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Abstract

Objective: Skin is a complex tissue whose health is modulated by multiple factors. 
Exposure to the environment causes damage to skin cells and skin tissue. Identification of 
factors that can improve skin cell function potentially can prevent or reverse skin aging. 
Fibroblast growth factors (FGFs) induce growth of skin cells and regulate multiple genes 
important for skin function. However, FGFs cannot penetrate skin and thus cannot be 
used as therapeutic factors. Methods: Here we tested three proline-containing tripeptides 
for their ability to induce skin cell growth, change gene expression within these cells, 
and protect cells from harmful agents. We also tested the ability of one peptide to 
penetrate skin, a prerequisite to influence skin cells in vivo. Results: We identified three 
short proline-containing tripeptides that increase both fibroblast and keratinocyte cell 
growth, increase the abundance of COL1A1 (collagen type 1) and AQP3 (aquaporin 3) 
mRNA transcripts and decrease IL6 (interleukin-6) transcripts, all features of improved 
skin health. These tripeptides, when used as a pretreatment, prevent an increase in the 
abundance of MMP1 (matrix metalloprotease 1), a biomarker of skin damage when these 
cells are treated with an aging compound. Finally, we show that one of these tripeptides 
can penetrate skin. Conclusions: Proline-containing tripeptides have properties that 
indicate they can be used to reduce or reverse skin damage.
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Highlights

● Short proline-containing tripeptides increase the proliferation rate of skin keratocyte and fibroblast cells.
● Proline-containing tripeptides modulate the expression of extra-cellular matrix, moisture-related, and inflammation-related genes 

in a skin fibroblast cell model.
● A short proline-containing tripeptide can penetrate skin tissue to target epidermal and dermal cells.
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1 INTRODUCTION

Skin is the largest organ of the human body and has an essential 
role in protecting the individual from the environment, includ-
ing biological, chemical, and physical injury, as well as radia-

tion exposure [1]. Over time, exposure to the external environ-
ment leads to the accumulation of damage within skin [2]. Skin 
tissue is complex and is made up of multiple sub-tissues (e.g., 
dermis and epidermis) and different cell types that have unique 
roles [1]. The outer layer of skin, the epidermis, is largely com-
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posed of keratinocytes, which produce keratin proteins that 
provide mechanical strength and much of the protective effect 
of the tissue [3]. Below the epidermis is the dermis, which is 
made up of many cell types, including fibroblasts that produce 
factors such as collagen that support the production of the 
extracellular matrix necessary for the health of this tissue [4]. 

Despite being a protective barrier, skin is permeable and allows 
some factors (e.g., chemicals and radiation) to cross the barrier, 
which can be either harmful or beneficial. However, constant 
exposure to the external environment results in damage that 
needs to be repaired before there is a weakening of barrier 
function, which would lead to reduced skin health [1, 2]. The 
health of skin tissue, and the cells that make up this tissue, is 
promoted by multiple protein factors that are produced both 
locally and at distant sites within the body [5]. The pharmaceu-
tical and cosmetic industries have exploited some of these fac-
tors to develop therapies and treatments to improve skin health 
[6-8]. Among these factors, fibroblast growth factors (FGFs) 
have been well studied and have been used to develop peptides 
to improve skin cell health [9-11]. Peptides designed to mimic 
FGFs, such as the canofins and the dekafins that are based on 
FGF protein sequences, interact with fibroblast growth factor 
receptors (FGFRs) to modulate FGF signaling [12, 13]. As short 
peptides have greater potential to penetrate skin, compared to 
full length proteins, they are more likely to be effective treat-
ments, thus, efforts have focused on designing minimal pep-
tide sequences that mimic FGF activity. An intriguing peptide 
is the dipeptide proline-isoleucine (Pro-Ile; PI), which was 
derived from a longer bacterial peptide [14]. This dipeptide has 
been shown to stimulate the growth of skin keratinocytes, 
where its action is mediated through FGFRs [15]. Protein-
protein interaction sites for FGF-FGFR binding have been 
identified, and these sites have been used to design FGF mim-
ics such as canofins and dekafins [10, 12, 13]. Of the identified 
FGF-FGFR interaction sites, only one of these, the β12 loop of 
FGFs, contains a proline residue that is conserved among the 
FGFs [10]. We hypothesized that other proline-containing pep-
tides could interact with this FGFRs to mimic FGF action to 
stimulate the growth of skin cells and modulate the function of 
these cells.

Here we characterize several short proline-containing tripep-
tides that potentially mimic the β12 loop of fibroblast growth 
factors. We tested their ability to simulate the growth of cell 
models of two major cell types of skin, fibroblast and keratino-
cyte skin and assess whether they could protect skin fibroblasts 
from aging. In addition, we assessed their ability to modulate 
the expression of key genes involved in beneficial skin cell 

properties such as moisture content (hydration) and inflamma-
tion. Our data show that some of these tripeptides stimulate the 
growth of cells and reduce senescence after exposure to agents 
that cause cell aging. In addition, some of these tripeptides 
induce increase the abundance of the type 1 collagen (COL1A1) 
transcripts, which encode an essential component of the healthy 
extracellular matrix. Some of these tripeptides also induce 
upregulation of key genes that affect skin health quality such as 
moisture content and inflammation. We also show that one of 
these tripeptides can penetrate skin tissue, thus potentially 
have the ability to act on keratocytes and fibroblasts within 
skin tissue to prevent and/or reverse environmental damage to 
skin cells and tissue.

2 MATERIALS AND METHODS

2.1 Reagents

Peptides were synthesized using solid phase organic synthesis 
technology by Leon (Nanjing) Biotechnology Co. We generat-
ed three proline containing tripeptides: NF1: acetyl-Gly-Pro-
Ile (acetyl-GPI); NF2: acetyl-Pro-Ile-Gly (acetyl-PIG); and 
NF3: acetyl-Pro-Gly-Ile (acetyl-PGI). We also synthesized a 
previously characterized proline-containing dipeptide acetyl-
Pro-Ile (acetyl-PI) and palmitoyl pentapeptide-4 to use as 
positive controls [15, 16]. All peptides, except palmitoyl tripep-
tide-1, were acetylated at their N-terminus. The purity of the 
synthesized peptides was assessed by high-performance liquid 
chromatography (HPLC), with all peptides being more than 
98% pure, and their molecular identify was confirmed by mass-
spectrometry (Table 1). The fibroblast growth factor receptor 
(FGFR) inhibitor PD173074 was purchased from Stem Cell 
Technologies Inc. (Cat #72164). Veliparib (a poly(ADP- 
ribose) polymerase (PARP) inhibitor) was purchased from 
MedChemExpress (Cat #HY-10129).

2.2 Cell proliferation assay

Human dermal fibroblast (HSF) and human keratinocyte 
(HaCaT) cells were obtained from the National Collection of 
Authenticated Cell Cultures (Shanghai, China), HSF and 
HaCaT cells were maintained in Dulbecco’s modified Eagle 
high-glucose media (DMEM, Life Technologies Inc., Cat 
#C11965500BT), containing 10% fetal bovine serum (FBS), 
100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were 
cultured at 37 °C under 5% CO2 with saturated humidity in  
an incubator. Cells growing in logarithmic phase (viability 
>95%) were used in the experiments. 

To assess cell proliferation, 6×104 (6,000) cells in a volume of 
100 μl were plated into wells of a 96-well plate in the above 
media and allowed to adhere overnight. The media was then 
replaced with DMEM with 0.5% FBS. Peptides at final concen-
trations of 0 (control), 25, 50, and 100 μg/ml were added, with 
6 replicates for each treatment and incubated for 48 h at 37 °C. 
Cell numbers were measured after 48 h using the CCK8 meth-

Table 1. Tripeptide sequences, molecular weight, and purity
Peptide Sequence Molecular weight Purity
NF1 Acetyl-Gly-Pro-Ile 327.20 99.15
NF2 Acetyl-Pro-Ile-Gly 327.20 98.42
NF3 Acetyl-Pro-Gly-Ile 327.20 99.95
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od (Cell Counting Kit-8; MedChemExpress, Cat # HY-K0301), 
where 10 μl of the CCK8 reagent was added to each well, incu-
bated at 37 °C for 1 h, and the absorbance (OD) measured at 450 
nm with a microplate reader. 

To assess the role of the FGF receptor pathway in the action of 
the tripeptides in HSF fibroblast cells, the FGF receptor inhibi-
tor PD173074, at final concentrations of 0, 8.33, 16.27, 33.33, 
100, 300, 600, and 1,200 nM, was added to culture media 
together with the tripeptides NF2 and NF3, at a final concentra-
tion of 100 μM, along with the control dipeptide acetyl-PI that 
had previously been shown to induce skin cell growth through 
the FGF receptor, and processed as described above except that 
the cells were grown for 72 h [15]. Cell numbers were mea-
sured using the CTG method, where 50 ml of CellTiter-Glo 
reagent (Promega Inc., Cat #G7570) was added to each well, 
mixed, and incubated at room temperature for 30 min. 
Chemiluminescence (RLU) values were measured with an 
Envision plate reader (Revvity Inc).

To measure the anti-aging effect of the tripeptides, cells were 
cultured in 12-well plates with 1 ml of cells at a density of 
1×105 per ml. After allowing the cells to adhere to the plates, 
media was replaced with DMEM with 0.5% FBS. Peptides at 
final concentrations of 0 (control) 10, 20, and 50 μg/ml were 
added, with 3 replicas of each treatment, and incubated for 24 
h. Culture media was then replaced with DMEM with 0.5% 
FBS and 10 or 20 μM veliparib and incubated for an additional 
24 h to induce senescence. Senescent cells were detected using 
a kit from Beyotime Biotechnology Co. (Cat #C0602). Culture 
media was aspirated, and cells were washed with PBS and 1 ml 
of β-gal fixative was added to each well and incubated for 15 
min at room temperature. Cells were then washed 3 times with 
PBS, with 1 ml of staining solution then added and allowed to 
incubate at 37 °C in the absence of CO2 for 12–24 h. Senescent 
cells were visualized under an optical microscope.

2.3 Real-time reverse transcriptase quantitative poly-
merase chain reaction (RT-qPCR)

To measure the influence of our tripeptides on the expression 
of genes, cells were cultured as above at a density of 2.5×105 

cells per well in a 6-well plate, with 2 ml of cells for HSF and 
3 ml of cells for HaCaT. After 48 h of culture with tripeptides, 
cells were lysed by the Trizol method, with chloroform ex- 
traction and RNA precipitation with isopropanol. RNA was 
dissolved in RNAse-free water, and the concentration and 
purity were assessed using a UV spectrophotometer. 1 μg of 
RNA was used as template for reverse transcription using  
a RT Master Mix for qPCR (gDNA digester plus) kit 
(MedChemExpress, Cat #HY-K0511). Quantitative PCR was 
conducted using in a 20 μl reaction volume that included 10 μl 
of 2 X SYBR Green Master Mix (Tiangen Biotech (Beijing) 
Co., Cat #FP205), 0.3 μM (0.6 μL) each primer (see Table 2 
for primers), 2 μl (~50–100 ng) of cDNA and 6.8 μL ddH2O. 
Reaction conditions included an initial denaturation at 95 °C 
for 30 seconds followed by 40 cycles of 95 °C for 5 seconds 
and 60 °C for 30 seconds on a LightCycler® 480 II (Roche). 
Primer specificity was verified by melting curve analysis and 
the relative expression level of the transcripts was assessed 
using the 2-ΔΔCt method, with Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) used as an internal reference [17].

2.4 Epidermis permeability assay

Fluorescein Isothiocyanate (FITC)-labeled NF3 was synthe-
sized by GL Biochem (Shanghai) Ltd. The permeability of 
FITC-labeled tripeptide was tested using pig skin obtained 
from Aperture Biotechnology (Shandong) Co. (Cat # TPSY-22). 
Briefly, labeled tripeptide was applied to the top of skin in a 
diffusion pate, incubated at 32 °C for 24 h, with samples of  
the lower media reservoir sampled at 1, 2, 4, 8 and 24 h (with 
replacement with an equal volume of fresh media). The fluo-
rescence of the sampled media was assessed using a 
spectrophotometer. 

2.5 Statistical analysis

All data are presented as mean ±  standard error (SE). 
Statistical analyses were performed using unpaired t-tests. 
t-tests were conducted using the “T test calculator” provided at 
https://www.graphpad.com/quickcalcs/ttest1/?format=c. P val-
ues of <0.05 was considered as statistically significant.

Table 2. Sequences of primers used for RT-qPCR
Gene Upstream primer (5’-3’) Downstream primer (5’-3’)
COL1A1 TGGCAAAGAAGGCGGCAAAGG AGGAGCACCAGCAGGACCATC
HAS2 TTTGGGTGTGTTCAGTGCAT TAAGGCAGCTGGCAAAAGAT
AQP3 CACACGATAAGGGAGGCTGT CCCTCATCCTGGTGATGTTT
IL1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
IL6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
TNF GGGATCAGCTCCGTGGATCT TGCACTTTGGTACTCTTGAAGTT
GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAATG
Note: RT-qPCR, reverse transcriptase real-time quantitative PCR; COL1A1, type 1 collagen; HAS2, hyaluronic acid synthase 2; AQP3, aquaporin 
3; IL1B, interleukin 1-beta; IL6, interleukin 6; TNF, tumor necrosis factor-alpha; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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3 RESULTS

3.1 Proline-containing tripeptides promote skin keratinocyte 
and fibroblast cell growth

Previous studies have shown that some short peptides stimulate 
the growth of skin fibroblast and keratinocyte cells [14, 15, 18]. 
Here we tested 3 proline-containing tripeptides (NF1 (acetyl-
GPI), NF2 (acetyl-PIG), and NF3 (acetyl-PGI)) for their effect 
on the proliferation of HSF cells, a skin fibroblast cell model, 
and HaCaT cells, a skin keratinocyte cell model [19, 20]. As 
shown in Figure 1A-C all three proline-containing tripeptides 
increased the proliferation of HSF fibroblast cells, with NF1 
yielding the greatest significant increase in proliferation at the 
highest concentration (100 μg/ml), NF2 having a concentra-
tion-dependent response, and NF3 having a maximal signifi-
cant response at an intermediate concentration (50 μg/ml). 
With HaCaT keratinocyte cells, NF1 (Figure 1D) failed to 
induce a significant increase in proliferation however, tripep-
tides NF2 (Figure 1E) and NF3 (Figure 1F) significantly 
increase proliferation, with NF2 having the largest increase. 
The effects of the three tripeptides on the two cell lines were 
unique, with NF1 having the largest increase, seen in HSF 
cells, of any tripeptide in either cell line, yet resulting in no 
increase in proliferation of HaCaT cells. NF2 caused a larger 
increase in HaCaT cells than in HSF cells (compare Figure 1B, 
1E). NF3 increased proliferation only at an intermediate con-
centration (50 μg) in HSF cells (Figure 1C) and had a moder-
ate effect on HaCaT cells (Figure 1F). These results suggest 

that the proline-containing tripeptides NF1, NF2, and NF3 
increase the proliferation of skin cells, both fibroblast and 
keratinocytes, but that they have variable and unique effects.

3.2 FGF receptor activity inhibitors block the growth 
prompting action of the proline-containing tripeptides on 
skin fibroblast cells

Skin fibroblast cell proliferation can be regulated through the 
FGF receptor signaling pathway, as has been shown for some 
short peptides, e.g., dipeptide acetyl-Pro-Ile [11, 15]. To deter-
mine whether our tripeptides also induce proliferation through 
the FGF receptor pathway we tested two of our tripeptides 
(NF2 and NF3) with increasing doses of a FGF receptor path-
way inhibitor, PD173074. As shown in Figure 2, at low con-
centrations of the PD173074 FGF receptor inhibitor (8.33 and 
16.67 nM) tripeptides NF2 and NF3, along with the positive 
control dipeptide acetyl-Pro-Ile increase proliferation of HSF 
fibroblast cells, but at higher concentrations of the inhibitor 
PD173074 the increase in proliferation rates is abolished. These 
results suggest that the tripeptides NF2 and NF3 at least par-
tially act through the FGF-receptor signaling pathway.

3.3 Proline-containing tripeptides upregulate the abun-
dance of type I collagen (COL1A1) mRNA transcripts in 
skin cells

Collagen is an important protein component of skin, providing 
strength and elasticity [21]. To determine whether our tripep-

Figure 1. Modulation of cell growth by proline-containing tripeptides on HSF fibroblast and HaCaT keratinocyte cells. Serum-starved 
HSF (A-C) and HaCaT (D-F) cells were stimulated for 48 h with peptides at the indicated concentrations. Cell numbers were evaluated using a 
CCK-8 kit. (A, D) Tripeptide NF1 (acetyl-GPI); (B, E) Tripeptide NF2 (acetyl-PIG); (C, F) Tripeptide NF3 (acetyl-PGI). Control are cells treated 
without peptides. Height of the bars represent means with standard error (SE) shown. All experiments were repeated at least twice with similar 
results. Significant differences compared to the control are indicated by *P<0.05 and **P<0.01. HSF, human skin fibroblast; HaCaT, human kera-
tinocyte cell line; CCK-8, Cell Counting Kit-8; NF1, acetyl-Gly-Pro-Ile; NF2, acetyl-Pro-Ile-Gly; NF3, acetyl-Pro-Gly-Ile.
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Figure 2. Fibroblast growth factor receptor (FGFR) inhibitor PD173074 blocks 
the action of proline-containing tripeptides on HSF fibroblast cell growth. Serum 
starved HSF fibroblast cells were stimulated for 72 h with 100 μg/ml of the indicated 
peptides together with the indicated concentrations of the FGFR inhibitor PD173074. 
Cell numbers were evaluated using the CTG method. Peptides tested included acetyl-
Pro-Ile (acetyl-PI), a dipeptide known to stimulate growth through the FGFR pathway, 
tripeptides NF2 (acetyl-PIG) and NF3 (acetyl-PGI), with Control being no added pep-
tide. Height of the bars represent means with SE shown. All experiments were repeated 
at least twice with similar results. HSF, human skin fibroblast; FGFR, fibroblast growth 
factor receptor; CTG, CellTiter-Glo; NF2, acetyl-Pro-Ile-Gly; NF3, acetyl-Pro-Gly-Ile; 
PI, proline-isoleucine (dipeptide).

Figure 3. Tripeptide NF1 increases COL1A1 (type 1 collagen) mRNA abundance in 
HSF fibroblast cells. Serum-starved HSF fibroblast cells were stimulated for 48 h with 
the indicated peptides. RNA was then extracted from the cells, and COL1A1 mRNA 
abundance was assessed by RT-qPCR. (A) Tripeptide NF1 (acetyl-GPI); (B) Tripeptide 
NF2 (acetyl-PIG); (C) Tripeptide NF3 (acetyl-PGI); (D) Dipeptide acetyl-Pro-Ile (acetyl-
PI). Control are cells not treated with peptides. Height of the bars represent means with 
SE shown. All experiments were repeated at least twice with similar results. Significant 
differences compared to the control are indicated by *P<0.05. HSF, human skin fibro-
blast; COL1A1, type 1 collagen; RT-qPCR, reverse transcriptase real-time quantitative 
PCR; PI, proline-isoleucine (dipeptide). 

shown in Figure 3A tripeptide NF1 signifi-
cantly increased COL1A1 mRNA abundance, 
with mRNA abundance approximately dou-
bling. Tripeptide NF3 yielding about a 20% 
increase (Figure 3C), which was not signifi-
cant, while tripeptide NF2 resulted in no 
increase (Figure 3B). The dipeptide acetyl-
Pro-Ile did not increase COL1A1 mRNA 
abundance, instead, produced to a significant 
decrease in mRNA abundance (Figure 3D). 
The increase in COL1A1 mRNA abundance 
due to tripeptide NF1 was greater than this tri-
peptide’s impact on cell proliferation (Figure 
1A), thus we conclude that there was an increase 
in COL1A1 mRNA number per cell. For tri-
peptide NF3, the increase in COL1A1 mRNA 
abundance was similar to fold change in cell 
proliferation (Figure 1C), thus the change in 
COL1A1 mRNA abundance may simply be 
due to an increase in cell number. From this 
experiment we concluded that exposure to tri-
peptide NF1 increases COL1A1 mRNA abun-
dance in HSF skin fibroblast cells.

3.4 Proline-containing tripeptides upregu-
late the abundance of moisture-related and 
inflammation-related gene mRNAs in skin 
fibroblast cells

Changes in the mRNA abundance of addition-
al genes in the skin cells influence skin proper-
ties such as moisture content (hydration) and 
inflammation, with fibroblasts playing a key 
role in these processes [22, 23]. To examine 
this, we used reverse transcriptase real-time 
quantitative PCR (RT-qPCR) to quantify the 
transcript abundance of 2 genes associated 
with moisture content of skin, HAS2 (hyal-
uronic acid synthetase 2) and AQP3 (aquaporin 
3), and 3 genes associated with inflammation, 
IL1B (interleukin 1 beta), IL6 (interleukin 6), 
and TNF (tumor necrosis factor–alpha) in HSF 
skin fibroblast cells. As shown in Figure 4, tri-
peptides NF1 and NF3 induce a modest, but 
not significant, increase in the abundance of 
the HAS2 transcript (Figure 4A). Tripeptide 
NF2 generated an approximately 7-fold signifi-
cant increase in AQP3 transcript abundance, 
with more modest, and not significant, increas-
es seen with tripeptides NF1 and NF3 (Figure 
4B). The significant 7-fold increase in AQP3 
transcript abundance with tripeptide NF2 far 

tides increase the abundance of the type I collagen (COL1A1) 
mRNA we used reverse transcriptase real-time quantitative 
PCR (RT-qPCR) in HSF skin fibroblast cells (Figure 3). As 

exceeded the increase in cell numbers. The tripeptides gener-
ally reduced the abundance of inflammation-related gene tran-
scripts, with greatest reductions (significant with P<0.01) seen 
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for IL6 when exposed to tripeptides NF1 and NF3 (Figure 
4C-E). Modest, non-significant, down regulation of IL1B 
mRNA abundance, with tripeptide NF3 having the strongest 
effect (Figure 4C), and TNF mRNA (Figure 4E), with all tri-
peptides having a similar effect, was observed. For IL6, tripep-
tide NF3 had the strongest effect, with tripeptide NF2 leading 
the smallest down regulation (both significant, P<0.01; Figure 
4D). These results show that each proline-containing tripeptide 
has a unique effect on the expression of genes associated with 
moisture content and inflammation. 

3.5 Proline-containing tripeptides reverse the effect of ag-
ing on gene expression in skin cells

Skin ages, and the environment can induce premature aging 
[2]. We tested whether our proline-containing tripeptides could 
reduce or reverse the aging phenotype of fibroblast cells. HSF 
fibroblast cells were pretreated for 24 h with our tripeptides 

FITC-labeled NF3 after incubation for 8 or more hours. Even 
after 24 hours the pig skin retained its integrity. This result 
suggests that short proline-containing tripeptides potentially 
can penetrate skin and thus may act on keratinocytes and fibro-
blasts within the epidermis and dermis.

4 DISCUSSION

Fibroblast growth factors (FGFs) are important regulators of 
cell growth in multiple human tissues, including skin, and have 
been considered as a therapy to treat skin tissue damage [9, 
25-28]. Several FGF proteins are known to be expressed in skin 
tissue to modulate cell growth and tissue repair [9, 26]. FGF7 is 
used as a therapy to treat skin burns and wounds, but this is 
only possible as this large protein has access to the damaged 
tissue [28]. For other types of skin damage, such as aging, ther-
apies with intact FGF proteins are not possible as the cells that 
need to be targeted as protected by other skin cells, which pre-

Figure 4. Effects of proline-containing tripeptides on the expression of moisture-re-
lated and immune-related genes in HSF fibroblast cells. Serum-starved HSF fibroblast 
cells were stimulated for 48 h with the tripeptides NF1 (acetyl-GPI), NF2 (acetyl-PIG), 
and NF3 (acetyl-PGI). RNA was then extracted from the cells, and mRNA abundance 
was assessed by RT-qPCR. (A) HAS2, hyaluronic acid synthase 2; (B) AQP3, aquaporin 
3; (C) IL1B, interleukin 1-beta; (D) IL6, interleukin 6; (E) TNF, tumor necrosis factor-
alpha. Control are cells not treated with peptides. Height of the bars represent means with 
SE shown. All experiments were repeated at least twice with similar results. Significant 
differences compared to the control are indicated by *P<0.05 and **P<0.01. HSF, human 
skin fibroblast; HAS2, hyaluronic acid synthase 2; AQP3, aquaporin 3; IL1B, interleukin 
1-beta; IL6, interleukin 6; TNF, tumor necrosis factor-alpha; RT-qPCR, Reverse tran-
scriptase real-time quantitative PCR.

prior to treatment with the aging agent 
Veliparib, which mimics the effects of aging, 
for an additional 24 h [24]. As shown in Figure 
5, pretreatment with all tripeptides dose-
dependently reduced the number of senescent 
cells, when cells were treated with Veliparib at 
both 10 μM and 20 μM. These results suggest 
that our proline-containing tripeptides can 
protect skin fibroblast cells from the aging 
effects of Veliparib.

To better understand how the tripeptides pro-
tect the skin cells from aging, we examined 
MMP1 (matrix metalloprotease 1) gene ex- 
pression (Figure 6). Veliparib induces a sig-
nificant increase in MMP1 mRNA abundance. 
Tripeptide NF3 was found to significantly 
restore basal levels of MMP1 gene expression, 
reversing the effects of Veliparib, in contrast to 
tripeptide NF2, which did not reduce MMP1 
mRNA abundance. These results indicate that 
the proline-containing NF3 may prevent the 
harmful effects of Veliparib on HSF fibroblast 
cells.

3.6 A proline-containing tripeptide can 
penetrate the epidermis in a pig skin model

Since skin acts as a barrier to prevent many 
compounds from entering an individual, we 
sought to determine whether one of our short 
proline-containing tripeptides could penetrate 
skin [1]. Here we tested the ability of FITC-
labelled NF3 to penetrate skin using a pig skin 
model. As shown in Figure 7, increased 
amounts of FITC-label could be detected in 
the lower receiver media of skin treated with 
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Figure 5. Proline-containing tripeptides reduce senescence in HSF fibroblast cells treated with an aging compound. Serum-starved HSF 
cells were pretreated for 24 h with the indicated peptides (NF2 (acetyl-PIG) and NF3 (acetyl-PGI)) at the indicated concentrations prior to 
treatment with the aging compound Veliparib (at 10 and 20 μM) for 24 h. Acetyl-PI (acetyl-Pro-Ile) and Palmitoyl Pentapeptide-4 are positive 
controls. Senescent cells were stained and visualized under an optical microscope with 20× magnification. Top panel shows control with differ-
ent concentrations of Veliparib. Blank has no Veliparib. The bar below the 20 μM control indicates 20 microns. HSF, human skin fibroblast; PI, 
proline-isoleucine (dipeptide).
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vent large molecules from penetrating into the tissue [29]. 
Great efforts have been made to identify small molecules, and 
improved methods that allow molecules to penetrate skin, to 
deliver therapeutic or cosmetic benefits [29, 30]. A potential 
solution to this problem is to identify short peptides that mimic 

Figure 6. Tripeptide NF3 reverses the effect of aging on MMP1 
(matrix metalloprotease 1) gene expression in HSF fibroblast 
cells. Serum-starved HSF cells were pretreated for 24 h with NF2 
(acetyl-PIG) and NF3 (acetyl-PGI) prior to treatment with the aging 
compound Veliparib (20 μM) for 24 h. Acetyl-PI is acetyl-Pro-Ile. 
RNA was then extracted from the cells and MMP1 mRNA abundance 
was assessed by RT-qPCR. Height of the bars represent means with 
SE shown. All experiments were repeated at least twice with similar 
results. Asterisk (*) indicates a significant difference (P<0.05) com-
pared to the control, while the number symbol (#) indicates a sig-
nificant reduction (P<0.05) compared to treatment with Veliparib (20 
μM) alone for 24 h. HSF, human skin fibroblast; MMP1, matrix me-
talloprotease 1; PI, proline-isoleucine (dipeptide); RT-qPCR, reverse 
transcriptase real-time quantitative PCR.

the action of larger molecules. This has been accomplished by 
testing a diversity of peptide starting materials [e.g., 14] or by 
more directed studies designing peptides derived from these 
larger proteins [12]. 

FGF proteins exert their effect on cells by binding to fibroblast 
growth factor receptors (FGFRs) [9]. Studies have identified 
amino acid residues in both FGFs and FGFRs that are respon-
sible for ligand-receptor binding [9, 10]. With the identification 
of these amino acid residues several groups have synthesized 
peptides that correspond to these sites, such as canofins, which 
are 8–11 amino acids long, and the dekafins, which are 14 
amino acids long, to determine whether these peptides can 
induce receptor signaling [11-13]. While some of these peptides 
function to mimic FGF activity they are still too long (8–14 
amino acids) to penetrate skin [12, 13]. Alternative approaches 
identified a short peptide (GPIGS), which was derived from a 
bacterial source that promotes keratinocyte growth [14]. 
Subsequent studies showed that a short dipeptide, Ile-Pro, 
derived from this sequence retains keratinocyte growth-pro-
moting activity that mimics FGF and is skin permeable [15]. 
Comparison of this dipeptide sequence to known interaction 
sites between FGFs and FGFRs suggests that a conserved pro-
line residue in the FGF sequences adjacent to the β12 loop 
could be part of an FGF-FGFR binding site [13]. This observa-
tion suggested to us that the β12 loop might be a promising 
therapeutic candidate for developing skin permeable proline-
containing tripeptides to modulate FGFR activity in skin 
tissue.

Here, we characterize several proline-containing tripeptides 
and show that all three of our tripeptides induce proliferation 
of skin cell models, with NF1 and NF3 promoting HSF skin 
fibroblast cell growth and NF2 and NF3 promoting cellular 
proliferation of the HaCaT skin keratocytes (Figure 1). These 
results are in accord with those reported for other larger pep-
tides derived from FGF sequences [12, 13]. When we used an 
inhibitor of FGF signaling (PD173074) we impaired the abili-
ty of skin HSF fibroblast cells to increase their growth rates in 
response to our proline-containing tripeptides (Figure 2). 
However, we did not show, e.g., by Western blot of downstream 
effectors, that our peptides impair FGFR signaling. This result 
suggests that our proline-containing tripeptides act, at least 
partially, the through the FGF signaling pathway, potentially 
by mimicking the β12 loop of FGF to bind and activate FGFRs. 
Further studies are needed to confirm the identify of specific 
FGFRs involved in this process, and the specific sites within 
the receptors mediating this effect.

While cell growth is important, we sought to determine wheth-
er our proline-containing tripeptides also influence other phe-
notypes of skin cells that might be beneficial for skin tissue. 
Collagen, which is synthesized by skin fibroblast cells, is an 
essential component of the extracellular matrix of skin tissue 
and is necessary for skin tissue function [31]. We found that 

Figure 7. Transdermal penetration of the proline-containing tri-
peptide NF3 in a pig skin model. Transdermal penetration was as-
sayed at 1, 2, 4, 8, and 24 h after application of FITC-labeled NF3 
(acetyl-PGI) to pig skin in an epidermis permeability assay. FITC-
labeled peptide NF3 was applied to the upper surface of pig skin cells 
in a transdermal assay. Media in the lower receiver chamber was 
sampled after 1, 2, 4, 8 and 24 h of incubation. Control is FITC. FITC, 
fluorescein isothiocyanate.
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only one of our three proline-containing tripeptides, NF1, 
induced a significant increase in COL1A1 mRNA abundance, 
and likely collagen protein production, in skin HSF fibroblast 
cells (Figure 3). The increase in COL1A1 mRNA abundance 
with tripeptide NF1 (Figure 3) was much larger than the 
increased cell proliferation (Figure 1), thus we conclude that 
NF1 caused an upregulation of COL1A1 mRNA in skin HSF 
fibroblast cells. In contrast, the dipeptide PI, which previously 
was shown to induce keratinocyte growth and act through 
FGFRs significantly decreased COL1A1 mRNA abundance 
(Figure 3), a property that is not beneficial for skin repair [15]. 

Healthy skin contains water that increases the volume of skin 
tissue and reduces the appearance of wrinkles [32]. As skin 
ages or is injured, it loses its ability to hold water and wrinkles 
develop [33]. When fibroblast cells were treated with our pro-
line containing tripeptides, only modest increases in HAS2 
mRNA abundance were observed, however a significant seven-
fold increase in AQP3 mRNA abundance was seen with the 
tripeptide NF2 (Figure 4A, 4B). Previous work has shown that 
AQP3 gene expression is regulated by FGF2 in breast cancer, 
thus our results are not unprecedented and suggest that the 
regulation of aquaporin genes by FGFs may be more wide-
spread [34]. AQP3 encodes a water transporter, thus increased 
AQP3 mRNA levels should increase AQP3 transporter levels 
and thus increase water uptake by fibroblast cells [35]. Increased 
water uptake by fibroblast cells should increase their volume, 
along with skin tissue volume, and potentially reduce skin 
wrinkling.

An important function of skin is to act as a barrier to prevent 
infection [32, 36]. As skin ages, this barrier function weakens, 
allowing the entry of molecules that induce immune responses 
such as inflammation [37]. Inflamed skin is not healthy skin. 
Much of the inflammation is due to immune cell responses to 
factors, such as interleukins, secreted by skin cells [38]. When 
skin HSF fibroblast cells were treated with our three proline-
containing tripeptides, modest reduction in the abundance of 
IL1B and TNF mRNA transcripts were seen with all three tri-
peptides, and more importantly a large significant reduction 
in IL6 transcript levels was observed (Figure 4C-E). This 
result parallels the observation that FGF-2 can decrease the 
production of interleukin-6 [37]. The downregulation of the 
three immune related transcripts that we examined should 
lead to reduced production of these pro-inflammatory cyto-
kines and thus reduced inflammation of skin, and improved 
appearance.

Therapies that treat skin conditions are useful, but preventa-
tive agents might be better for skin health [36, 37]. Matrix 
metalloprotease abundance increases with skin damaging and 
aging, thus can be used as a biomarker [39]. Our experiments 
show that pre-treating skin HSF fibroblast cells with our pro-
line-containing tripeptides reduce senescence of cells when 
treated with an aging compound Veliparib (Figure 5), and at 

least one of them, NF3, significantly reduces the abundance of 
MMP1 mRNA, a biomarker of aging, in these cells (Figure 6).

A limitation of many potential therapeutic agents for improv-
ing skin health is that they cannot be effectively delivered to 
skin cells due to their size or hydrophobicity [29, 30]. Small and 
hydrophobic molecules have greater potential to penetrate skin 
[29, 30]. Previous work has shown that some short peptides, 
with lipid modifications can penetrate skin, and thus target 
cells within the epidermis and dermis [15]. We assessed the 
potential of one of our tripeptides to penetrate skin using a 
transdermal assay. As shown in Figure 7, one of our tripep-
tides was seen to pass through skin and accumulate on the 
other side of a transdermal assay. The greatest increase is seen 
at 24 h, with a small increase at 8 h, indicating that stable mol-
ecules need to be used for this type of therapy. We suspect that 
the accumulation of the FITC label is due to passive diffusion 
as we have no evidence for active transport. However, further 
studies are needed to confirm the generality of the potential of 
short proline-containing peptides to penetrate skin, and the 
mechanism by which they do so.

In conclusion, this work shows that some of our proline-con-
taining tripeptides possess properties that are beneficial for 
skin health. They promote the growth of both keratinocyte and 
fibroblast cells, properties that have been found in other FGF 
mimetics, and that this action is mediated at least in part 
through FGFRs. The tripeptides also increase the abundance 
of extracellular matrix and moisture related gene transcripts, 
and suppress transcripts for pro-inflammatory molecules, pro-
cesses that are also regulated by FGFs. The tripeptides also 
suppress senescence, and act as preventative agents to block 
damage. Importantly, unlike longer FGF mimetics, we showed 
that one of our short tripeptides can penetrate skin, thus target 
the cells required to improve skin biology. No single proline-
containing tripeptide possessed all of the desirable properties, 
but an effective therapy to improve skin health may be devel-
oped using a mixture of these tripeptides.
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