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Abstract: Plasmin is a serine protease induced by UV-irradiation in skin that contributes to inflamma-
tion. We showed that plasmin is upregulated in photo-exposed facial skin and that this correlates
with increased transepidermal water loss (TEWL). Plasmin activity upregulates downstream path-
ways such as pro-inflammatory cytokines and matrix-metalloproteinases (MMPs). In addition, the
plasminogen system modulates cutaneous melanogenesis. In this study, we investigated potential
skin-aging effects of plasmin with a dual inhibitor of plasmin and its activator urokinase (uPA). We
established a range of in vitro and ex vivo assays to investigate inflammation, MMP-9 activation,
and collagen modulation, and the melanogenesis modulation activity of plasmin. A specific plasmin
inhibitor, Amidinobenzyl Benzylsulfonyl D-Seryl Homophenylalaninamide Acetate (ABSHA), was
used in these assays to downregulate these effects. We found that ABSHA was able to down-regulate
UV-irradiation-induced MMP-9 expression, and subsequent collagen IV degradation, ex vivo. In
addition, the increased melanin synthesis in epidermal melanocytes was reduced significantly by AB-
SHA. Furthermore, dermal fibroblasts treated with the plasmin inhibitor showed increased collagen
I synthesis. We further investigated these effects in a two-month, monocentric, placebo-controlled
human study on female Chinese volunteers. We found a significant increase in collagen density by
ultrasound measurement and an increase in elasticity by cutometer assessment in the group using a
formulation consisting of a 10 ppm ABSHA solution. This resulted in decreased wrinkle volumes on
both the forehead and crow’s feet as shown by Primos CR. Looking at age spots, there was a decrease
in overall ITA◦ and melanin density as well as in the total age spot area. Our results establish plasmin
as a skin-aging enzyme. Using specific inhibitors against plasmin shows promise against age-induced
skin conditions.

Keywords: plasmin; skin; aging; Amidinobenzyl Benzylsulfonyl D-Seryl Homophenylalaninamide
Acetate; tranexamic acid

1. Introduction

Plasmin is a serine protease expressed as a precursor molecule called plasminogen,
which, upon cleavage by the urokinase-type plasminogen activator (urokinase, uPA), be-
comes the active enzyme plasmin [1]. The activity of uPA is regulated by plasminogen
activator inhibitors (PAI) [2]. Plasminflammation denotes a recently described systemic
mechanism in which plasminogen/plasmin contribute to bradykinin-mediated inflam-
matory events [3]. It has been shown that tranexamic acid, an inhibitor of the conver-
sion of plasminogen to plasmin, inhibited inflammation via, e.g., the inhibition of pro-
inflammatory cytokines such as IL-1beta, IL-6, or TNFalpha in rats [4–6], corroborating the
plasminflammation concept on an additional level.

Plasminogen and uPA are expressed and activated in skin cells [7–9]. More specifically,
plasmin, or plasminogen, has been localized to the terminally differentiated layers of the
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epidermis [10]. Expression has been shown to be elevated in photo-exposed skin such
as the face, in low pigmented skin, and this correlated with increased TEWL [11–13]. In
a one-month study on female Caucasian volunteers, the inhibition of plasmin and uPA
by a dual inhibitor, Amidinobenzyl Benzylsulfonyl D-Seryl Homophenylalaninamide
Acetate (ABSHA), showed a decrease in TEWL and thus increased skin barrier strength as
elucidated by a specific tape stripping protocol, as well as reducing stinging perception [14].
In vitro, the expression and activity of both plasmin and urokinase could be upregulated
by the pro-inflammatory cytokines TNFalpha and IL-1beta [15], leading to the expression
of, e.g., IL-8 and CXCL5, as well as MMP-9 [14]. These effects were downregulated by
ABSHA [14]. These findings provided evidence that the plasminogen/plasmin system
orchestrates inflammation and associated events in the epidermis. It is thus assumed
that inhibiting this plasminflammation in skin contributes significantly to the overall
homeostasis and health of the skin.

Skin aging is a chronological process driven by both intrinsic and extrinsic fac-
tors [16,17]. Among the extrinsic factors, environmental triggers such as solar radiation,
air pollution, and temperature were identified as contributing significantly to and accel-
erating intrinsically driven skin aging [18]. Visible signs of skin aging, particularly in
the face, range from fine lines and deep wrinkles to loose and sagging skin with mottled
hyperpigmentation or age spots [19]. On a molecular level, inflammation and oxidative
stress trigger the activation of enzymes such as matrix metalloproteinases (MMPs) [20].
MMPs degrade extracellular matrix proteins such as collagens and elastic fibers [21]. More
specifically, the degradation of collagen I and collagen III by MMP-1 was identified as one
of the major events in skin aging leading to the formation of wrinkles [22,23]. In addition,
the degradation of elastic fibers by elastases like MMP-12, neprilysin, or leukocyte-derived
elastase leads to sagging skin deprived of elasticity [24,25]. Moreover, the activation of
MMP-9 leads to the degradation of its main target, collagen IV [26,27]. Collagen IV is
a major component of the lamina densa in the dermal–epidermal junction [28–30]. Its
degradation is age-dependent and accelerated in photo-exposed skin, contributing to wrin-
kles and sagging [31–33]. Hence, protecting skin from the detrimental effects of MMPs or
replenishing skin with extracellular matrix components is thought to slow down cutaneous
age progression. As an example, hydrolyzed collagen was shown to be effective in reducing
signs of skin aging such as skin dryness, laxity, and wrinkles by improving the collagen
fiber structure in the dermis (reviewed in [34]).

Evidence for activities of plasmin beyond inflammation has come from studies with
tranexamic acid, a uPA inhibitor, showing for example that it is able to restore collagen I loss
and ameliorate wrinkles in mice suffering from dryness [35] and natural skin aging [36].
The same research group also reported that tranexamic acid increased the life span of
mice, and they measured decreased blood levels of pro-inflammatory cytokines, reactive
oxygen species, and MMP-9 in the presence of tranexamic acid, suggesting a role for the
plasminogen system in aging [37]. Furthermore, plasmin was found to induce laminin
5 degradation and impair assembly of the basal membrane in skin-equivalents [38]. The
UVA-induced degradation of collagen I and fibrillin-1 fibers in normal human fibroblasts
was inhibited by tranexamic acid [39].

Tranexamic acid has also been used for the treatment of melasma, a cutaneous pig-
ment disorder [40]. Indeed, it has been shown that the plasminogen system increased
melanogenesis in skin, and that tranexamic acid was able to inhibit tyrosinase activity in
human epidermal melanocytes treated with conditioned keratinocyte medium containing
uPA [41].

Overall, the available data suggest plasmin to be a gateway of both inflammation and
aging, making it a target for the treatment of both “plasminflammation”, as previously
postulated, and “plasminaging”. In the presented study, we further investigated the
cutaneous aging-related activities of plasmin and drew a link from plasminflammation to
plasminaging in human skin, both in vitro and in vivo.
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2. Materials and Methods
2.1. Peptide ABSHA

Origin and synthesis of peptide ABSHA, the dual inhibitor of plasmin and urokinase,
is proprietary to dsm-firmenich, and was described previously by Voegeli et al. [14].

2.2. MMP-9 Upregulation and Collagen IV Degradation Ex Vivo

This experiment was conducted at Laboratoire Bio-EC, Longjumeau, France. A circular
skin explant from human abdominal plastic surgery (female, Caucasian, 49 years, phototype
II, with a diameter of 12 ± 1 mm) was prepared. Explants were acquired according to
Declaration of Helsinki guidelines and article L.1243-4 of the French Public Health Code.
Tissues were equilibrated at 37 ◦C in a humidified CO2 atmosphere. Explants were cultured
for seven days. On days 0 (D0), 1, 2, 5, and 6, explants were placed in Hank’s Balanced
Saline Solution (HBSS) and irradiated (except for non-irradiated controls) using a UV
simulator RMX 3W (Vilbert Lourmat, Marne-la-Vallée, France), with 4.5 J/cm2 UV-A
corresponding to 1 minimal erythemal dose (1 MED) on a phototype II skin. At the
end of irradiation, explants were again put into culture medium and further incubated.
Where applicable, 2 µL (equals 2 mg/cm2) test peptide ABSHA or vehicle (DMSO/water
50/50 v/v) was applied topically onto the explants on the same days that irradiation took
place. Culture medium was half renewed on days 2 and 5. For harvesting, samples were cut
in half and either formalin-fixed or frozen at −80 ◦C. Formalin-fixed samples were further
dehydrated and impregnated in paraffin using a Leica PEARL dehydration automat. The
samples were embedded using a Leica EG 1160 embedding station. Sections that were
5 µm-thick (for MMP-9 staining) were made using a Leica RM 2125 Minot-type microtome
and mounted on Superfrost® histological glass slides. The frozen samples (for collagen
IV staining) were cut at 7 µm thickness with a Leica CM 3050 cryostat (Leica Biosystems,
Deer Park, IL, USA). The sections were then mounted on silanized glass slides (Superfrost®

Plus, Fisher Scientific, Waltham, MA, USA). The microscopical observations were made
using a Leica DMLB (Leica Microsystems, Wetzlar, Germany) or an Olympus BX43 or BX63
microscope (Olympus, Tokyo, Japan). Pictures were digitized with a numeric DP72 or DP74
Olympus camera with CellSens storing software version 4.1 (Evident Corp., Tokyo, Japan).

The cell viability of the epidermal and dermal structures was monitored on formalin-
fixed paraffin-embedded (FFPE) skin sections following Masson’s trichrome staining pro-
cedure, Goldner variant. Viability was assessed by microscopy. MMP-9 immunostaining
was carried out on FFPE skin sections with a polyclonal rabbit anti-human MMP-9 anti-
body (Novus Biologicals, Minneapolis, MN, USA, reference NB600-1217) diluted at 1:50
in PBS–BSA 0.3%, incubated over night at room temperature, using Vectastain Kit Vector
amplifier system avidin/biotin, and revealed by VIP (Vector laboratories, Newark, CA,
USA, reference SK-4600), a substrate of peroxidase giving a violet staining. Collagen IV im-
munostaining was carried out on frozen skin sections with a monoclonal mouse anti-human
collagen IV antibody (DAKO, Santa Clara, CA, USA, ref. M0785, clone CIV22) diluted at
1:25 in PBS, BSA 0.3%, and Tween 20 (0.05%) for 1 h at room temperature, and revealed
by a goat anti-mouse secondary antibody AF488 (Lifetechnologies, Carlsbad, CA, USA,
reference A11001). The staining was performed manually and assessed by microscopical
observation. Image analysis for both MMP-9 and collagen IV quantification was performed
on n = 9 images per test condition, using CellSens software version 4.1 (Evident Corp.
Tokyo, Japan).

2.3. Collagen I In Vitro Assay

Normal human dermal fibroblasts (NHDF, from CELLnTEC advanced cell systems,
Bern, Switzerland, Caucasian female donor, age 26, isolated from breast) were seeded in
96-well culture plates at 40,000 cells/well in Dulbecco’s modified Eagle’s medium (DMEM,
high-glucose, 1% fetal bovine serum) (VWR, reference 392-0416) for 5–7 h. They were then
starved in Dulbecco’s modified Eagle’s medium (DMEM, low-glucose, 1% fetal bovine
serum) (VWR, Dietikon, Switzerland, reference 392-0407) overnight. Twenty-four hours
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after seeding fresh Dulbecco’s modified Eagle’s medium (DMEM, low-glucose, 1% fetal
bovine serum) (VWR Dietikon, Switzerland, reference 392-0407) was added containing
ABSHA. A control (vehicle medium only) and positive control (Recombinant Human
TGF-β1, PeproTech, London, UK, reference 100-21, at 10 ng/mL) were included as well
for analysis and assay verification purposes. The cells were exposed to the treatment for
72 h in a humidified incubator at 37 ◦C and 5% CO2. After washing and detaching the
cells, intracellular collagen I was stained using a monoclonal mouse anti-human collagen I
antibody (Novus Biologicals, Minneapolis, MN, USA, reference NB600-450), and detected
by an Alexa Fluor 647 secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA,
reference A21235). Cells were analyzed in an Attune NxT Flow Cytometer (Thermo Fisher
Scientific, Waltham, MA, USA) (Figure S1). To better illustrate the results, we converted the
data obtained as flow cytometer diagrams to bar graphs as follows: the fluorescence value
of the number of differences between cell number and the active of interest versus the cell
number of the control were normalized. This way, a potential effect on proliferation by the
active is normalized and only the total collagen levels per cell is represented. The control
was then set to 100% and the samples were adjusted accordingly.

2.4. Melanin Assay in Human Epidermal Melanocytes

Human epidermal melanocytes (HEMs) were obtained from abdominal plastic surgery,
from a female donor with phototype III-IV (slightly colored). The HEMs were seeded in
supplemented melanocyte growth medium (Curio Biotech, Visp, Switzerland, reference
CB-MC-GM) containing 2% FBS and were grown for 1 day in a humidified CO2 incubator
at 37 ◦C. After 1 day of culture, cells were treated with plasmin (Sigma Aldrich, Burlington,
MA, USA) reference P1867 with 3.6 u/mg protein) and/or test compounds for 2 days.
After 2 days, cells were pelleted and replicate condition tubes were photographed, then
the cells were subjected to melanin extraction and quantified in a multimode plate reader
(Hidex Sense, Turku, Finland) at 405 nm wavelength. For melanin extraction, cells were
subjected to melanin extraction in 1M NaOH solution that was heated for 95 ◦C for 30 min;
supernatants were centrifuged, and melanin was quantified in a microplate reader using
synthetic melanin as standard (Sigma-Aldrich, Burlington, MA, USA, reference M8631).

2.5. Tyrosinase Assay

HEMs were seeded in supplemented melanocyte growth medium (Curio Biotech,
reference CB-MC-GM) containing 2% FBS for 1 day. They were then treated with the
2 µg/mL plasmin and test compounds for a further 2 days. First, the cells were lysed in
mammalian cell lysis buffer (Sigma-Aldrich, reference C2798) and total protein concentra-
tion was determined through BCA (Bicinchoninic Acid) assay (Sigma-Aldrich, Burlington,
MA, USA, reference 71285-M). Briefly, 50 µL of each sample was added to 200 µL of BCA
reagent in a microplate and incubated for 30 min at 37 ◦C. Absorbance was measured at
592 nm in a microplate reader (Hidex Sense, Turku, Finland). Concentration was deter-
mined using a calibration curve with BSA standards. An equal amount of protein was
loaded on a 96-well plate and 10 mM of L-DOPA (3-(3,4-Dihydroxyphenyl-2,5,6-d3)-L-
alanine) was added. Tyrosinase activity was detected over the time taken to convert
L-DOPA to DOPAquinone. As soon as L-DOPA was added at time zero, absorbance read-
ings were taken in a microplate reader (Hidex Sense, Turku, Finland) at 405 nm wavelength.
Further readings were taken until a clear signal was detected. Tyrosinase activity was
calculated comparing the readings with the zero time point. At each time point, the blank
values were subtracted. The assay was performed in triplicate. Results were presented in
percentages compared to the untreated control with mean ± SEM.

2.6. Human Study

We conducted a monocentric, placebo-controlled, and randomized study in the city
of Guangzhou, People’s Republic of China. The study took place from 15 March 2023 to
17 May 2023. The study was formally approved by the Ethics Committee of Guangdong
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Daily Chemical Industry (approval number GDIRB (2023)3-2) prior to initiation of the
study. The study took place according to the Helsinki principle and subjects gave their
written informed consent to participate. They could withdraw their consent at any time
without reason. The subjects were healthy female Chinese volunteers, aged from 40 to
65 years with skin phototype I–III according to the Fitzpatrick scale, with visible wrinkles
on the forehead and crow’s feet and at least one obvious age spot with an ITA◦ difference
greater than 10◦ from the surrounding skin and a diameter of less than 3 mm. Otherwise,
standard inclusion and exclusion criteria were applied. Adverse effects were monitored. A
total of 34 subjects in the placebo group and 34 subjects in the active formulation group
completed the study. The volunteers applied their respective formulation (about 1 g at the
size of a hazelnut, Supplementary Table S1) on the full face twice daily—in the morning
and in the evening—continuously for 56 days. This study contained a wash-out phase of
7 days during which all subjects used the placebo formulation twice daily on the full
face. Measurements were taken in a controlled environment of 21 ± 1 ◦C and 50 ± 5%
relative humidity.

Instrumental Measurements in the Human Study

TEWL was measured using a TEWAmeter Hex (Courage & Khazaka, Cologne, Ger-
many). We measured on five selected facial sites (Figure S4) according to the facial color
map outline described previously [42]. Each measurement was taken at each timepoint,
in triplicate. Dermal thickness was measured by ultrasound using a DermaLab® Combo
device (Cortex Technology, Aalborg, Denmark). Dermal thickness was measured on the
crow’s feet and the cheek (Figure S5). Elasticity was measured using a Cutometer MPA580
device (Courage & Khazaka, Cologne, Germany), also in triplicate at both the crow’s feet
and the cheek area (Figure S5). Wrinkles were measured on the forehead and on the crow’s
feet area (Figure S5) using a Primos CR device (Canfield, Parsippany, NJ, USA). The average
of three measurements was recorded. To monitor the effect of the plasmin inhibitor on
age spots, we selected one prominent age spot per volunteer as described in the inclusion
criteria. We measured the ITA◦ of the spot with a spectrophotometer CM-26d (Konica
Minolta, Tokyo, Japan). The average of 3 measurements per site was recorded. To calculate
the spot/area ratio, we took full face images of the selected spot and its surrounding area
with a VISIA CR (Canfield, Parsippany, NJ, USA) and calculated the ratio with Image Pro
Plus software version 7.0 (MediaCybernetics, Rockville, MD, USA). At timepoints D14,
D28, and D56, the volunteers filled in a self-assessment questionnaire using a nine-point
scale where 1 meant strongly disagree with the statement and 9 meant strongly agree with
the statement. Scores of six and higher were considered positive/affirmative answers.

3. Results
3.1. MMP-9 Protein Expression and Collagen IV Degradation Ex Vivo

To investigate the effect of plasmin on the functional effects of MMP-9 expression
ex vivo, we induced MMP-9 by UV-irradiation in skin tissue and monitored both the
MMP-9 expression and collagen IV degradation. We showed that MMP-9 is increased by
UV-irradiation in skin explants by 2.18-fold. Adding ABSHA inhibited the expression of
MMP-9 to 1.39-fold (Figure 1a), which is visible in the staining of the explants (Figure 1b).
To see whether this has an impact on the downstream targets of MMP-9, we investigated
collagen IV expression in UV-irradiated skin explants. We found a significant reduction
of total collagen IV by 17% (p < 0.05). In the presence of the inhibitor peptide ABSHA,
this downregulation was almost completely inhibited (Figure 1c), which is also seen in the
staining of the explants (Figure 1d).
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darker red staining in the control sample irradiated with UVA. (c) Quantification of collagen IV 
staining in skin explants. (d) Representative images of collagen IV staining (green fluorescence) in 
skin sections counterstained for nuclei (red fluorescence). * p < 0.05, ** p < 0.01 by paired t-test, error 
bars represent standard error of the mean of n = 9 per treatment. 

3.2. Collagen I Expression in Human Dermal Fibroblasts 
Since we could confirm the impact of the plasminogen pathway on collagen IV deg-

radation (Figure 1), we were interested in whether it modulated other cutaneous colla-
gens. We therefore investigated collagen I expression in dermal fibroblasts. Indeed, we 
found a significant and dose-responsive 1.8-fold (p < 0.05) increase in collagen I expression 
in dermal fibroblasts treated with ABSHA (Figure 2). 

Figure 1. MMP-9 and collagen IV protein quantification in UV-irradiated skin ex vivo. (a) Quantification
of MMP-9 staining. (b) Representative images of MMP-9 staining in skin sections. Note the darker
red staining in the control sample irradiated with UVA. (c) Quantification of collagen IV staining in
skin explants. (d) Representative images of collagen IV staining (green fluorescence) in skin sections
counterstained for nuclei (red fluorescence). * p < 0.05, ** p < 0.01 by paired t-test, error bars represent
standard error of the mean of n = 9 per treatment.

3.2. Collagen I Expression in Human Dermal Fibroblasts

Since we could confirm the impact of the plasminogen pathway on collagen IV degra-
dation (Figure 1), we were interested in whether it modulated other cutaneous collagens.
We therefore investigated collagen I expression in dermal fibroblasts. Indeed, we found a
significant and dose-responsive 1.8-fold (p < 0.05) increase in collagen I expression in dermal
fibroblasts treated with ABSHA (Figure 2).
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3.3. Modulation of Melanogenesis by the Plasminogen Pathway and Its Inhibitors

We were able to induce the intracellular melanin content of normal human epidermal
melanocytes via plasmin exposure (Figure S2). Based on several experiments, we found a
concentration of 2 µg/mL plasmin in our assay to yield the most robust and reproducible
result. We also found a dose-responsive inhibition of this melanin increase through the
addition of the plasmin inhibitor ABSHA (Figure S3). Comparing the activity of plasmin
and the plasminogen inhibitors ABSHA and tranexamic acid, we found a reduction in
intracellular melanin in the presence of ABSHA (−58%, p < 0.05) and tranexamic acid
(−16%) (Figure 3a). Interestingly, we also found a reduction in melanin content without
the stimulation of plasmin (Figure 3a).
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melanogenesis modulation, and AMCHA served as a reference substance and known inhibitor of
the plasmin/plasminogen system. AMCHA = tranexamic acid. * p < 0.05 by paired t-test. Error bars
represent standard error of the mean of n = 3 per treatment.

3.4. Tyrosinase Modulation by Plasmin and Its Inhibitors

As plasmin induced melanin synthesis in NHEM, we were interested in the effect
of plasmin and its inhibitors on tyrosinase activity. We found a slight but non-significant
increase in tyrosinase activity in the presence of plasmin (Figure 3b). This increase in
tyrosinase activity could be suppressed by the addition of the plasmin inhibitor ABSHA
and reached significance (−12%, p < 0.05) at 100 µM (Figure 3b).

3.5. TEWL Is Significantly Decreased by ABSHA In Vivo

To have a proof-of-concept and positive control in the human study, we measured
the TEWL at the five facial sites shown in Figure S4. On each site, we recorded a time-
dependent decrease in the TEWL in the group using the active formulation while the TEWL
in the placebo group only slightly changed over time. The combined TEWL over all five
measurement sites went down significantly compared to day 0 in the group using the
10 ppm ABSHA formulation, namely −1.10 at day 14, −1.99 at day 28, and −2.66 at day
56 (Figure 4). These measurements were all markedly different to the placebo group
where the changes over time were −0.23 at day 14, −0.31 at day 28, and −0.36 at day 56
(all p < 0.001 between groups (Figure 4)).
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3.6. Dermal Intensity Increased over Time on the Cheeks and the Crow’s Feet

We measured the dermal intensity by ultrasound and found a steady and significant
increase in the signal (echogenicity) over time in the group using the 10 ppm ABSHA
formulation, while the signal stayed constant in the placebo group for both facial sites
(Figure 5). The difference in the ultrasound signal was significantly different already at day
14 on the cheek (p < 0.01) (Figure 5a), while it became significant vs the placebo on day 28
(p < 0.01) in the crow’s feet area (Figure 5b).

Cosmetics 2024, 11, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. Evolution of dermal intensity on (a) the cheek and (b) the crow’s feet. Images show repre-
sentative skin sections. Areas of high intensity are from bright yellow to white. Areas of low inten-
sity are from green to black. *** p < 0.001 by Mann–Whitney U test. Error bars represent standard 
error of the mean of n = 34 per treatment. 

3.7. Elasticity Improved in the Group Using the 10 ppm ABSHA Formulation 
Elasticity was measured on the cheeks and the crow’s feet area. We observed a steady 

increase in the R2 value (gross elasticity after strain) which was significant at all 
timepoints, D14 (p < 0.05), D28, and D56 (both p < 0.001), compared to the placebo group 
(Figure 6). This result was obtained at both the cheek and the crow’s feet area. It reached 
a delta between the active formulation and placebo at D56 of 0.096 for the cheek and of 0.1 
for the crow’s feet area. 

 
Figure 6. Evolution of elasticity (R2) over time on (a) the cheek and (b) the crow’s feet. * p < 0.05, *** 
p < 0.001 by Mann–Whitney U test. Error bars represent standard error of the mean of n = 34 per 
treatment. 

3.8. Less Wrinkle Volume over Time 
Since the dermal ultrasound value, indicative of an increase in collagen density, in-

creased in the active formulation group, we expected an improvement for wrinkles. Meas-
uring the wrinkle volume revealed an improvement in wrinkles on the forehead (Figure 
7a) and on the crow’s feet (Figure 7b). We measured a steady decrease in wrinkle volume 
on the forehead of up to −0.71 mm3 for the 10 ppm ABSHA group, while it stayed the same 
in the placebo group (0.07 mm3 at day 56). The difference between the placebo and active 

Figure 5. Evolution of dermal intensity on (a) the cheek and (b) the crow’s feet. Images show
representative skin sections. Areas of high intensity are from bright yellow to white. Areas of low
intensity are from green to black. *** p < 0.001 by Mann–Whitney U test. Error bars represent standard
error of the mean of n = 34 per treatment.

3.7. Elasticity Improved in the Group Using the 10 ppm ABSHA Formulation

Elasticity was measured on the cheeks and the crow’s feet area. We observed a steady
increase in the R2 value (gross elasticity after strain) which was significant at all timepoints,
D14 (p < 0.05), D28, and D56 (both p < 0.001), compared to the placebo group (Figure 6).
This result was obtained at both the cheek and the crow’s feet area. It reached a delta
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between the active formulation and placebo at D56 of 0.096 for the cheek and of 0.1 for the
crow’s feet area.
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3.8. Less Wrinkle Volume over Time

Since the dermal ultrasound value, indicative of an increase in collagen density, in-
creased in the active formulation group, we expected an improvement for wrinkles. Mea-
suring the wrinkle volume revealed an improvement in wrinkles on the forehead (Figure 7a)
and on the crow’s feet (Figure 7b). We measured a steady decrease in wrinkle volume on
the forehead of up to −0.71 mm3 for the 10 ppm ABSHA group, while it stayed the same
in the placebo group (0.07 mm3 at day 56). The difference between the placebo and active
group was significant at all timepoints. For the crow’s feet area, we measured a decrease in
wrinkle volume of up to −0.46 mm3 at day 56 in the ABSHA group compared to 0.03 mm3

in the placebo group. These differences were also significant between the active formulation
group and the placebo group at all timepoints. Figure 7 shows Primos-derived images of
a selected volunteer, each with a visibly improved wrinkle profile at day 56 compared to
day 0.
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Figure 7. Evolution of wrinkle volume on (a) the forehead and (b) the crow’s feet. Images show
Primos scans of the forehead and crow’s feet areas of a distinct volunteer at the baseline (D0) and
end of the study (D56). Colors represent different depths (blue) and heights (yellow) over the plane
(orange). * p < 0.05, ** p < 0.01, *** p < 0.001 by Man–Whitney U test. Error bars represent standard
error of the mean of n = 34 per treatment.
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3.9. Modulation of Age Spots by a 10 ppm ABSHA Formulation

We monitored a distinct age spot in each volunteer. We observed a time-dependent
increase in the ITA◦ value in the group using the active formulation, meaning the spot
became lighter, while the values slightly decreased in the placebo group (Figure S6a).
The increase seen with the active formulation was significant versus the baseline for all
timepoints, but not significant versus the placebo group. However, looking at the delta
values at each timepoint versus D0, it became significant versus the placebo at all timepoints
(Figure 8a). When calculating the spot/area ratio, we found a steady decrease in the ratio for
the active formulation group, meaning the spot became smaller compared to the measured
area, while there was a steady increase in the ratio in the placebo group (Figure S6b), and
the values of the two groups were significantly different at D28 and D56 (p < 0.01 and
p < 0.001, respectively). Furthermore, the delta values to the baseline differed significantly
between the placebo and active formulation groups at all timepoints (Figure 8b). Figure 8c
depicts an example age spot in a volunteer, highlighting the visual effect of the active
formulation.
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3.10. Self-Assessment Questionnaire

The volunteers filled in a self-assessment questionnaire at D14, D28, and D56, answer-
ing whether they had experienced an improvement in their facial aging signs during the
study. Already at D14 we found significant differences between the placebo and the active
formulation group which remained until D56 (Figure 9).
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4. Discussion

The serine protease plasmin has been established as a key enzyme in regulating
inflammatory events related to skin barrier integrity and skin dryness [14]. Previous work
on other plasmin inhibitors suggested activities of this protease beyond inflammation, such
as collagen degradation and melanin synthesis [38,39,41]. To investigate such activities of
plasmin in skin and to establish this enzyme as part of a skin aging pathway, we conducted
a range of in vitro, ex vivo, and in vivo studies using our proprietary plasmin inhibitor
ABSHA. Consistent with previous work using a different plasmin inhibitor, tranexamic
acid, we found potential anti-aging activities in vitro and ex vivo (Figures 1–3). Differently
from tranexamic acid, ABSHA is a dual inhibitor of both plasmin and its activator uPA [14].
This might explain why ABSHA was superior to tranexamic acid in a melanin assay on
human melanocytes (Figure 3a). Our finding that the activation of plasmin induces MMP-9,
which in turn degrades collagen IV (Figure 1), adds to the previous finding that plasmin
activation degrades laminin in the skin’s basal membrane [38] and further corroborates its
contribution to skin aging on a molecular level. This finding also showed that, by inhibiting
plasmin, we can inhibit the downstream collagen IV degradation pathway.

This study extends previous knowledge with a human study where we were able to
measure skin anti-aging effects in a cohort of Chinese female volunteers, applying a 10 ppm
solution of the plasmin inhibitor ABSHA for two months. We measured the TEWL as proof
of concept and to monitor the proper activity of the formulation containing the plasmin
inhibitor (Figure 4). Dry skin has been reported to occur frequently in older individuals,
due, for example, to hormone decline leading to decreased water retention in the stratum
corneum [43]. Improvement of the TEWL in the group using the active formulation was in
line with previous findings and reports showing plasmin’s correlation with an impaired
skin barrier and hydration [12]. It could also be seen as an anti-aging effect of the plasmin
inhibitor. In line with our in vitro and ex vivo findings, we could show an improvement
of skin aging signs such as wrinkles (Figure 7) and elasticity (Figure 6), which depend
on an intact extracellular matrix. Intriguingly, we could show by ultrasound that the
dermal density (echogenicity), indicative of more proteins (collagen or elastin) [44], was
increased in the active group (Figure 5). Our findings further corroborate previous work
showing that plasmin and MMPs cause damage to the basement membrane [45] and that
inhibiting plasmin has beneficial effects on tissue collagen content. Furthermore, age spots
were positively affected by plasmin inhibition (Figure 8). Similarly, plasmin-like activity
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correlated significantly with darker solar lentigo and skin tone in a study with Japanese
men [46]. A limitation of our in vivo data may be that it was collected purely non-invasively.
Therefore, our conclusions on collagen synthesis and melanin inhibition in vivo are based
on extrapolation from the in vitro data presented herein and accepted knowledge of the
employed methods. Looking at molecular changes in biopsies or tape strips would further
elucidate the activity of plasmin and its inhibitor in vivo. In addition, we did not measure
plasmin activity itself in the in vivo study here. However, based on previously published
data showing enhanced plasmin activity in the face as compared to photo protected skin
areas [11,13], we can assume that, since we measured facial parameters, we have significant
plasmin activity present in our volunteers. Furthermore, as the inhibitor used is rather
specific for plasmin and its activator, we conclude that the in vivo effects seen in this study
are due to the inhibition of the plasmin pathway.

In summary, by using a dual inhibitor of the serine protease plasmin and its activator
uPA, we establish plasmin and its downstream targets as a skin aging pathway. Inhibit-
ing this pathway not only targets plasminflammation but extends its activity towards
plasminaging. Our data provide evidence that inhibiting plasmin with the inhibitor AB-
SHA results in skin care benefits spanning from the outermost layers of the skin down to
the dermis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cosmetics11030103/s1, Figure S1. Flow cytometer diagrams
(scatter plots) for collagen I expression in dermal fibroblasts after compound treatment; Figure S2.
Dose responsive stimulation of intracellular melanin content with plasmin in epidermal melanocytes;
Figure S3. Dose responsive inhibition of plasmin stimulated intracellular melanin content by the
plasmin inhibitor ABSHA in epidermal melanocytes; Figure S4. Transepidermal water loss (TEWL)
in the face; Figure S5. Areas used for anti-aging measurements; Figure S6. Evolution of (a) age spot
color ITA◦ values and (b) age spot size by spot to area ratio; Table S1. Composition of formulations
used in in vivo study.
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