the primary mode of action for killing is membrane disruption (31). So, our 

results are in confirmation with what one would predict based on the amino-acid 

sequences and characteristics of the two peptides (Table I), i.e. lower net charge 

and amphipaticity for Hst2 compared to LL-37. 
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The effect of Hst2 and LL-37 on gingival fibroblast migration and 

proliferation

Wound healing can be promoted by enhancing fibroblast migration and/or 

proliferation. We measured relative wound closure in a scratch assay to determine 

the effect the peptides have on gingival fibroblast migration. We found that both 

peptides enhance cell migration with rates comparable to the positive control 

epidermal growth factor (EGF) (Fig. 2A). However, it is important to realize that 

for LL-37 enhanced migration only occurs in a very small concentration spectrum. 

At concentrations higher than 2.5 µM LL-37 is lethal for fibroblasts and at 0.1 µM, 

LL-37 is not able to significantly enhance migration anymore. In contrast, Hst2 

enhances migration when concentrations are higher than 1 µM. 

 Next, we tested fibroblast proliferation by measuring the amount of DNA 

after 2 days of treatment with different concentrations of Hst2, LL-37, or TGF-β
1
 

as a positive control. Hst2 and LL-37 both mildly promoted proliferation (Fig. 2B). 

Figure 1 Comparison of Hst2 and LL-

37 in their antifungal activity. 

Dose-response curves of C. albicans killing 

activity of LL-37 and Hst2 after 1 h. Symbols 

are means of triplicate ± SD
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Noteworthy is the effect of the positive control TGF-β
1
, which illustrates that the 

induction of cell proliferation by both peptides is not large, when compared to this 

positive control (Fig. 2B).
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Cytotoxic properties of Hst2 and LL-37 on gingival fibroblasts

Next, we compared the cytotoxicity of Hst2 and LL-37 on gingival fibroblasts. We 

exposed gingival fibroblasts for 24 h to a range of concentrations, and measured 

cell-associated PI-fluorescence. Normally, membranes are impermeable for the 

fluoroprobe PI, but during late apoptosis or necrosis (cell death) the cellular 

membrane becomes permeable, and thus PI can enter the cell and nucleus and bind 

to DNA upon which PI becomes fluorescent. We found that Hst2 was not cytotoxic 

at all, even at 100 µM (Fig. 3). In contrast, LL-37 enhanced cell death when 2.5 

µM or more was applied (Fig. 3). At 10 µM or higher all cells were PI positive as 

confirmed by microscopy (not shown) and confirmed by equal fluorescence when 

cells were treated with Triton X100. These results show that at concentrations > 

Figure 2 The effect of Hst2 and LL-

37 on gingival fibroblast migration 

(A) and proliferation (B). 

A Cell migration was measured by 

relative wound closure of a wound-

scratch assay in a confluent layer of 

fibroblasts. Wounds were treated with 

either Hst2, LL-37, or epidermal growth 

factor (EGF, 10 ng/ml) at indicated 

concentrations for 20 h. Representative 

images for Control and Hst2-induced 

wound closure is shown. B Gingival 

fibroblast proliferation was calculated 

by determining DNA amount after 

48 h of treatment with either Hst2, 

LL-37, or TGF-β
1
 (10 ng/ml). Bars 

represent means ± SD of 3 donors. *, p 

< 0.01 tested with 1-way ANOVA with 

additional LSD test.
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2.5 µM LL-37 was cytotoxic for gingival fibroblasts. In contrast, treatment with 100 

µM Hst2 during 24 hour had virtually no adverse effects.
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Fibrotic activities of Hst2 and LL-37

During wound healing, fibroblasts will increase the production of extracellular 

matrix (ECM) proteins, such as collagen, to rebuild the connective tissue below the 

epithelium. In addition, myofibroblast differentiation occurs: myofibroblasts are 

better able to contract connective tissue than normal fibroblasts. Abovementioned 

needs to be tightly regulated for functionally proper wound healing, so that ECM 

deposition and contraction cannot occur excessively, as this eventually results in 

scar tissue formation. Recently, it was found that collagen synthesis was suppressed 

by relatively low concentrations of LL-37 (10-50 nM) (14), indicating that LL-37 

might have antifibrotic action during wound healing. In general, this is beneficial 

for wound healing without fibrosis. 

 To determine the effect of Hst2 and LL-37 (at higher concentrations) on 

fibrotic activity, we measured mRNA expression of ACTA2 (encodes α-Smooth 

Muscle Actin (αSMA) protein), a marker for myofibroblast differentiation, and 

COL1A1 (encodes collagen I-α1 protein). Cells were exposed for 24 h to Hst2 (10 

µM), LL-37 (2.5 µM), or recombinant human TGF-β
1
 (10 ng/ml), a positive control 

for myofibroblast differentiation. We found that neither Hst2 nor LL-37 affected 

ACTA2 or COL1A1 mRNA expression, while TGF-β1 showed a significant induction 

of both markers (Fig. 4A). These expression data were confirmed for ACTA2 by 

immunocytochemical staining with αSMA-specific antibody (Fig. 4B and 4C). 

Cultures stimulated with TGF-β1 showed more αSMA positive cells than control 

cultures or cultures exposed to Hst2 or LL-37. These results indicate that neither 

Hst2 nor LL-37 directly affect fibrosis initiated by fibroblasts.

Figure 3 LL-37 induces cell death 

in gingival fibroblasts, whereas Hst2 

does not. 

Gingival fibroblasts were treated with Hst2 

or LL-37 for 24 h and PI fluorescence was 

measured as an indication for cell death. 

At 100 µM and 10 µM LL-37 all fibroblasts 

were PI positive as was confirmed 

microscopically, and fluorescence is 

similar to Triton X100 (3%) treated cells. 

Bars represent means ± SD of 3 donors. 

*, p < 0.01 tested with 1-way ANOVA with 

additional LSD test.
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Figure 4 Hst2 and LL-37 do not alter fibrosis development as determined by myofibroblast 

differentiation of gingival fibroblasts. 

A Expression of gene markers for myofibroblast differentiation (ACTA2 (α-SMA protein) and COL1A1 

(Collagen I-α1 protein)) after 24 h of treatment with Hst2 (10 µM), LL-37 (2.5 µM) or positive control 

TGF-β
1
 (10 ng/ml) relative to negative control (medium alone). Bars represent means ± SD of 2 donors. 

*, p < 0.05 tested with 1-way ANOVA using donor as covariant. B Localization of α-SMA (green), 

F-actin (red), and nuclei (blue) in TGF-β
1
-treated gingival fibroblasts. Clear distinction between α-SMA 

positive and negative cells, the negative cells are still normal for F-actin. C Protein expression of α-SMA 

in the different treated cells. TGF-β
1
-treated gingival fibroblasts show more α-SMA-positive cells, Hst2 

and LL-37, similar to gene expression data in (A), have no effect. 
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Immune-modulating properties of Hst2 vs. LL-37

It is known that LL-37 can have a dual role in the modulation of the innate immunity. 

To study the immune-modulating effects of Hst2 and LL-37 on host tissue, we 

tested the cytokine/chemokine response of gingival fibroblasts in the absence and 

presence of LPS, and we carried out human-neutrophil migration experiments 

with the two peptides. We found that LL-37 enhances IL-8 expression, whereas 

the Hst2-treated fibroblasts do not significantly change expression of this cytokine 

(Fig. 5A). As noticed before, there can be a large difference in gene-expression 

induction between donors (Fig. 5A) (32). LPS-treated cells have an enormous 

response on their cytokine and chemokine expression compared to untreated cells. 

This response was completely annihilated by LL-37 (Fig 5B). In contrast, Hst2 is 

not able to attenuate the immune response that was provoked by LPS (Fig. 5B).  In 

the neutrophil chemotactic assay we were not able to find induction of migration 

by any of the two peptides (Fig. 5C). Our positive control C5a however, was able 

to stimulate this dramatically (Fig. 5C). In contrast, other studies find enhanced 

migration of neutrophils by LL-37 (26, 33). 
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Figure 5. Hst2 and LL-37 have different immune-modulating properties. 

A Direct effect of IL-8 expression by LL-37 (2.5 µM) and Hst2 (10µM) after 6 h of treatment of gingival 

fibroblasts. Expression data of two different donors is shown to display relative difference in induction 

of gene expression between donors. Bars represent means ± SD of triplicate. *, p < 0.01 tested with 

1-way ANOVA with additional LSD test. B Gene expression of gingival fibroblasts relative to that when 

treated with LPS (100 %). Gingival fibroblasts were treated with LPS (20 ng/ml) with or without LL-37 

(2.5 µM) or Hst2 (10 µM). Bars represent means ± SD of 2 donors. LL-37-treatment significantly (p < 

0.01) diminishes gene expression of all genes. C Online human neutrophil migration was assessed with 

fluorescent dye calcein-AM-labeled neutrophils that migrated through a 10 µm thick, 3 µm pore-sized 

filter for 30 min. C5a (10 nM) was used as a positive control. Bars represent means ± SD of 2 donors. *, 

p < 0.01 tested with 1-way ANOVA using donor as covariant.
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Discussion

In this study, we compared Hst2 with LL-37 on their activities regarding wound 

healing and innate immunity. Histatins seem to exert a specific function; they have 

a mild antimicrobial activity, they have no immune-modulating activity, but they 

do stimulate wound healing seemingly without affecting inflammation or fibrosis. 

Their role in the saliva thus seems straightforward, and is in conformation with the 

remarkable optimal wound healing without infection, inflammation, or scarification 

in the oral cavity that clinically is so appreciated. The function of LL-37 is a lot less 

clear-cut and in vitro dependable on concentration, cell type, and experimental 

setup. In our opinion, the bulk of its activities can be explained by different degrees 

of membrane disturbance.

 Neither peptide did affect fibroblast-to-myofibroblast differentiation, 

which suggests that they do not directly influence fibrotic activity in a wound. In 

contrast, Park et al. recently showed that, in a small concentration optimum (10-50 

nM), LL-37 suppresses collagen synthesis (14). We now exclude that LL-37 directly 

affect fibrosis development at higher concentrations. Indirectly however, LL-37 

enhances cytokine production which will attract immune cells such as macrophages. 

Macrophages in turn are capable of both secreting TGF-β
1
 and activating the inactive 

form of TGF- β
1
 that resides in the extracellular matrix (ECM) (34-36). Thus, there 

could be an increase of active TGF-β
1
 that induces myofibroblast differentiation 

(37), which could ultimately result in scar tissue formation. In addition, LL-37 was 

lethal for fibroblasts from 2.5 µM and at higher concentrations, whereas Hst2 was 

not cytotoxic at least up to 100 µM. It has been suggested for both peptides that 

their actual in vivo role is wound healing aiding. A comparative study such as this 

reveals that although LL-37 does promote some elements of wound healing, it also 

promotes activities that will aggravate proper wound healing. 

  It has been suggested that alike other AMPs such as defensins, LL-37 acts as 

an ‘alarmin’ for the immune system (38). This term is used as they recruit immune 

cells directly, and enhance expression of cytokines and chemokines, which in turn 

recruit immune cells. However, it is also demonstrated that LL-37 can dampen 

the immune response by binding LPS. We show that in gingival fibroblasts LL-37 

enhances IL-8 expression, and annihilates the immune response caused by LPS. 

Hst2 does not possess any of these characteristics. We also found that in our assay 

both Hst2 and LL-37 were unable to enhance neutrophil migration. For LL-37 it 

has been shown that it is an inducer of neutrophil migration, albeit not a potent one 

(27). The difference between literature and our results could be due to difference in 

technique which was used to determine neutrophil migration. In our assay system, 
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migration of all neutrophils is monitored on-line. In the cited studies the migration 

rate of the leading front is measured, representing the subpopulation of cells with 

the highest migration activity. In any case, the chemotactic activity of these peptides 

is very low, if any, compared to classic chemoattractants like C5a and fMLP. 

 Another interesting discussion point is the working mechanism for both 

peptides in the different activities. The antimicrobial activity seems relatively 

straightforward; there is a positive correlation between the ability to kill microbes 

and the net charge and amphipaticity of a peptide (39). This is in line with our 

finding that Hst2 is less potent than LL-37. We have shown that histatins stereo-

specifically enhance cell migration, likely via activation of a receptor and via 

established signaling pathways (7, 8, 40). The D-enantiomer of LL-37 however, is 

just as active on fibroblasts and epithelial cells (12, 41). This suggests that stereo 

a-specific membrane disturbance is the working mechanism for LL-37, albeit 

ultimately a trans-activated receptor is involved (12, 42). At higher concentrations 

of LL-37 a stronger membrane disturbance occurs that becomes cytotoxic, similar 

to its antimicrobial activity. This implies that most of LL-37 activities can be 

ascribed to its membrane disturbance. It raises questions how to implement these 

opposing activities for LL-37 function in vivo. The induction of neutrophil migration 

however, has been shown to act via direct activation of receptors (FPRL1, CXCR2) 

(26, 43), and this activation is stereo-specific (25). These activation properties can 

obviously not be attributed to the membrane-disruption model but rather to a 

specific receptor-mediated pro-inflammatory role.
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