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Abstract: Cyclodipeptides (CDPs) or diketopiperazines (DKPs) are often found in nature and in
foodstuff and beverages and have attracted great interest for their bioactivities, biocompatibility,
and biodegradability. In the laboratory, they can be prepared by green procedures, such as micro-
wave-assisted cyclization of linear dipeptides in water, as performed in this study. In particular,
five CDPs were prepared and characterized by a variety of methods, including NMR and ESI-MS
spectroscopies and single-crystal X-ray diffraction (XRD), and their cytocompatibility and anti-ag-
ing activity was tested in vitro, as well as their ability to penetrate the different layers of the skin.
Although their mechanism of action remains to be elucidated, this proof-of-concept study lays the
basis for their future use in anti-age cosmetic applications.

Keywords: cyclodipeptides; diketopiperazines; anti-age; cosmetics; peptides; green synthesis; mi-
crowave; UV-damage; Franz cell; skin absorption

1. Introduction

Cyclodipeptides (CDPs) or 2,5-diketopiperazines (DKPs) are naturally occurring bi-
omolecules that have increasingly attracted researchers’ attention for a variety of reasons,
as evident from the many recent reviews that cover aspects ranging from their sustainable
production via enzymatic catalysis [1] to all the possible methods for their preparation
and self-assembly into gels [2] and their biological activities [3,4], including their function
as anti-cancer agents [5]. First of all, compared to linear dipeptide analogues, they lack
the charged termini, thus being more lipophilic with a fast membrane absorption in the
digestive tract, thanks to their high permeability [6]. Secondly, they have less conforma-
tional freedom and a unique structural rigidity [7], which confers them with a higher re-
sistance against enzymatic degradation, especially for those containing proline [8]. The
presence of the six-membered piperazine ring with sidechains that are oriented in a spa-
tially defined manner allows the accurate prediction of their conformation too. Thanks to
their rigid backbone, they can mimic secondary structural motifs, especially p-turns,
which are present in many bioactive compounds [9]. The spectrum of their biological ac-
tivities indeed encompasses antimicrobial, antitumoral, and neuroprotective effects [10].

Furthermore, they have been recently proposed as anti-age compounds, in light of
their established activity to reduce advanced glycation end products (AGEs) that accu-
mulate in fibroblasts during ageing [11]. AGEs accumulation in the skin is known to have
negative effects from an aesthetic point of view, such as the formation of wrinkles, yel-
lowish complexion, and brown spots [12].

In addition, the naturally occurring, non-enzymatic glycation of proteins has been
linked to several age-related pathologies. For instance, this post-translational modifica-
tion was shown to affect amyloid formation [13] and was associated with diabetes [14],
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non-alcoholic fatty liver disease [15], thyroid cancer progression [16], coronary artery dis-
ease [17], and pathologies of the kidneys [18,19]. Therefore, the ability of DKPs to reduce
AGEs could potentially have beneficial effects on health, beyond those on skin aesthetics
that could be of interest for cosmetic applications.

In particular, 15 CDPs were recently tested in vitro for their anti-age properties, with
the most active being cyclo(Leu-Leu), cyclo(Met-Met), and cyclo(Pro-Pro) [11]. In this
work, we thus decided to test two of these as reference compounds, in addition with three
more CDPs, i.e., cyclo(His-His), cyclo(His-Pro), and cyclo(His-Met), whose structures are
shown in Figure 1. We reasoned that histidine ability to coordinate metals [20] could serve
as a useful addition, for instance to reduce the occurrence of Fenton reactions [21] that
occur during oxidative stress in ageing human skin [22]. The compounds shown below
were thus synthesized using a green method in water in a microwave (MW) reactor, char-
acterized by 'H-NMR, *C-NMR, and ESI-MS spectroscopies and single-crystal X-ray dif-
fraction, tested on fibroblasts for their cytocompatibility and anti-age properties, and as-
sayed for their ability to penetrate the different layers on the skin in vitro.
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Figure 1. Five diketopiperazines (DKPs) used in this work.

2. Materials and Methods
2.1. Materials

(N-Boc)-L-prolyl-L-proline ((N-Boc)-Pro-Pro), L-methionyl-L-methionine (Met-Met),
L-histidyl-L-histidine (His-His), L-methionyl-L-histidine (Met-His), and cyclo(His-Pro)
(DKP5) were purchased from Bachem AG (Bubendorf, Switzerland), while all the other
solvents and reagents were purchased from Merck (Milan, Italy). All materials were used
as received without further purification. High-purity Milli-Q water (MQ water) was used
to prepare all solutions and buffers, and it was obtained using a Milli-Q Academic System
(Millipore RiOs/Origin purification system; St. Louis, MS, USA) with minimum resistivity
18.2 MQcm. For the preparation of physiological solutions, sodium chloride, sodium hy-
drogenphosphate, and potassium dihydrogenphosphate were obtained from Carlo Erba
(Milan, Italy). Mouse embryonic fibroblasts (NIH-3T3) were obtained from the Depart-
ment of Life Sciences at the University of Trieste and were grown in complete Dulbecco’s
Modified Eagle Medium (DMEM) supplied with 10% fetal bovine serum (100 U/mL pen-
icillin, 100 mg/mL streptomycin (GIBCO®) and 2% antimycotic and antibiotic (GIBCO®).
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT) was pur-
chased from Merck (Milan, Italy). The microwave (MW)-assisted synthesis was carried
out in the Microwave reactor Discover SP-CEM Corporation. The sonicator used was the
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Branson Ultrasonics 3800 Series Ultrasonic Cleaning Bath. Franz cells were adapted for
the skin absorption study. Porcine ears were purchased from the local butcher.

2.2. Synthesis of DKPs 14

Each linear dipeptide precursor was dispersed inside a MW glass vial at 30 mM with
1.0 mL of milliQ water, by ultrasonication in a water bath at 50 °C for a few minutes. The
vial was placed in the MW reactor heated at 180 °C, 250 W, for 10 min. The reaction mix-
ture was then freeze-dried to afford DKP1 (96% yield) and DKP4 (90% yield). In the case
of DKP2 (70% yield) and DKP3 (80% yield), some racemization occurred and the homo-
chiral DKPs were purified by RP-HPLC.

2.3. Purification of DKPs 2-3

DKP2 and DKP3 were purified by RP-HPLC, using a 1260 Agilent Infinity system,
with semipreparative gradient pump (G1311B), semipreparative C-18 column (Kinetex, 5
m, 100 A, 250 x 10 nm, Phenomenex, Torrance, CA, USA) and Photodiode Array detector
(G1315C). DKP2 (Rt = 6.0 min) was dissolved in acetonitrile (MeCN)/water (30:70) + 0.05%
trifluoroacetic acid (TFA) and purified with the following gradient (3 mL/min flow): t = 0-
3 min, 25% MeCN; t = 16-18 min. A total of 95% MeCN. DKP3 (Rt¢= 5.5 min) was dissolved
in water +0.05% TFA and purified in isocratic conditions with 100% milliQ water (+ 0.05%
TFA).

2.4. Single-Crystal X-ray Diffraction

Single crystals of DKP1 and DKP2 were collected with a loop, cryoprotected by dip-
ping the crystals in glycerol, and stored frozen in liquid nitrogen. The crystals were
mounted on the diffractometer at the Synchrotron Elettra (Trieste, Italy), beamline XRD1,
using the robot available at the facility. The temperature was kept at 100 K by a stream of
nitrogen on the crystals. Diffraction data were collected by rotating the crystal using the
synchrotron radiation, wavelength 0.70 A, rotation interval 0.5 °/image, crystal-to-detec-
tor distance of 85 mm. Further details can be found in the Supplementary Materials.

2.5. Live/Dead Cytotoxicity Assay

NIH-3T3 fibroblasts were seeded (10 k cells/well) on a pu-Slide Angiogenesis ibiTreat
(Ibidi, Grafelfing, Germany) in 30 pL medium (DMEM + 10% fetal serum albumin, 2%
antimycotic and antibiotic from GIBCO) and cultured at 37 °C and 5% CO: for 24 h, by
handling the slides according to the manufacturer’s instructions. An amount of 1.5 pL of
each DKP stock solution (2 mM in 10 mM sterile PBS, pH 7.4) was added to the wells to
reach the desired final concentration of 0.1 mM. After 24 h, cells were treated with acridine
orange (6 uL/well of a 20 uM solution in 50 mM PBS) and propidium iodide (3 uL/well of
a 30 uM solution in 50 mM PBS). After 15 min, cells were imaged with a Leica microscope
(DFC450C) with fluorescence green filter (exposure 200—400 nm, emission > 520 nm) with
10x and 40x objectives. Each condition was repeated in triplicate and each experiment was
repeated twice (1 = 6).

2.6. MTT Cytotoxicity Assay

NIH-3T3 fibroblasts were seeded (10 k cells/well) on 96-well microplates (Euroclone,
tissue-culture grade treated, clear, flat bottom, sterile) in 100 pL of medium (DMEM +10%
fetal serum albumin, 2% antimycotic and antibiotic from GIBCO) and cultured at 37 °C
and 5% CO: for 24 h. Next, the medium was removed and exchanged with 100 puL of me-
dium with serial dilutions of each DKP concentration (1.0 uM-1.0 mM) prepared in me-
dium. A total of 1% SDS served as positive control (death). Cells were cultured for 24 h,
then 10 pL of the MTT labelling reagent (Sigma, final concentration of 0.5 mL/mL) was
added to each well, and the microplate was incubated for 4 h in a humidified chamber (37
°C and 5% CQOz). Afterwards, 100 pL of the solubilization solution for formazan crystals
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(lysis buffer, 4 mM HCl + 0.1% IGEPAL in isopropanol) was added to each well, and the
microplate was kept at room temperature while shaking (Rocker-shaker MR-12 Biosan,
Vetrotecnica, Padova, Italy) for 30 min. The absorbance was read at 570 nm, with a refer-
ence wavelength at 690 nm (light scattering), using a multiwell plate reader (TECAN In-
finite M1000 Pro). Two independent experiments were run in at least 3 wells (1 = 6). Data
are represented as mean + standard deviation.

2.7. Skin Absorption Study
2.7.1. Skin Membrane Preparation

Piglet ears were obtained from the local butcher and stored frozen at -25 °C for up to
4 months. Porcine skin was used as a model of human skin in the penetration test, because
of its similarity in terms of morphology and permeability to human skin [23-26]. On the
day of the experiment, they were thawed in physiological solution at room temperature
and cut into 4 cm? square pieces. The physiological solution was prepared by dissolving
2.38 mg Na2HPOs, 0.19 g KH2PO4, and 9 g NaCl in 1.0 L MilliQ water (final pH = 7.35).
The thickness of pig-ear skin was measured with a micrometer caliper (Mitutoyo, Roissy
en France, France) as <0.90 + 0.02 mm. To evaluate skin integrity, trans epidermal water
loss (TEWL) was measured on each skin piece after 1 h of equilibration using a Vapometer
(Delfin Technologies, Kuopio, Sweden), already used previously [27]. The average TEWL
values of skin samples was below 10 g m=2 h-* [28].

2.7.2. Donor Phase Preparation

Solutions of DKP1, DKP3, DKP4, and DKP5 were prepared by dissolving 3.0 mg of
each DKP in 3.0 mL PBS to obtain a final concentration of 1.0 mg/mL. Before application
in the donor chamber (DC), solutions were sonicated in an ultrasonic bath for a few
minutes at room temperature. For DKP2, 5% EtOH was used in the PBS solution to assist
with its dissolution, and a mild heating for a few minutes was used prior to deposition in
the DC to remove the EtOH.

2.7.3. In Vitro Permeation and Retention Study

Percutaneous absorption studies were performed in static diffusion cells according
to OECD 2004 guidelines [29]. Skin membranes were mounted between the donor and
receptor chambers of Franz-type diffusion cells with the stratum corneum (SC) facing the
DC. The effective skin area was 0.95 cm2 The receptor fluid (RF) was composed of a
freshly prepared PBS solution (0.1 M, pH 7.1) continuously stirred using a Teflon coated
magnetic stirrer. The receptor compartment had a mean volume of 4.5 mL filled with RF.
Mounted cells were maintained at 33 + 1 °C by means of circulation of thermostated water
in the jacket surrounding the cells [30]. At time 0, infinite dose of 0.5 mL DKP solution (1.0
mg/mL) was deposited in direct contact with the porcine skin surface in the Franz cell.
This resulted in a theoretical applied dose of Qo = 0.53 mg/cm?2. The DC was sealed with
parafilm during the whole duration of the experiment (6 h). The permeation study was
carried out for 6 h to determine the permeation profile of DKPs remaining and permeating
through the skin. At selected timepoints (0, 1, 2, 3, 4, 5, and 6 h), 0.15 mL of each RF were
collected and analyzed. An equal volume of fresh RF was immediately replaced in each
sample to maintain sink conditions. All experiments were conducted on 6 independent
biological replicates. A skin sample with a PBS solution without DKP was used as a blank
in each run. DKPs were quantified by LC-MS (see Section 2.7.5).
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2.7.4. Collection and Treatment of Samples

At the end of each experiment, Franz cells were dismantled and skin layers were
separated. The non-absorbed fraction was removed from the skin surface by washing the
DC thrice with 1.0 mL Milliq water for 20 s. Skin layers were separated as follows: the SC
was isolated from viable layers by tape stripping (1 strip) using D-Squame tape (Mon-
aderm, Monte-Carlo, Monaco), placed in vials each containing 5.0 mL MeOH and stirred
overnight. Then, the explants (epidermis and dermis) were cut into small pieces with a
scalpel and immersed in 2.0 mL MeOH and sonicated for 30 min. The samples were fil-
tered (0.2 um, nylon Uptidisc, 13 mm, Interchim, Montlucon, France) before LC-MS anal-
ysis. The total amount of DKPs in each extract was analyzed after 6 h by LC-MS. The same
filtering procedure was applied to the RF samples obtained, as described in Section 2.7.3.

2.7.5. DKP Quantification by LC-MS

The apparatus consisted of an Agilent 6120 Infinite system (Milan, Italy). Equipped
with an analytical C-18 column (Luna, 5 pm, 100 A, 150 x 2 mm, Phenomenex, Milan, Italy)
at 35 °C a flow rate of 0.3 mL/min. Calibration curves were performed for each DKP and
were linear from 0.1 to 5.0 mg/mL (R2=0.999998), with a LOD of 684.95 mUA s. For DKPs
1-3, the mobile phase consisted of MeCN and milliQ water with 0.5% formic acid and a
gradient was used (t = 0, 25% MeCN; t = 30 min, 95% MeCN). For DKPs 4-5, the mobile
phase consisted of ammonium acetate (2 mM) and MeOH with 0.5% formic acid and a
gradient was used (t = 0, 100% or 90% ammonium acetate for DKP4 and 5, respectively; t
=12 min, 50% ammonium acetate).

2.7.6. Kp Calculation and Statistical Analysis

Ky values were calculated by dividing the effective absorption rate by the equilibrium
concentration of each DKP in the donor solution. The K for each DKP was determined to
compare the percutaneous kinetics. This parameter describes the membrane penetration.

Statistical analyses ( test) were performed in Excel and the level of significance (e.g.,
p <0.05) is indicated in the legends of the figures that show the corresponding data and in
the Supplementary Materials.

2.8. Anti-Age Assay

NIH-3T3 cells were seeded (7 k cells/well) in two sterile 96-well plates, flat-bottom,
clear, in 100 uL medium (DMEM + 10% fetal serum albumin, 2% antimycotic and antibi-
otic from GIBCO) and cultured at 37 °C and 5% CO: for 24 h. UV treatment was performed
on one plate with a UV lamp (UVA 365 nm, 30 W/m?) for 55 min. The other plate was not
irradiated and served as no-UV control. The medium was gently removed and replaced
with an equal amount of fresh medium added with DKPs (5.1 uM) or without (blank).
Cell culture was performed in a humidified chamber, as described above for another 24
h. The medium was then removed and cells gently rinsed with an equal volume of fresh
PBS. Cells were fixed (40 pL of fixative solution containing PBS, 2% v/v formaldehyde,
0.2% v/v glutaraldehyde) for 3-5 min. Cells were rinsed twice with fresh PBS and stained
with 50 uL/well of X-Gal solution (1 mg/mL X-Gal from Merck, 5 mM potassium ferricy-
anide, 5 mM potassium ferrocyanide, 2 mM MgClz, 150 mM NaCl, citric acid/sodium
phosphate buffer 40 mM, pH 6). Plates were incubated at 37 °C for 48 h and imaged under
a brightfield microscope. Cells were counted and each condition was repeated in triplicate
in two independent experiments (1 = 6).

3. Results and Discussion
3.1. Synthesis and Characterization of DKPs 14

DKPs can be conveniently prepared in high yields using a green method based on
the cyclization of the corresponding linear dipeptides in water using a microwave (MW)
reactor [31]. Furthermore, it is also possible to use linear precursors that are protected at
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either or both termini, so that deprotection and cyclization occur in one-pot [32-34]. In-
deed, when we applied this protocol to (N-Boc)-Pro-Pro, we obtained solely the desired
cyclo(Pro-Pro) or DKP1 in 96% yield. In the case of DKPs 24, the unprotected linear pre-
cursors were also successfully converted in the desired DKPs in high yields (70-90%).
Each DKP purity and identity was confirmed by '"H-NMR, *C-NMR, and ESI-MS analysis
(see Supplementary Materials).

3.2. Single-Crystal X-ray Diffraction Analysis

Several crystallization trials were performed for all DKPs. However, single crystals
of suitable quality for X-ray diffraction were obtained solely for DKP1 and DKP2. DKP1
crystallized at 10 mM and 20 mM in dodecane, while DKP2 crystallized in the solvent
mixture was used for HPLC purification (see Section 2.3).

In terms of the DKP-ring conformation, both DKPs adopt a boat conformation, which
is the typical case for 3,6-disubstituted, C>-symmetric DKPs, although sometimes the boat
can be slightly flattened [10]. The ring of DKP2 adopts a boat conformation, both in the
low-temperature and room-temperature crystal structures [35], although there is not a
perfect symmetry. Analogous is the case of DKP1, with the 3 carbons at quasiequatorial
positions, in agreement with previous studies [36,37]. This conformer has been calculated
to be the most stable, and lower in energy by 1.3-1.7 kcal/mol relative to the planar one
[38,39]. However, in solution at room temperature, the boat and the planar conformers
can interconvert into each other [10].

The packing of DKP1 is shown in Figure 2. Despite the presence of only one molecule
in the asymmetric unit, the solid-state assembly appears to be more complicated than the
one of DKP2 (vide infra). Indeed, the crystal packing analysis reveals the presence of two
different H-bonding patterns. Both are based on CO---HC interactions, with the former
involving mainly the O1 oxygen atom, which interacts with two different DKP molecules,
while the latter involves the O2 oxygen atom.

Figure 2. Crystal packing of DKP1 (CCDC 2203140).

In the case of DKP2, the structure revealed a polymorph relative to the one originally
reported by Tamburro and coworkers [40], and later by Mendham et al. [35]. Notably, this
new crystal structure features a different space group (P21) and two chemically equivalent,
but crystallographically independent, molecules in the unit cell. In the previously re-
ported crystal structures, the DKP ring adopts a twisted boat conformation with a fold
angle of 30°. In the present polymorph, the DKP ring is almost planar with a fold angle of
-78°. The crystal packing is characterized by NH-OC H-bonded ribbons (Figure 3).
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Figure 3. H-bonded ribbons of DKP2 (CCDC 2203142).

3.3. Cytocompatibility Assays In Vitro

DKPs occur naturally, and their biosyntheses and biological activities have been
widely studied in light of their promising potential for biomedical applications [41]. In
this work, their cytocompatibility was tested in vitro on fibroblast cell cultures, using
live/dead and metabolic (i.e., MTT) assays. Cell cultures of fibroblasts were exposed for
24 h to each DKP, and live/dead assays revealed very high viability in all cases that were

not significantly different relative to the control (Figure 4).

ctrl DKP1 DKP2 DKP3

..
. 5

Figure 4. Live/dead assay on fibroblast cells cultured with the five DKPs for 24 h.

scalebar = 100 pm

=25 pum

scalebar

Metabolic assays were also performed to confirm the good cytocompatibility of
DKPs, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). A total
of 1% SDS served as positive control (i.e., dead cells, white column in Figure 5). All DKPs
were assayed in a range of concentrations spanning from 1.0 uM to 1.0 mM and no signif-

icant difference relative to controls was noted (Figure 5).
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Figure 5. MTT assay on fibroblast cells cultured with the five DKPs at different concentrations.

3.4. Skin Absorption Studies of DKPs

The human skin is composed of three layers, which are the epidermis, the dermis,
and the hypodermis [42]. The epidermis is avascular, stratified, squamous epithelium, and
its outer layer is the stratum corneum (SC) [43]. The dermis is mainly composed of fibro-
blasts in an extracellular matrix of proteins [44]. Finally, the hypodermis is composed
mainly of subcutaneous fat with blood and lymphatic vessels [45]. Ideally, cosmetics
should surpass the barrier composed of the SC, and reach the dermis for maximal efficacy,
without passing over and potentially leading to systemic effects [46].

The majority of substances penetrate the skin through passive diffusion, which can
be described most simply by Fick’s diffusion law [47]. As a general rule, molecules that
more readily permeate the skin have a molecular weight (MW) under 5 kDa and an octanol-
water partition coefficient logP=1-3 [48]. The logP of the five DKPs is shown in Table 1.

Table 1. Physico-chemical properties of the five DKPs.

DKP Cyclodipeptide logP 1 MW (Da) Ionizable Groups 2
DKP1 Cyclo (Pro-Pro) -0.89 194 0
DKP2 Cyclo (Met-Met) -0.64 262 0
DKP3 Cyclo (His-His) -3.60 274 2
DKP4 Cyclo (His-Met) -2.12 268 1
DKP5 Cyclo (His-Pro) -2.24 234 1

! Calculated with ChemDraw Professional v.15.0.0.106, Perkin-Elmer. 2 Number of ionizable groups
in the DKP sidechains that can lead to charged species, depending on the pH value.

In this work, we used ear pigskin as an ex-vivo model to study skin absorption [24,26]
in Franz diffusion cells for 6 h, after which the amount of DKPs was quantified by LC-MS
in the donor compartment (DC), in the receptor fluid (RF), and in the various skin layers
(Table 2).

Table 2. Quantification of DKPs in the skin absorption experiment. DC = donor compartment. E +
D = epidermis + dermis. SC = stratum corneum. RF = receptor fluid. Kp = permeation coefficient.

DKP DC (mg/cm?) Skin (E+ D, mg/cm?) Skin (SC, mg/cm?) Total Skin (mg/cm?) RF (mg/cm?) Kp (cm/h)
DKP1  0.31+0.07 0.010 + 0.003 0.000 + 0.000 0.010 £ 0.003 0.16 £ 0.05 4.59 101
DKP2  0.38+0.03 0.020 + 0.007 0.000 + 0.000 0.020 + 0.007 0.13 £0.02 3.61 107
DKP3  0.11£0.01 0.005 +0.001 0.000 + 0.000 0.005 +0.001 0.04 +0.02 4.00 101
DKP4  0.20 +0.02 0.004 + 0.000 0.000 + 0.000 0.004 + 0.000 0.12+0.03 1.82 10
DKP5 0.38 +0.04 0.005 + 0.001 0.009 + 0.000 0.014 +0.001 0.07 £ 0.03 0.85 10!

Skin absorption is a process that describes the passage of compounds across the skin

and includes penetration and permeation. Dermal penetration is the mass of the test sub-
stance that enters the skin, and dermal permeation is the mass that has transferred from
the skin to the reservoir compartment fluid [49]. Instead, permeability is the velocity of
passage of a drug through a biological lipid membrane [50]. The data analysis of the
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present study revealed that the effective dose of DKP in each donor compartment (DC),
expressed in mg/cm?, were respectively 0.31 + 0.07 mg/cm? for DKP1; 0.38 + 0.03 mg/cm?
for DKP2; 0.11 + 0.01 mg/cm? for DKP3; 0.20 + 0.02 mg/cm? for DKP4 and 0.38 + 0.04
mg/cm? for DKP5 (Table 2). These results were further used for the permeability coeffi-
cient (Kp) calculation. In all cases, the DKP amounts found in the RF were quite similar,
ranging from ~ 10% for DKP3 and DKP5, to 23-30% for DKP1, DKP2, and DKP4, relative
to the applied dose of 0.53 mg/cm?. As expected, no DKP was detectable in the blank (not
shown).

In addition, the distribution of each DKP in the various skin layers was also assessed
post-exposure. DKP5 was the only DKP found in the SC (0.09 + 0.00 mg/cm?), which had
also the highest amount relative to the other skin layers (i.e., epidermis and dermis). Con-
versely, all the other DKPs were found exclusively in the epidermis and dermis layers,
with the highest penetration being measured for DKP2, followed by DKP1, and corre-
sponding to the total recovered in the skin (Table 2). These were also the two most hydro-
phobic DKPs of the series, according to their logP values (Table 1). Conversely, the more
hydrophilic DKP3 and DKP4 displayed the lowest skin penetration, corresponding to 0.05
+ 0.001 mg/cm?. It is also well known that a hydrophilic substance cannot penetrate the
skin easily because it cannot enter the hydrophobic SC layer, while a hydrophobic sub-
stance easily enters the SC, but it remains stored inside it since the next layer is hydrophilic
[51]. Statistically significant differences (p<0.05) were found between DKP samples (see
Supplementary Materials).

Furthermore, considering the effective dose, the permeability coefficient Kp (cm/h) of
each DKP was determined by dividing the effective absorption rate by the equilibrium
concentration of each DKP in the donor solution. Apparently, the highest Ky was observed
for DKP1 ranging around 4.59 - 10" cm/h, while DKP5 was the least permeable DKP with
Ky measured in the range of 0.85 - 10! cm/h. This parameter allows us to compare the
percutaneous kinetics, which revealed significantly different absorption rates in the in-
creasing order DKP5 < DKP4 < DKP2 < DKP3 < DKP1, showing a general trend, whereby
the most hydrophilic DKPs (DKP4-DKP5) had the lowest Kp, and vice versa. The only
exception to the trend was DKP3, and this fact can be explained with the observation that
DKP3 is the only one with two aromatic sidechains that are likely to coordinate metal
cations (e.g., Zn?* and Cu?) that are naturally present in biological samples, thus affecting
its hydrophilicity [52,53].

In conclusion, all the data point to DKP5 being the one that is most slowly absorbed,
and it is also the only one found in the SC at the end of the experiment. The other DKPs
1-4 all displayed higher permeation rates and the ability to surpass the SC and reach the
deeper layers of the skin, i.e., the epidermis and dermis. Clearly, formulation design will
be key in the future to modulate their penetration rate in the skin, as needed for the in-
tended application.

3.5. Anti-Age Activity

Andre et al. recently reported the ability of DKPs 1-2 to reduce AGEs in fibroblasts
by 27 + 1% and 28 + 1%, respectively, relative to the controls [11]. We couldn’t find any
further data related to DKP anti-age activity in the literature, and thus we used these two
compounds as reference in our experiments.

The ageing assay was based on UV exposure of cultured fibroblast cells, and subse-
quent treatment with the five DKPs (see Section 2.8 for details). A visual inspection by
optical microscopy revealed that without UV treatment, no significant differences were
noted between samples treated with or without any DKP (Figure 6, top row), thus, con-
firming the good cytocompatibility observed by the live/dead and MTT assays. UV treat-
ment significantly reduced cell viability in all cases, with the most negative effects ob-
served for the control (Figure 6, bottom row).
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Figure 6. Anti-age assay without (ctrl) or with DKPs 1-5 on fibroblast cells, without (top panels) or
with (bottom panels) UV exposure. Scalebars = 20 microns.

The reported anti-age activity of DKP1 and DKP2 was confirmed, as the numbers of
viable, spread cells (green bars in Figure 7) nearly doubled relative to the UV-treated con-
trol without DKPs. We were very pleased to see that the three new DKPs performed as
well (DKP3), or significantly better (DKP4-DKP5). A significant increase in total cell num-
bers was noted only for treatment with DKP4 and DKP5, with the latter leading to a fur-
ther doubling of spread cells (Figure 7).

Anti-age UV assay

120
IR LR
100 —— | |
80 —
2
S 60 —
®
= ' . . I :
0 PR SR
NO UV UV+DKP1 UV+DKP2 UV+DKP3 UV+DKP4 UV +DKP5

Hround M spread

Figure 7. Quantitative anti-age assay with/without DKPs 1-5 on fibroblast cells. The asterisk denotes
p < 0.05 between spread cells (green *) or round cells (gray *).

The X-Gal assay was performed too, since this substrate is converted into a blue prod-
uct by B-galactosidase, which is a senescence biomarker [54]. This convenient assay re-
vealed a similar extent of protective activity from UV-induced cell senescence for DKPs
1-4 (p > 0.01) and higher anti-age activity for DKP5 (Figure 8). Overall, this assay con-
firmed the results described above, which all point to DKP5 as the best DKP of the series
in terms of anti-age activity.
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Figure 8. Quantitative X-Gal assay on UV-treated cells without or with DKPs 1-5. * denotes p <
0.01.

Interestingly, DKP5 is known to be endogenous to blood, cerebrospinal fluid, brain,
spinal cord, semen, and gastrointestinal tract of humans [55]. Part of it derives from the
enzymatic degradation of the thyrotropin-releasing hormone, while the origin of the rest
remains to be elucidated [56]. Interestingly, its administration reduces food intake [57].
This DKP also has other pharmacological activities, such as regulation of body tempera-
ture, inhibition of prolactin secretion, and modulation of motor functions, which may be
exerted by affecting central amine transport mechanisms [58]. Indeed, this DKP has the
remarkable ability to pass the blood—-brain barrier by passive diffusion [59], and it has
been widely studied for its ability to exert a protective role in neurodegenerative and met-
abolic diseases [60]. Given its high potential for therapeutic use by oral administration
also, it has been proposed as an important innovative tool to counteract neuroinflamma-
tion-based degenerative diseases [61].

The exact mechanism of action is unclear, but administration of DKP5 with zinc stim-
ulated the synthesis of insulin degrading enzyme [62], overall leading to better control of
glycaemia and Af levels, and, more generally, affecting proteostasis [63]. The non-enzy-
mic mechanisms of its antioxidant properties include radical scavenging and metal chela-
tion to reduce oxidative reactions, and carbonyl quenching to detoxify carbonyl species,
an activity that has been indirectly ascribed to DKP5, as it requires the free amino group
that originates from the DKP-ring opening [64].

4. Conclusions

This work demonstrated that a convenient green cyclization in water of linear dipep-
tides can be applied with high yields to produce cyclo(Pro-Pro), cyclo(Met-Met), cy-
clo(His-His), and cyclo(His-Met). Spectroscopic and X-ray diffraction analyses confirmed
the identity and purity of all DKPs studied. Their cytocompatibility in fibroblast cell cul-
ture was excellent for all tested concentrations up to 1.0 mM. Furthermore, the anti-ageing
activity of DKP1 and DKP2 was confirmed, and it was reported for the first time for the
other three DKPs, with results as good (for DKP3) or even better (for DKP4-DKP5), espe-
cially for DKP5, which is an endogenous DKP with excellent therapeutic potential and the
added benefit of being able to pass the blood-brain barrier to also exert effects in the cen-
tral nervous system.

Finally, the ability of the five DKPs to penetrate the skin was evaluated in vitro using
Franz cells on piglet ear model samples. It was demonstrated that all DKPs can penetrate
the skin with significantly different permeability rates, the lowest one being for DKP5.
Clearly, the skin absorption ability of this DKP will need to be enhanced through ad-
vanced formulations, to be able to fully exploit its anti-ageing activity for cosmetic use.
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In conclusion, this study adds three more DKPs to the pool of anti-ageing cyclodi-
peptides with excellent cytocompatibility and the ability to penetrate the skin. Future
studies may be directed towards the development of suitable formulations to maximize
their ability to be enriched in the dermis for cosmetic use, or elsewhere for systemic effects,
given the established health benefits from DKP5 administration. For instance, combina-
tion with linear short peptides that can self-assemble into nanostructured hydrogels and
mimic natural components of the extracellular matrix [65] could offer a promising avenue
for cosmetic formulations. The mechanistic elucidation of the observed effects in terms of
cell protection from UV damage certainly deserves further investigation to better under-
stand how these biomolecules exert their bioactivity, so that their use can be extended
beyond cosmetics, to the preservation of human health.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/biomedicines10102342/s1, including spectroscopic characterization
and further data.

Author Contributions: Conceptualization, G.C.M. and S.M.; investigation, V.M., BR., G.P., S.A;
resources, A.B., G.A,, C.T.,, M.C,, S.M.; writing—original draft preparation, V.M., G.P.; writing—
review and editing, all authors; supervision, O.B., A.B.,, G.A,, C.T., M.C,, G.C.M., S.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are provided in the Supplementary Information and further in-
formation is available from the authors upon request.

Acknowledgments: We acknowledge Elettra Sincrotrone Trieste for providing access to its synchro-
tron radiation facilities and we thank Maurizio Polentarutti for assistance in using beamline XRD1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Harken, L.; Li, S M. Modifications of diketopiperazines assembled by cyclodipeptide synthases with cytochrome p(450)
enzymes. Appl. Microbiol. Biotechnol. 2021, 105, 2277-2285.

2. Scarel, M.; Marchesan, S. Diketopiperazine gels: New horizons from the self-assembly of cyclic dipeptides. Molecules 2021, 26,
3376.

3. Song, Z.; Hou, Y.; Yang, Q.; Li, X.; Wu, S. Structures and biological activities of diketopiperazines from marine organisms: A
review. Mar. Drugs 2021, 19, 403.

4. Balachandra, C.; Padhi, D.; Govindaraju, T. Cyclic dipeptide: A privileged molecular scaffold to derive structural diversity and
functional utility. ChemMedChem 2021, 16, 2558-2587.

5. Bojarska, J.; Mieczkowski, A.; Ziora, Z.M.; Skwarczynski, M.; Toth, I.; Shalash, A.O.; Parang, K.; El-Mowafi, S.A.; Mohammed,
E.H.M.; Elnagdy, S.; et al. Cyclic dipeptides: The biological and structural landscape with special focus on the anti-cancer
proline-based scaffold. Biomolecules 2021, 11, 1515.

6. Amidon, G.L.; Lee, H.J. Absorption of peptide and peptidomimetic drugs. Annu. Rev. Pharmacol. Toxicol. 1994, 34, 321-341.

7. Safiullina, A.S.; Buzyurov, A.V.; Ziganshina, S.A.; Gerasimov, A.V.; Schick, C.; Gorbatchuk, V.V.; Ziganshin, M.A. Using fast
scanning calorimetry to study solid-state cyclization of dipeptide I-leucyl-l-leucine. Thermochim. Acta 2020, 692, 178748.

8.  Bojarska, J.; Wolf, W.M. Ultra-short cyclo-peptides as bio-inspired therapeutics: Proline-based 2,5-diketopiperazines (dkp).
Proceedings 2021, 79, 10.

9.  Ressurreigao, A.S.M.; Delatouche, R.; Gennari, C.; Piarulli, U. Bifunctional 2,5-diketopiperazines as rigid three-dimensional
scaffolds in receptors and peptidomimetics. Eur. J. Org. Chem. 2011, 2011, 217-228.

10. Borthwick, A.D. 2,5-diketopiperazines: Synthesis, reactions, medicinal chemistry, and bioactive natural products. Chem. Rev.
2012, 112, 3641-3716.

11. André, A,; Touré, A.K; Stien, D.; Eparvier, V. 2,5-diketopiperazines mitigate the amount of advanced glycation end products
accumulated with age in human dermal fibroblasts. Int. J. Cosm. Sci. 2020, 42, 596-604.

12.  Gkogkolou, P.; Bchm, M. Advanced glycation end products: Key players in skin aging? Derm. -Endocrinol. 2012, 4, 259-270.

13. Sirangelo, I; lannuzzi, C. Understanding the role of protein glycation in the amyloid aggregation process. Int. |. Mol. Sci. 2021,
22, 6609.

14. Khalid, M.; Petroianu, G.; Adem, A. Advanced glycation end products and diabetes mellitus: Mechanisms and perspectives.
Biomolecules 2022, 12,. 542.

15. Fernando, D.H.; Forbes, ].M.; Angus, P.W.; Herath, C.B. Development and progression of non-alcoholic fatty liver disease: The

role of advanced glycation end products. Int. J. Mol. Sci. 2019, 20, 5037.



Biomedicines 2022, 10, 2342 13 of 14

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Bronowicka-Szydetko, A.; Kotyra, L.; Lewandowski, L.; Gamian, A.; Kustrzeba-Wojcicka, I. Role of advanced glycation end-
products and other ligands for age receptors in thyroid cancer progression. J. Clin. Med. 2021, 10, 4084.

Fishman, S.L.; Sonmez, H.; Basman, C.; Singh, V.; Poretsky, L. The role of advanced glycation end-products in the development
of coronary artery disease in patients with and without diabetes mellitus: A review. Mol. Med. 2018, 24, 59.

Steenbeke, M.; Speeckaert, R.; Desmedt, S.; Glorieux, G.; Delanghe, ].R.; Speeckaert, M.M. The role of advanced glycation end
products and its soluble receptor in kidney diseases. Int. ]. Mol. Sci. 2022, 23, 3439.

Dozio, E.; Vettoretti, S.; Lungarella, G.; Messa, P.; Corsi Romanelli, M.M. Sarcopenia in chronic kidney disease: Focus on
advanced glycation end products as mediators and markers of oxidative stress. Biomedicines 2021, 9, 405.

Lopez-Laguna, H.; Volta-Duran, E.; Parladé, E.; Villaverde, A.; Vazquez, E.; Unzueta, U. Insights on the emerging biotechnology
of histidine-rich peptides. Biotechnol. Adv. 2022, 54, 107817.

Tang, Z.; Zhao, P.; Wang, H.; Liu, Y.; Bu, W. Biomedicine meets fenton chemistry. Chem. Rev. 2021, 121, 1981-2019.
Rinnerthaler, M.; Bischof, J.; Streubel, M.K.; Trost, A.; Richter, K. Oxidative stress in aging human skin. Biomolecules 2015, 5,
545-589.

Schmook, F.P.; Meingassner, ].G.; Billich, A. Comparison of human skin or epidermis models with human and animal skin in
in-vitro percutaneous absorption. Int. J. Pharm. 2001, 215, 51-56.

Barbero, A.M.; Frasch, H.F. Pig and guinea pig skin as surrogates for human in vitro penetration studies: A quantitative review.
Toxicol. Vitr. 2009, 23, 1-13.

Wester, R.C.; Melendres, ].; Sedik, L.; Maibach, H.; Riviere, J.E. Percutaneous absorption of salicylic acid, theophylline, 2, 4-
dimethylamine, diethyl hexyl phthalic acid, and p-aminobenzoic acid in the isolated perfused porcine skin flap compared to
man in vivo. Toxicol. Appl. Pharmacol. 1998, 151, 159-165.

Simon, G.A.; Maibach, H.I. The pig as an experimental animal model of percutaneous permeation in man: Qualitative and
quantitative observations--an overview. Ski. Pharmacol. Appl. Ski. Physiol. 2000, 13, 229-234.

Magnano, G.C.; Marussi, G.; Pavoni, E.; Adami, G.; Larese Filon, F.; Crosera, M. Percutaneous metals absorption following
exposure to road dust powder. Environ. Pollut. 2022, 292, 118353.

Guth, K.; Schifer-Korting, M.; Fabian, E.; Landsiedel, R.; van Ravenzwaay, B. Suitability of skin integrity tests for dermal
absorption studies in vitro. Toxicol. Vitr. 2015, 29, 113-123.

OECD. Guidance Document for the Conduct of Skin Absorption Studies. 2004. Available online:
https://doi.org/10.1787/9789264078796-en (accessed on 25 August 2022).

Pokorna, A.; Bobal, P.; Oravec, M.; Rarova, L.; Bobalova, J.; Jampilek, J. Investigation of permeation of theophylline through
skin using selected piperazine-2,5-diones. Molecules 2019, 24, 566.

Kurbasic, M.; Semeraro, S.; Garcia, A.M.; Kralj, S.; Parisi, E.; Deganutti, C.; De Zorzi, R.; Marchesan, S. Microwave-assisted
cyclization of unprotected dipeptides in water to 2,5-piperazinediones and self-assembly study of products and reagents.
Synthesis 2019, 51, 2829-2838.

Pérez-Picaso, L.; Escalante, ].; Olivo, H.F.; Rios, M.Y. Efficient microwave assisted syntheses of 2,5-diketopiperazines in aqueous
media. Molecules 2009, 14, 2836-2849.

Naraoka, H.; Harada, K. Stereochemistry of piperazine-2,5-dione formation by self-condensation of dl-amino acid esters. J.
Chem. Soc. 1986, 1557-1560.

Lopez-Cobenias, A.; Cledera, P.; Sanchez, J.D.; Lépez-Alvarado, P.; Ramos, M.T.; Avendaro, C.; Menéndez, J.C. Microwave-
assisted synthesis of 2,5-piperazinediones under solvent-free conditions. Synthesis 2005, 2005, 3412-3422.

Mendham, A.P.; Potter, B.S.; Palmer, R.A.; Dines, T.].; Mitchell, J.C.; Withnall, R.; Chowdhry, B.Z. Vibrational spectra and crystal
structure of the di-amino acid peptide cyclo(l-met-I-met): Comparison of experimental data and dft calculations. ]. Raman
Spectrosc. 2010, 41, 148-159.

Benedetti, E.; Goodman, M.; Marsh, R.E.; Rapoport, H.; Musich, J.A. Cyclo-l-prolyl-1-prolyl, c10h14n202. Cryst. Struct. Commun.
1975, 4, 641-645.

Friedrich, A.; Jainta, M.; Nieger, M.; Brase, S. One-pot synthesis of symmetrical and unsymmetrical diketopiperazines from
unprotected amino acids. Synlett 2007, 2007, 2127-2129.

Bettens, F.L.; Bettens, R.P.A.; Brown, R.D.; Godfrey, P.D. The microwave spectrum, structure, and ring-puckering of the cyclic
dipeptide diketopiperazine. . Am. Chem. Soc. 2000, 122, 5856-5860.

Hirst, ].D.; Persson, B.J. Ab initio calculations of the vibrational and electronic spectra of diketopiperazine. . Phys. Chem. A 1998,
102, 7519-7524.

Valle, G.; Guantieri, V.; Tamburro, A.M. On the molecular and crystal structure of cyclo(l-methionyl-I-methionyl). J. Mol. Struct.
1990, 220, 19-24.

Mishra, A.K.; Choi, J.; Choi, S.J.; Baek, K.H. Cyclodipeptides: An overview of their biosynthesis and biological activity. Molecules
2017, 22, 1796.

Wong, R.; Geyer, S.; Weninger, W.; Guimberteau, J.-C.; Wong, ].K. The dynamic anatomy and patterning of skin. Exp. Dermatol.
2016, 25, 92-98.

Rice, G.; Rompolas, P. Advances in resolving the heterogeneity and dynamics of keratinocyte differentiation. Curr. Opin. Cell
Biol. 2020, 67, 92-98.

Rippa, A.L.; Kalabusheva, E.P.; Vorotelyak, E.A. Regeneration of dermis: Scarring and cells involved. Cells 2019, 8, 607.



Biomedicines 2022, 10, 2342 14 of 14

45.

46.
47.
48.
49.

50.
51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Graham, H.K; Eckersley, A.; Ozols, M.; Mellody, K.T.; Sherratt, M.]. Human skin: Composition, structure and visualisation
methods. In Skin Biophysics: From Experimental Characterisation to Advanced Modelling; Limbert, G., Ed.; Springer International
Publishing: Cham, Switzerland, 2019; pp 1-18.

Hu, X.; He, H. A review of cosmetic skin delivery. . Cosm. Dermatol. 2021, 20, 2020-2030.

Nielsen, ].B.; Benfeldt, E.; Holmgaard, R. Penetration through the skin barrier. Curr. Probl. Dermatol. 2016, 49, 103-111.
Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.]. Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26.

Hopf, N.B.; Champmartin, C.; Schenk, L.; Berthet, A.; Chedik, L.; Du Plessis, J.L.; Franken, A.; et al. Reflections on the OECD
Guidelines for in Vitro Skin Absorption Studies. Regul. Toxicol. Pharmacol. 2020, 117, 104752.

Li, D.; Kerns, E.H. 2016. « Permeability ». In Drug-Like Properties, Academic Press, London (U.K.), 2016, Chapter 8, pp. 95-111.
Bolzinger, M.A.; Briangon, S.; Pelletier, J.; Chevalier, Y. Penetration of Drugs through Skin, a Complex Rate-Controlling
Membrane. Curr. Opin. Coll. Interface Sci. 2012, 17, 156-165.

Franklin, L.M.; Walker, S.M.; Hill, G. A DFT study of isolated histidine interactions with metal ions (Ni**, Cu?, Zn?") in a six-
coordinated octahedral complex. ]. Molec. Model. 2020, 26, 116.

Ito, Y.; Fukuyama, K.; Horie, N.; Epstein, W.L. Enzymatic activity of metal-binding proteins in epidermal cells. Mol. Cell Biochem.
1984, 60, 183-188.

Itahana, K.; Campisi, J.; Dimri, G.P. Methods to detect biomarkers of cellular senescence: The senescence-associated beta-
galactosidase assay. Methods Mol. Biol. 2007, 371, 21-31.

Prasad, C. Cyclo(his-pro): Its distribution, origin and function in the human. Neurosci. Biobehav. Rev. 1988, 12, 19-22.

Prasad, C.; Jayaraman, A.; Robertson, H.J.; Rao, J.K. Is all cyclo(his-pro) derived from thyrotropin-releasing hormone?
Neurochem. Res. 1987, 12, 767-774.

Bray, G.A. Peptides affect the intake of specific nutrients and the sympathetic nervous system. Am. J. Clin. Nutrit. 1992, 55, 265s—
271s.

Prasad, C. Limited proteolysis and physiological regulation: An example from thyrotropin-releasing hormone metabolism.
Thyroid 1998, 8, 969-975.

Kastin, A.J.; Pan, W. Involvement of the blood-brain barrier in metabolic regulation. CNS Neurol. Disord. Drug Targets 2016, 15,
1118-1128.

Minelli, A.; Bellezza, L; Grottelli, S.; Galli, F. Focus on cyclo(his-pro): History and perspectives as antioxidant peptide. Amino
Acids 2008, 35, 283-289.

Grottelli, S.; Ferrari, I; Pietrini, G.; Peirce, M.J.; Minelli, A.; Bellezza, I. The role of cyclo(his-pro) in neurodegeneration. Int. J.
Mol. Sci. 2016, 17, 1332.

Song, M.K,; Bischoff, D.S.; Song, A.M.; Uyemura, K.; Yamaguchi, D.T. Metabolic relationship between diabetes and alzheimer's
disease affected by cyclo(his-pro) plus zinc treatment. BBA Clin. 2017, 7, 41-54.

Grottelli, S.; Costanzi, E.; Peirce, M.J.; Minelli, A.; Cellini, B.; Bellezza, I. Potential influence of cyclo(his-pro) on proteostasis:
Impact on neurodegenerative diseases. Curr. Prot. Pept. Sci. 2018, 19, 805-812.

Regazzoni, L.; Fumagalli, L.; Artasensi, A.; Gervasoni, S.; Gilardoni, E.; Mazzolari, A.; Aldini, G.; Vistoli, G. Cyclo(his-pro) exerts
protective carbonyl quenching effects through its open histidine containing dipeptides. Nutrients 2022, 14, 1775.

Marin, D.; Marchesan, S. Self-Assembled Peptide Nanostructures for ECM Biomimicry. Nanomaterials 2022, 12, 2147.



