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Abstract: The objective of the study was to develop a novel topical gel by mixing Potentilla tormentilla
ethanolic extract, thermosensitive poloxamer 407, and carbomer 940 and evaluating its stability
and rheological behavior. The irritation potential of the gel was evaluated in accordance with
the Organization for Economic Cooperation and Development Guidelines 404. The potential anti-
inflammatory effects of the developed gel were evaluated in vivo in rats using the carrageenan-
induced paw edema test. Moreover, the in silico binding affinity for chlorogenic and ellagic acid, as
dominant components in the extract, against cyclooxygenase (COX) 1 and 2 was also determined.
Our findings suggest that the gel containing Potentilla tormentilla extract remained stable throughout
the observation period, exhibited pseudoplastic behavior, and caused no irritation in rats, thus being
considered safe for topical treatment. Additionally, the developed gel showed the capability to reduce
rat paw edema, which highlights significant anti-inflammatory potential. In silico analysis revealed
that chlorogenic and ellagic acid exhibited a reduced binding affinity against COX-1 but had a similar
inhibitory effect on COX-2 as flurbiprofen, which was confirmed by molecular dynamics results. The
study proposes the possible application of Potentilla tormentilla ethanolic extract gel for the alleviation
of localized inflammatory diseases; however, future clinical evaluation is required.

Keywords: Potentilla tormentilla; gel; anti-inflammatory activity; in silico studies; rats

1. Introduction

In recent years, more attention in the cosmetic and pharmaceutical industries has been
dedicated to plants and plant extracts that are considered an alternative approach used
to mitigate and prevent the development of different health and skin problems. Natural
ingredients have been used for centuries for skin treatment and care, mostly due to the fact
that they are easily absorbed and metabolized by the human body but also show fewer
side effects than conventional medications [1]. There are numerous traditional plants for
which there is considerable interest in their use for dermatological products due to their
valuable phytochemical potential [2].

Int. . Mol. Sci. 2024, 25, 9389. https:/ /doi.org/10.3390/ijms25179389

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms25179389
https://doi.org/10.3390/ijms25179389
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5388-6085
https://orcid.org/0000-0003-3048-4264
https://orcid.org/0000-0002-6960-3438
https://orcid.org/0000-0003-4560-2630
https://orcid.org/0000-0002-0071-8376
https://orcid.org/0000-0001-9906-436X
https://orcid.org/0000-0003-1761-604X
https://orcid.org/0000-0002-6429-7953
https://doi.org/10.3390/ijms25179389
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25179389?type=check_update&version=2

Int. J. Mol. Sci. 2024, 25,9389

2 0f29

The Potentilla genus has been known since ancient times for its curative properties, tra-
ditionally for skin injuries such as wounds and burns [3,4]. Potentilla tormentilla (synonyms:
Potentilla erecta, Tormentilla erecta), as one of the most prominent species of the Potentilla
genus, has mainly spread in the temperate, Arctic, and alpine zones of the northern hemi-
sphere [3,4]. This plant species has been traditionally used due to its anti-inflammatory,
antioxidative, anti-ulcerogenic, and antimicrobial curative properties [5]. The therapeutic
properties of Potentilla tormentilla mostly come from its rhizome, rich in active pharmaco-
logical compounds such as tannins, astringent polyphenols (up to 20%), and especially
the hydrolysable tannin agrimoniin [6]. Agrimoniin has an outstanding capacity as an
antioxidant, astringent, and elastase inhibitor comparable to the most potent anti-allergic
drug, azelastine, and about 20 times more effective than epigallocatechin gallate, the main
tannin of green tea [3].

Skin inflammation has been associated with numerous dermal pathological conditions
such as psoriasis, atopic dermatitis, eczema, and seborrheic dermatitis [7]. Therefore, great
effort has been invested in the development of naturally based topical formulations that
can exert anti-inflammatory potential and improve the management of patients with skin
diseases. Potentilla tormentilla stands out as a source of valuable compounds with anti-
inflammatory properties that can be used as ingredients for the development of potent
dermocosmetic products. In addition to traditional usage, previous research confirmed
that bioactive compounds present in Potentilla tormentilla extract can reduce UVB-induced
inflammation in in vitro and in vivo models [6]. The anti-inflammatory effect of Potentilla
tormentilla is based on lowering the formation of interleukin-6 and prostaglandin E2 as
principal mediators of inflammation. Importantly, it has been reported that this plant
species shows an effect comparable to hydrocortisone, thus paving the way for using
Potentilla tormentilla extract as an active component in developing drug delivery systems
for the treatment of inflammatory skin disorders [8].

Previous studies predominantly highlight the in vitro anti-inflammatory properties
of Potentilla tormentilla extract [4,9]. However, there is a notable lack of scientific data
addressing the effects of local application of Potentilla tormentilla extract, whether used
alone or incorporated into specific delivery vehicles. This gap underscores the need for
further research to explore the efficacy and practical applications of Potentilla tormentilla
extract in topical formulations. Therefore, our study introduces innovation through a
specific formulation that utilizes Potentilla tormentilla extract in combination with novel
polymeric bases, filling existing gaps and providing new insights into its application.

The significance of selecting the right polymer for creating topical gels lies in its
impact on the gel’s overall performance and user experience. With a vast array of polymers
available, choosing the appropriate one ensures optimal gel consistency, stability, and
controlled release of active ingredients. This careful selection affects how well the gel
adheres to the skin, how effectively it delivers the therapeutic agents, and how comfortable
it is for the user, ultimately influencing the treatment’s efficacy and patient compliance.

Regarding the above-mentioned data, our study aimed, for the first time, to develop a
novel topical gel formulation using Potentilla tormentilla extract combined with poloxamer
407 and carbomer 940 for anti-inflammatory activity. This combination could potentially
allow for more effective delivery of bioactive compounds and thus enhance the anti-
inflammatory effect of Potentilla tormentilla extract. Accordingly, the special novelty of the
current research is reflected in the development of an efficient delivery system for Potentilla
tormentilla extract that increases the extract’s efficacy through prolonged maintenance on
the skin, as well as providing an in-depth understanding of its anti-inflammatory potential
in an animal model.
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2. Results
2.1. Chemical Composition of Potentilla Tormentilla Extract

The results of preliminary chemical characterization indicated that the TPC of Potentilla
tormentilla ethanolic extract was 328.4 + 24.74 mg GA/d.w. extract, whereas the TTC was
3.54 £ 0.13% (expressed as pyrogallol, w/w).

The chemical composition of the Potentilla tormentilla ethanolic extract is shown in
Table 1 and Figure S1.

Table 1. Concentration of compounds identified in Potentilla tormentilla ethanolic extract.

Compound Concentration (mg/g d.w. Extract)
ellagic acid 1499 £1.2
epicatechin 78+£03
ellagic acid derivatives 23.25 £ 1.11
chlorogenic acid 0.152 4 0.0042
gallic acid 0.34 = 0.0031
rutin 0.0015 + 0.00001

d.w.—dry weight.

The results indicate that the most abundant single phenolic compound was ellagic
acid, followed by somewhat lower amounts of epicatechin. Furthermore, significantly
less abundance of gallic and chlorogenic acid was recorded, accompanied by traces of the
flavonoid heteroside rutin. However, we must add to the aforementioned that the applied
instrumental technique enabled us to non-specifically identify and quantitate high amounts
of different ellagic acid derivatives present in the analyzed extract.

2.2. Physicochemical Characterization of PEG
2.2.1. Organoleptic Characteristics and Physical Appearance

Parameters of formulated gel such as colour, odour, consistency, and homogeneity,
observed at different temperatures during three months’ storage, are presented in Table 2.
The results indicated that the organoleptic characteristics and homogeneity of the prepared
formulation remained unaffected at different temperatures during the three months.

Table 2. Organoleptic characteristics and physical appearance of PEG at different temperature for
90 days.

25°C+2°C 4°C+2°C
Parameters
1 Day 90 Days 1 Day 90 Days
Colour Light brown Light brown Brownish Brownish
Odour Characteristic odor of Characteristic odor of Characteristic odor of Characteristic odor of
the extract the extract the extract the extract
Consistency Semi-solid Semi-solid Semi-solid Semi-solid
Homogenity No phase separation No phase separation No phase separation No phase separation

2.2.2. pH Values

The results of pH value measurements are presented in Table 3. Our gel formulations
did not change in terms of pH during storage period, thus suggesting that it does not
have the potential to disturb the skin barrier, but that it supports natural skin pH balance.
Importantly, formulations stored at both temperatures had pH values that are suitable and
recommended for topical products [10].
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Table 3. pH values of PEG at different temperatures for 90 days.
25°C+2°C 4°C+2°C
- Day 1 5.81 £0.14 5.81 £0.14
P 90 days 5.96 £ 0.16 5.92 £0.19

Data showed as mean + SD (n = 3).

2.2.3. Electrical Conductivity

Another important parameter for water-based products is electrical conductivity. In
this investigation, we focused on electrical conductivity values during the storage time at
different temperatures, which is presented in Table 4. Our results showed that storing PEG

on 25 °C led to a slight decrease in conductivity, while storing PEG at a lower temperature
led to significant elevation of conductivity values.

Table 4. Electrical conductivity of PEG at different temperatures for 90 days.

25°C+2°C 4°C+2°C
Electrical Day 1 52.8 & 0.56 uS/cm 52.8 4 0.56 uS/cm
conductivity 90 days 4354059 uS/cm 659 &+ 0.63 uS/cm * #

Data showed as mean =+ SD (1 = 3); *—statistical significance in relation to day 1; #—statistical significance in
relation to value at 25 °C £ 2 °C.

2.2.4. Centrifugation Test of Prepared Formulation

After centrifugation of PEG, there was no noticeable decomposition, separation, or

precipitation of the components of the gel formulation. This proved to us the stability of
the gel formulation.

2.2.5. Rheological Characterization of Prepared Formulation

Figures 1 and 2 represent the viscosity curves, which describe the dependence of the
viscosity of PEG on shear rates at temperature of 25 °C and 37 °C (Tables 5 and 6).

10,000
1000

100

Viscosity n (Pa = s)

10 5

0.1 1 10 100 1000
Shear Rate ¥ (1/s)

—a—1 Day ——90 Day 25°C —»—90 Day 4°C

Figure 1. Viscosity curves of PGE after preparation and three months of storage at different tempera-
tures measured at 25 °C. For curve 1 day: y = 1074.2 x x —0.85, R? = 0.9992; for curve 90 day 25 °C:
y =766.6 x x —0.87, R? = 0.9992; for curve 90 day 4 °C: y = 673.9 x x —0.89, R? = 0.9992.
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Figure 2. Viscosity curves of PGE after preparation and three months of storage at different tempera-

tures measured at 37 °C. For curve 1 day: y = 1014.3 x x —0.92, R? = 0.9983; for curve 90 day 25 °C:
y =723.8 x x —0.95, R? = 0.9983; for curve 90 day 4 °C: y = 636.3 x x —0.96, R? = 0.9982.

Table 5. Viscosity values of PEG measured at different shear rates 24 h after preparation and 90 days
after storage at 25 °C and 4 °C. Measurements were performed at 25 °C.

Viscosity of PEG (Pa X s)

90 D fter St 90 D fter St
Shear Rate (1/s) 24 h after Preparation Y e - orage ays ater dtorage

at25°C at4°C

0.101 7239.6 5429.7 4886.73
10 153.14 104.14 88.51
100 20.40 12.85 10.54
1000 2.66 1.59 1.28

Table 6. Viscosity values of PEG measured at different shear rates 24 h after preparation and 90 days
after storage at 25 °C and 4 °C. Measurements were performed at 37 °C.

Viscosity of PEG (Pa x s)

90 D fter St 90D fter St
Shear Rate (1/s) 24 h after Preparation ays aner lorage ays aller Storage

at25°C at4°C

0.101 7902.4 5926.8 5334.12
10 147.87 100.55 85.46
100 12.54 7.90 6.47
1000 1.61 0.967 0.77

The results shown in Figures 1 and 2 demonstrate that the PEG showed shear thinning
behavior with viscosity decreasing as the shear rate was increased.

2.2.6. Swelling Index of Prepared Formulation

The swelling index of the PGE formulation on the first day and after 90 days of storage
at4 £ 2°Cand 25 &+ 2 °C is represented in Table 7. The gel formulation with PGE showed
a higher swelling index in the third hour of measurement in comparison to the zero and
first hour after the preparation of the sample. The highest swelling index was noticed in
the PGE gel after three months of storage at room temperature.



Int. J. Mol. Sci. 2024, 25, 9389

6 of 29

Table 7. Swelling index of PGE formulation immediately after preparation and 90 days of storage at
44+2°Cand25+2°C.

1st Day 90 Days
Samples/Hours 0 1 3 0 1 3
PGE 85+ 0.15 91+012 128 £0.10
PGE4£2°C 84 +0.15 80 +0.12 75+ 0.15
PGE25+2°C 82 4 0.22 97 +0.14 115 £0.18

The values are means of three replicates + standard deviation.

2.3. Acute Dermal Irritation Test

The animals subjected to topical application of PEG showed no signs of acute dermal
toxicity such as erythema, edema, and other clinical toxicity manifestations during 14 days
of observation (Figure 3). In brief, the absence of other clinical toxicity manifestations
includes neither skin effects (e.g., defatting of skin) nor any systemic adverse effects such
as reduction in body weight, any alterations in behavior patterns, urination (colour) and
faeces consistency alterations, salivation alterations, etc.

(A) (B)

Figure 3. Rat skin after application of BG (A) and PEG (B).

2.4. Anti-Inflammatory Activity of PEG in Rat Model

The results of the in vivo anti-inflammatory activity of PEG are shown in Table 8 and
Figure 4. There was no difference between the examined groups one hour after carrageenan
injection. Nevertheless, the administration of PEG led to significant inhibition of paw
edema after the second, third, and fourth hour of carrageenan application compared to
the control group. The application of a gel base did not decrease inflammation, which
was expected due to the absence of therapeutic active compounds. Hydrocortisone as
a standard anti-inflammatory drug showed the most pronounced degree of inhibition
compared to the control group.
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Table 8. Anti-inflammatory activity of PEG in the carrageenan-induced rat paw edema model.

Rat Paw Thickness (mm)
(% of Inhibition)

Groups Oh 1h 2h 3h 4h
CTRL 2524047  436+041  678+052 6174039 603+ 048
HC 2.73 £ 0.43 3'6(2; 2)'31 4-(231730()’%2 3(-39;4:;02.)35 iff;éiff
BG 334 4 035 43 11202.;17 6.?; 51202.)42 5.?; 9i102.)38 5.?; 9i702.)33
PEG 2.77 4+ 0.38 3k6126 _;7336 5(-1‘1;93;02-)4*2 4&177.;;02.)53 3(.36;6j2:0254*7

Results are presented as the mean value + SD (n = 8). *—A statistically significant difference at the level of
p < 0.05 in relation to the control group. CTRL—control; HC—hydrocortisone; BG—gel base; PEG—Potentilla
extract-based gel.

60
<
;.— ‘uﬂ ]
<
5 1
= 40 T
o 1 T ]
3 30 I
T 30 T
—
& L
& 20 _ $
k= L
3 10 )
g b i
=1 F L _ T
0
0 1 2 3 4
Time (h)
HC BG PEG

Figure 4. Percentage of paw edema inhibition in rats treated with formulations. HC—hydrocortisone;
BG—gel base; PEG—Potentilla extract-based gel.

2.5. Molecular Docking Simulations

Considering the prominent anti-inflammatory activity exhibited by the investigated ex-
tracts, molecular docking studies were used to evaluate the binding affinity of four polyphe-
nolic compounds present in the extracts (Figure 5) towards COX-1 and
COX-2 isozymes.

To validate the docking protocol, the co-crystallized ligand flurbiprofen was extracted
and subsequently re-docked within the binding sites of the target enzymes. The computed
Root Mean Square Deviation (RMSD) values of 0.3007 A for COX-1 and 0.2851 A for COX-2
indicated the reliability of the conducted docking procedure (Figure 6A,B).

The binding attributes for the most favorable docking poses of the investigated com-
pounds are delineated in Table 9. A lower estimated value of docking score (AG) and
inhibition constant (K;) signify a more potent molecular interaction between the investi-
gated compound and protein. The docking scores ranged from —28.45 to —10.88 kJ /mol
for COX-1 and from —34.72 to —25.94 kJ/mol for COX-2, among the tested compounds.



Int. J. Mol. Sci. 2024, 25,9389

8 of 29

H 0

HO
OH

HO \
HO

HO OH

Chlorogenic acid Gallic acid
OH
HO,, : OH
on
HO :
0 0 K

Rutin Ellagic acid

Figure 5. Chemical structures of tested polyphenolic compounds.

(A) (B)

Figure 6. The superimposition of the co-crystallized flurbiprofen (green) and re-docked binding
conformation of flurbiprofen (hot pink) within the active site of COX-1 (A) and COX-2 (B).

Table 9. Binding attributes for the best-modeled docking poses of investigated compounds within
COX-1 and COX-2 binding sites.

K; LE*

Flurbiprofen-COX-1 —40.58 0.076 —2.25
Chlorogenic acid-COX-1 —28.45 10.20 —1.14
Gallic acid-COX-1 —25.52 33.30 —-2.13
Rutin-COX-1 —10.88 12,300 —0.25
Ellagic acid-COX-1 —26.36 23.8 —-1.20
Flurbiprofen-COX-2 —38.07 0.209 —-2.11
Chlorogenic acid-COX-2 —34.72 0.808 —-1.39
Gallic acid-COX-2 —25.94 28.09 —2.16
Rutin-COX-2 —27.61 14.30 —0.64
Ellagic acid-COX-2 —34.22 0.997 —1.55

* LE—ligand efficiency.

Correspondingly, the calculated inhibition constants ranged from 10.20 to
12,300 uM for COX-1 and from 0.808 to 28.09 uM for COX-2. Among the tested com-
pounds, chlorogenic acid and ellagic acid stand out as the molecules displaying the highest
binding affinity, as evident from the lowest values of docking score and inhibition constant.
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These values, though higher, are comparable to those observed for flurbiprofen, as opposed
to gallic acid and rutin, which exhibited significant lower binding affinity in comparison
to flurbiprofen.

Based on the results presented in Table 9, it can be concluded that chlorogenic acid
shows the highest binding affinity towards the COX-1 isoform. Namely, this compound
achieves the lowest values of docking score (—28.45 kJ/mol) and inhibition constant
(10.20 uM). It may be hypothesised that the superior affinity of chlorogenic acid towards
COX-1, compared to other investigated compounds, is due to the formation of four hydro-
gen bonds. Specifically, arginine and glutamic acid at positions 83 and 524, respectively,
form a single hydrogen bond, while arginine at position 120 is double hydrogen-bonded
in its interaction with the mentioned ligand. The carbonyl oxygen atom within the ester
group of chlorogenic acid interacts as a hydrogen bond acceptor with the guanidine moiety
of the ARG120 residue. The identical group of the specified residue establishes a contact
with the hydroxyl oxygen atom within the carboxyl group of chlorogenic acid, acting as a
hydrogen bond donor. The guanidine group of the ARG83 residue, as a proton donor, es-
tablishes a hydrogen bond with the carbonyl oxygen atom within the carboxyl group of the
investigated ligand. Conversely, the only hydrogen bond where the ligand acts as a proton
donor is the contact established between the hydroxyl hydrogen atom of chlorogenic acid’s
carboxyl group and the carboxyl oxygen atom of the GLU524 residue. Other interactions
that contribute to the stability of the formed complex include hydrophobic contacts of the
71-0 type between the ligand’s aromatic ring and residues VAL116 and LEU531, as well as
m—alkyl interactions involving the same region of chlorogenic acid and residues LEU359
and ALA527 (Figure 7A).

A slightly higher value of the docking score of gallic acid compared to chlorogenic
acid can be explained by the formation of only one hydrogen bond with the dominant
presence of hydrophobic contacts. Concretely, the oxygen atom of the hydroxyl group in
position 3 of gallic acid acts as a hydrogen bond acceptor, establishing a contact with the
hydroxyl hydrogen atom of the residue SER530. The remaining hydrophobic interactions
of m-0, amide—m stacked, and m—alkyl types are formed between the aromatic ring and
residues LEU352, GLY526, and ALA527, respectively (Figure 7B).

Upon the molecular docking of rutin into the active site of COX-1, it was observed that
this molecule exhibits the lowest affinity towards the target enzyme. Namely, the highest
values of free binding energy (—10.88 k] /mol) and inhibition constant (12,300 uM) were cal-
culated, regardless of the presence of the double hydrogen bond formed by the mentioned
compound and residue SER530. The low binding affinity of rutin may be attributed to the
presence of three unfavorable interactions that significantly hinder the molecular fitting
of this compound, in addition to numerous hydrophobic interactions. More precisely, the
pyranic oxygen atom of the 6-hydroxymethyl-tetrahydro-pyran-2,3,4,5-tetraol group and
the phenolic oxygen atom of the 3,4-dihydroxyphenyl group of rutin form two unfavorable
acceptor—acceptor interactions with residues TYR355 and GLU524, respectively. On the
other hand, the hydroxyl oxygen atom in position 3 of the 6-hydroxymethyl-tetrahydro-
pyran-2,3,4,5-tetraol nucleus establishes an unfavorable bump with the alkyl group within
the side chain of the LEU531 residue (Figure 7C).

Based on the values of free binding energy, it can be concluded that ellagic acid
(—26.36 k] /mol) exhibits binding affinity towards COX-1 subsequent to chlorogenic acid.
The relatively high affinity of this molecule against the target enzyme can be explained by
the formation of three hydrogen bonds. Namely, the phenolic group of ellagic acid forms a
single hydrogen bond as an H-donor with the carbonyl oxygen of MET522. On the other
hand, the hydroxyl group of SER530 is double hydrogen-bonded as a proton donor with
the phenolic and lactone oxygen atoms of the ligand. The establishment of a significant
number of hydrophobic interactions (14 interactions) further contributes to the relatively
high stability of the formed ligand—protein complex. Among them, the most numerous
are the r—alkyl interactions, wherein the 7 electrons of the tetracyclic core of ellagic acid
interact with the side chains of LEU352, LEU359, LEU523, and LEU531 residues. Other
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types of hydrophobic interactions include amide-m (GLY526) and -0 contacts (VAL349
and ALA527) (Figure 7D).

@A) (B)

GLU-524 ..

Figure 7. Three-dimensional representation of chlorogenic acid (A), gallic acid (B), rutin (C), and
ellagic acid (D) binding interactions within the active site of COX-1. The depicted interactions along
with their corresponding bond lengths (A) include conventional hydrogen bonds (green dashed
lines), C-H hydrogen bonds (pale green dashed lines), alkyl interactions (violet purple dashed lines),
m-0 interactions (purple dashed lines), 7t-7t interactions (hot pink dashed lines), m—alkyl interactions
(violet dashed lines), amide—m interactions (slate blue dashed lines), m—cation interactions (orange
dashed lines), m-anion interactions (red salmon dashed lines), and unfavorable steric bumps (red
dashed lines).

During molecular docking of selected polyphenols into the binding site of COX-2, it is
evident that chlorogenic acid demonstrates the lowest docking score value (—34.72 k] /mol),
as well as the lowest inhibition constant (0.808 uM). These results suggest that chloro-
genic acid exhibits a comparable binding affinity to the conventional NSAID flurbiprofen
(—38.07 kJ /mol and 0.209 uM). Namely, one of the phenolic groups of chlorogenic acid
establishes an identical hydrogen bond with residue ARG120 as flurbiprofen, with the dif-
ference that the carboxyl group of the drug is double hydrogen-bonded with the mentioned
residue. Moreover, the hydroxyl oxygen atom of chlorogenic acid’s carboxyl group and
adjacent secondary hydroxyl group act as proton donors in the hydrogen bond interaction
with carbonyl oxygen atoms of MET522 and VAL523 peptide bonds. Furthermore, the side
chains of residues ARG120 and SER530 are involved in the formation of two additional
C-H hydrogen bonds with the aforementioned secondary amino group of chlorogenic
acid, which is engaged in the formation of a conventional hydrogen bond with guanidine
moiety of ARG120, as well as with the carbonyl oxygen of the ester functional group. The
notable binding affinity of chlorogenic acid towards COX-2 can be additionally attributed
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to the formation of three hydrophobic interactions, wherein the phenyl ring of the molecule
establishes 7-o, 7-71, and m—alkyl contacts with residues VAL116, TYR355, and LEU359,
respectively (Figure 8A).

% i SER-530 T
SER-530 " }\
4 " :

LEU-35

Figure 8. Three-dimensional representation of chlorogenic acid (A), gallic acid (B), rutin (C), and
ellagic acid (D) binding interactions within the active site of COX-2. The depicted interactions along
with their corresponding bond lengths (A) include conventional hydrogen bonds (green dashed
lines), C-H hydrogen bonds (pale green dashed lines), 7-o interactions (purple dashed lines), -1t
interactions (hot pink dashed lines), —alkyl interactions (violet dashed lines), amide—m interactions
(slate blue dashed lines), m—cation interactions (orange dashed lines), and unfavorable steric bumps
(red dashed lines).

Molecular docking of gallic acid into the binding site of COX-2 reveals that two
hydroxyl groups in positions 3 and 5 are involved in the formation of two conventional
hydrogen bonds with residues MET522 and SER530, wherein 3-OH acts as a hydrogen
bond donor (bond length 2.0 A), while the 5-OH group participates as a hydrogen bond
acceptor (bond length 3.8 A). In addition, the carbon atoms of the two serine residues in
positions 353 and 530 interact with the carbonyl oxygen atom of the carboxyl group and
4-OH group of gallic acid, establishing two C-H hydrogen bonds. Eventually, the carbon
atoms of the isobutyl group (LEU352) and isopropyl group (VAL523) form 7t-o and 7—alkyl
hydrophobic interactions with the phenyl core of gallic acid (Figure 8B).

Despite the fact that the oxygen atoms of the 6-hydroxymethyl-tetrahydro-pyran-
2,3,4,5-tetraol moiety establish multiple hydrogen bonds with residues ARG120 and
TYR355, similar to flurbiprofen, and the 4H-chromen-4-one core interacts with residues
VALS89, LEU93 and VAL116, establishing four hydrophobic interactions in the binding site
of COX-2, rutin accomplishes relatively high values of docking score (—27.61 kJ/mol) and
inhibition constant (14.30 uM) compared to flurbiprofen (—38.07 k] /mol and 0.209 uM). The
explanation for the substantial difference in binding affinity between these two compounds
can be attributed to the occurrence of three unfavorable interactions encountered during
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the molecular docking of rutin into the binding site of COX-2. Specifically, the isopropyl
side chains of residues VAL116 and VAL349 form two unfavorable steric bumps with the
hydroxyl groups of the tetrahydrofuran cores, whereas the carbonyl oxygen atom of the
MET522 peptide bond establishes an unfavorable acceptor—acceptor interaction (Figure 8C).

In the molecular interaction of ellagic acid and the active site of COX-2, it is evident
that the investigated molecule exhibits a very similar docking score (—34.22 kJ/mol) as
chlorogenic acid (—34.72 k] /mol), and thus a comparable binding affinity with respect
to flurbiprofen (—38.07 k] /mol). The relative high affinity of ellagic acid towards COX-
2 is attributed dominantly to the formation of multiple hydrophobic interactions (13 in
total) between its tetracyclic core and amino acids within COX-2’s hydrophobic pocket.
Specifically, the hydrophobic side chains of residues VAL349, LEU352, VAL523, ALA527,
and LEU531 establish a grid of hydrophobic m—alkyl interactions with the 7 electronic
clouds of ellagic acid’s aromatic rings. Interestingly, residue ALA527 forms hydrophobic
interactions with all four aromatic rings of ellagic acid. Moreover, the peptide bond between
residues MET522 and VAL523 and the adjacent aromatic ring establish an additional
hydrophobic amide-m interaction. Finally, intramolecular lactones of ellagic acid contribute
to the stabilization of the ellagic acid—-COX-2 complex through the formation of a single
conventional (SER530) and two C-H hydrogen bonds with the side chains of residues
SER530 and SER353 (Figure 8D).

The data presented in Table 9 regarding the LE values demonstrate that this param-
eter does not significantly determine the docking score value, as evidenced by minimal
differences in the binding energy per ligand atom obtained for tested compounds. The LE
values ranged from —2.13 to —0.25 kJ /mol for COX-1 and from —2.16 to —0.64 k] /mol for
COX-2, with the lowest values observed for gallic acid during its molecular fitting into the
active sites of both enzymes. This observation is unsurprising, given that gallic acid has the
smallest molecular size among the investigated molecules.

2.6. Molecular Dynamics Simulations and MM/GBSA Computation

Chlorogenic acid and ellagic acid were selected for MD analyses according to their
high binding affinity towards COX-1 and COX-2, established in molecular docking stud-
ies. Accordingly, the docking poses of chlorogenic acid and ellagic acid in the binding
sites of target enzymes were used as initial binding modes in MD simulations. Within
the MD analyses, the conformational stability of chlorogenic acid-COX-1, ellagic acid—
COX-1, chlorogenic acid—COX-2, and ellagic acid-COX-2 complexes over time was ex-
amined, as well as flurbiprofen complexes with COX-1 and COX-2, which served as
conformational controls.

The RMSD plot of the flurbiprofen-COX-1 complex displays the moderate deviations
in RMSD values of both ligand (in order 0.8-1.3 A)and protein (in order 1.2-5.3 A), indi-
cating their conformational stability across the simulation (Figure 9A). The corresponding
RMSF plot demonstrates minor local fluctuations along the protein chain, with values
slightly above 3 angstroms (Figure 9B).

The RMSD diagram of the chlorogenic acid-COX-1 complex shows the conformational
stability throughout the entire duration of the simulation. Certain deviations were observed
between 3 and 4 ns of the simulation, which is not particularly significant in relation to the
total duration of the simulation process. Thereupon, the complex stabilized until the end
of the simulation. Protein deviations were present in the interval from 2 to 4.5 A, while
values of the ligand ranged from 1 to 2.8 A (Figure 9C). The RMSF plot shows small local
deviations along the protein chain, with the exception of residues GLY278 and LYS215
(values of about 2 A), which are not significant for ligand binding to the target enzyme
(Figure 9D).
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Figure 9. RMSD of the Cx of COX-1 and flurbiprofen plotted versus simulation time (A). The
fluctuations in RMSF of COX-1 Co with respect to the residue index observed for the flurbiprofen—
COX-1 complex (B). RMSD of the Ca of COX-1 and chlorogenic acid plotted versus simulation
time (C). The fluctuations in RMSF of COX-1 Cx with relation to the residue index observed for the
chlorogenic acid—COX-1 complex (D). RMSD of the Cx of COX-1 and ellagic acid plotted versus
simulation time (E). The fluctuations in RMSF of COX-1 Ca with relation to the residue index observed
for the ellagic acid-COX-1 complex (F).

The ellagic acid—COX-1 complex achieves a higher level of conformational stability
compared to the co-crystal complex with the same target enzyme, but less overlap compared
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to the chlorogenic acid—COX-1 complex. As depicted in Figure 9E, the RMSD values of the
protein increase in the first 5 ns, followed by stabilization with the presence of fluctuations
in the interval from 1.8 to 2 A. In contrast, the RMSD plot of ellagic acid indicates the
presence of conformational instability observed during the initial 12 ns of the simulation,
after which conformational stabilization occurs with the presence of minimal absolute value
of fluctuations around 1.5 A. The RMSF diagram shows two pronounced deviations of the
MET216 and PRO280 residues, exhibiting RMSF values of 2.96 and 3.08 A, respectively
(Figure 9F). However, these residues are not important during the molecular fitting of
ellagic acid into the COX-1 binding site.

The flurbiprofen-COX-2 RMSD plot demonstrates consistent conformational stability
across the entire simulation, as indicated by the overlap of ligand and protein deviations
(Figure 10A). As a consequence of the interaction between flurbiprofen and COX-2, minor
local alterations were observed for isoleucine and histidine residues at positions 274 and
278, respectively, with RMSF values below 3 angstroms (Figure 10B). Analogously to the
flurbiprofen—COX-2 complex, the RMDS plots of chlorogenic acid and COX-2 are mutually
overlapped in the last 20 ns of the simulation, suggesting the retention of chlorogenic acid
within its initial binding site and the formation of a relatively stable complex during the
simulation period. Although the moderate deviations of the order 1.2-2.8 A can be observed
in the protein RMSD diagram, these values indicate that the protein does not undergo
substantial conformational changes during the simulation (Figure 10C). The chlorogenic
acid—-COX-2 RMSF diagram revealed slight local changes for residues PHE74 (2.90 A),
ILE78 (2.88 A), and LEUS81 (2.94 A) ; however, these residues are not directly involved in
ligand binding within the binding site of COX-2. Eventually, the observed conformational
stability of residues involved in the molecular docking of chlorogenic acid into the active
site of COX-2 (VAL116, ARG120, TYR355, LEU359, MET522, VAL523, and SER530) suggests
a similar binding mode of flurbiprofen and chlorogenic acid (Figure 10D).

Similar to the chlorogenic acid-COX-2 complex, the RMSD diagram of ellagic acid—
COX-2 complex illustrates the overlapping of the ligand and protein charts, indicating
system equilibration and the formation of a stable ligand—protein complex in the last
20 ns of the simulation. However, in contrast to the chlorogenic acid—-COX-2 complex,
significant protein RMSD deviations in the ellagic acid-COX-2 complex are not observed in
this simulation period, suggesting that the protein maintains its conformational stability
during the simulation (Figure 10E). The ellagic acid-COX-2 RMSF diagram shows only one
dominant deviation for residue LYS169 (2.53 A), which does not directly participate in the
molecular docking of the ligand into the binding site of COX-2 (Figure 10F).

The examination of ligand—protein contacts was carried out to identify the binding
contacts present for the most of the simulation time. Figures 11 and 12 illustrate the distribu-
tion of binding interaction fractions involved in the stabilization of the following complexes:
flurbiprofen—-COX-1, chlorogenic acid—COX-1, ellagic acid—-COX-1, flurbiprofen-COX-2,
chlorogenic acid-COX-2, and ellagic acid-COX-2, during MD simulations. According to the
ligand-protein interaction diagram, it can be observed that flurbiprofen, as a co-crystallized
ligand, establishes two dominant hydrogen bond interactions with residues ARG120 and
TYRB355, persisting for nearly 200% and 100% of the simulation duration, respectively.
The stability of the formed complex is additionally contributed by hydrophobic contacts
with amino acids VAL349, LEU352, and ALA527, which are maintained approximately
75%, 40%, and 50% of the time, respectively (Figure 11A). Arginine residues at positions
83 and 120 predominantly contribute to the stabilization of the chlorogenic acid—COX-1
complex, primarily through the establishment of multiple hydrogen bonds. Examination of
ligand-protein contacts revealed that these interactions are present during MD simulation
with time fractions of 154.9% and 93.2%, respectively. It can be noticed that the hydrophobic
interaction that most contributes to the stability of the chlorogenic acid-COX-1 complex
is the contact of the ligand’s aromatic ring with the LEU531 residue that is represented
during 36.7% of the simulation period (Figure 11B). When it comes to the complex of ellagic
acid with COX-1, we can conclude that the interaction with the residue SER530 is the most
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frequent; 75.7% of the simulation time, it has the character of a hydrogen bond, while 54.4%
of the simulation duration, it represents a water bridge. The only remaining hydrogen
interaction significant for ellagic acid binding to COX-1 (with the MET522 residue) is
present 48.7% of the time. The other hydrogen bond and water bridge contacts (TYR355
and TYR385), present during almost the entire duration of the simulation, are not identified
using the molecular docking study. Concerning hydrophobic interactions, contacts with
residues VAL349 (74.9%) and ALA527 (39.8%) contribute the longest to the stability of the
ellagic acid—COX-1 complex (Figure 11C).
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Figure 10. RMSD of the Coc of COX-2 and flurbiprofen plotted versus simulation time (A). The
fluctuations in RMSF of COX-2 Co with respect to the residue index observed for the flurbiprofen—
COX-2 complex (B). RMSD of the Co of COX-2 and chlorogenic plotted versus simulation time (C).
The fluctuations in RMSF of COX-2 Ca with relation to the residue index observed for the chlorogenic
acid—COX-2 complex (D). RMSD of the Cox of COX-2 and ellagic acid plotted versus simulation time
(E). The fluctuations in RMSF of COX-2 Cx with relation to the residue index observed for the ellagic
acid—-COX-2 complex (F).
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Figure 11. Flurbiprofen—-COX-1 (A), chlorogenic acid-COX-1 (B), and ellagic acid-COX-1 (C) ligand-
protein plots of binding interactions during MD simulation. Green bars (hydrogen bonds), red bars
(ionic interactions), grey bars (hydrophobic interactions), and blue bars (water bridges) are depicted.

The ligand—protein interaction diagram of the flurbiprofen—-COX-2 complex reveals
that flurbiprofen establishes two dominant hydrogen bonds with residues ARG120 and
TYRB355, which are maintained approximately 100% and 95.2% of the simulation period,
respectively. The stability of the complex is influenced by a single water bridge with
residue GLU524 (55% of simulation), as well as by additional hydrophobic interactions
established with residues VAL116, VAL349, LEU352, PHE518, and LEU531 (Figure 12A).
As discussed before, the molecular docking of chlorogenic acid into the structure of COX-
2 is characterized by the formation of three conventional hydrogen bonds with residues
ARG120, MET522, and VAL523, as well as by the formation of two additional C-H hydrogen
bonds with residues ARG120 and SER530. Among these polar interactions, the highest
continuity of 29% is accomplished by ARG120. Moreover, the hydrogen bond established
with residue GLU524, otherwise not involved in the molecular docking of chlorogenic acid
into COX-2, is maintained for approximately 171.6%. Binding interactions with TYR355
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and SER530 are retained with continuities of 59.3% (predominance of water bridge) and
98% (predominance of hydrogen bond), respectively, while the contribution of hydrophobic
interactions is insignificant (Figure 12B). On the other hand, the ligand—protein plot of
the ellagic acid—COX-2 complex reveals the formation of multiple hydrogen bonds and
water bridges with residues ARG120 (30.2% continuity), TYR355 (49.1%), TYR385 (26.9%),
TRP387 (37.7%), and SER530 (89.4%), as well as the formation of multiple hydrophobic
interactions established with ARG120, VAL349, LEU352, PHES518, and VAL523 (Figure 12C).
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Figure 12. Flurbiprofen-COX-2 (A), chlorogenic acid-COX-2 (B), and ellagic acid-COX-2 (C) ligand-
protein plots of binding interactions during MD simulation. Green bars (hydrogen bonds), red bars
(ionic interactions), grey bars (hydrophobic interactions), and blue bars (water bridges) are depicted.

The average free binding energy values (AGayg) of the flurbiprofen-COX-1, chloro-
genic acid—COX-1, ellagic acid—COX-1, flurbiprofen—-COX-2, chlorogenic acid-COX-2, and
ellagic acid-COX-2 contacts were computed employing the MM/GBSA methodology and
are outlined in Table 10.
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Table 10. MM /GBSA average binding energies (AGayg) of flurbiprofen-COX-1/2, chlorogenic acid-
COX-1/2, and ellagic acid—COX-1/2 contacts.

Protein Ligand MM/GBSA
8 AGayg + SD * (kJ/mol)
Flurbiprofen —259.86 + 10.21
COX-1 Chlorogenic acid —241.55 £+ 21.07
Ellagic acid —235.88 £ 26.53
Flurbiprofen —183.74 + 11.72
COX-2 Chlorogenic acid —212.32 £ 1943
Ellagic acid —263.96 £ 12.09

* SD—standard deviation.

3. Discussion

Inspired by the traditional use of Potentilla tormentilla and its scientifically confirmed
anti-inflammatory potential, we aimed to develop a novel delivery system for future appli-
cations in inflammation-mediated skin diseases such as psoriasis, atopic dermatitis, eczema,
and seborrheic dermatitis [1,4]. Apart from the selection of an efficient natural extract, an
important factor that affects treatment outcome is the use of a suitable drug delivery system
that will enable sufficient contact between the extract and the skin. In that sense, our extract
was incorporated into a gel formulated by a careful selection of polymers that would pro-
vide sufficient retention time and excellent spreadability. Poloxamer 407 is a widely used
polymer for optimizing drug formulations due to its thermosensitive properties, i.e., the
fact that gel based on this polymer exists in a fluid state at low temperatures, while at body
or room temperature, it becomes a semi-solid. This behavior is attractive for formulation
development, since it ensures the controlled and prolonged release of active substances
on the skin [11,12]. The application of poloxamer 407 has certain limitations, such as low
mechanical strength and very fast drug release, as well as low durability, while the addition
of carbomer leads to improvement of the stability and consistency of the formulation [13].

Moreover, combinations of gelling agents such as carbomers and poloxamers already
have proven desirable properties: good and easy application, prolonged adhesion, and
good permeability. The addition of polyethylene glycol (PEG 400) into the carbomer
medium contributes to achieving satisfactory rheological and mucoadhesive properties [14].
The concentration of a combined poloxamer/carbomer gel of 20%/0.15%, respectively, has
been proposed for adjusting suitable in situ gelation without runoff upon application [15].

Stability evaluation of the formulations is an essential process during product devel-
opment, since it provides evidence of how the quality of a product varies with time under
the influence of specific environmental conditions such as temperature, humidity, and
light [16]. In order to assess stability, the developed gel was subjected to determination of
organoleptic properties, pH value, conductivity, rheological properties, and centrifugation.
The absence of alterations in organoleptic properties indicates that the formulated gel
remained stable during the follow-up period.

Additionally, measuring the pH values of semi-solid preparations for dermal appli-
cation enables adjusting the optimal pH value for cutaneous products and prevention of
skin dehydration, redness, irritability and impairment in bacterial flora induced by skin
products with high pH values. Namely, it has been considered that maintenance of an acidic
stratum corneum environment promotes ceramide production and adequate hydration
and also acts protectively on the skin microbiome. On the other hand, an elevated pH
impairs the skin barrier and increases susceptibility to skin infections. Importantly, there
are many factors affecting pH values of gel formulations, such as chemical interactions
among acidic or alkaline substances present in the formulation, exposure to air leading
to oxidation processes, microbial contamination, absorption of carbon dioxide from the
air, and temperature changes [10,17,18]. Our designed formulation was confirmed to be
safe for dermal application, as pH values measured after storage during three months at
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different temperatures were in the range of 4 to 6, which meets the optimal requirements
for topical products [10].

In order to provide information about the ion transport properties, swelling behaviour,
and structural integrity of the gel, we performed electrical conductivity measurements.
According to literature data, poloxamer 407 at lower temperatures, below sol-gel transi-
tion ones, exists in an aqueous solution, while elevation of the temperature leads to the
aggregation of copolymer chains into micellar structures. However, the sol-gel transition
temperature (Tsol/gel) varies, and it is affected by the different compositions of poloxamer
407 and other ingredients in the formulation. At room temperature, our formulation existed
in a gel state, which is in line with previous data that revealed Tsol/gel was around 24 °C
with the poloxamer 407 /carbomer ratio of 20/0.15 [15]. On the other hand, during storage
at 4 °C £ 2 °C, we detected higher conductivity values, which may be explained by the
fact that water can enhance the ionization of certain substances within the formulation,
leading to high values of electrical conductivity [19]. Moreover, storing poloxamer 407 on
higher temperature leads to dehydration of the hydrophobic polypropylene oxide repeat
units and may explain a drop in conductivity over time [12,20]. Changes in conductivity
can signal alterations in the network structure, such as crosslinking density or polymer
chain conformation, which are important for the mechanical and functional properties of
the hydrogel [21].

The centrifugation method has been widely used during the process of the evaluation
of the stability of pharmaceutical formulations such as gels, since it can be an indicator
of different instabilities in the product. In fact, during centrifugation, the test gel sample
is subjected to stress that mimics the increased gravity force and particle mobility, which
enables detection of potential extract precipitation or possible losses in gel stability, such
as decomposition, phase separation, creaming, and sedimentation [16,22]. The absence of
alterations in our gel indicates that our gel does not require reformulation and meets the
stability requirements.

The viscosity of our gel decreased with the elevation of shear rate, thus confirming
shear thinning or pseudoplastic behavior. This finding suggests a robust network of internal
forces established within the samples, ensuring substantial stability. As the shear rate rises,
there is a sudden drop in viscosity, a common occurrence in semi-solid formulations.
When subjected to shear, the shear stress disrupts the internal network of forces in the
sample, causing it to transition from elastic deformation through the yield point into
viscous flow. This pseudoplastic rheological behavior is suitable for products intended for
dermal application, since it enables the desired application, spreadability, and maintenance
on the skin [23]. At shear rates ranging from 100 s~! to 1000 s~ !, mimicking spreading
conditions, viscosities remain low, which facilitates reduced friction and effortless gel
application onto the skin. Additionally, viscosities after three months were slightly lower
than the initial values, but still similar. This behavior might be attributed directly to the
increased entanglement of both polymers, which results in increased polymer resistance to
deformation [24].

Furthermore, we performed the swelling index measurement because it reflects how
a gel interacts with its environment, including its ability to release substances, maintain
structural integrity, and deliver the desired properties and stability of gel-based products.
The swelling index of a gel can be significantly affected by storage conditions, particularly
at different temperatures. We noticed that storage of PGE at 4 & 2 °C generally reduces
the swelling rate of the gel, thus maintaining the stability of the formulation. The gel may
swell more slowly and be in a more rigid state due to reduced thermal energy [25]. On
the other hand, storing gel samples at 25 &+ 2 °C increased swelling, which reflects the
porous structure of the gel and may lead to the risk of accelerated degradation or structural
changes over time [26].

Performing acute dermal irritation tests allows insight into the potential of cutaneous
formulation to induce skin irritation. This study is of great importance, since numerous skin
products, especially naturally derived, may cause allergies or a state of skin hypersensitivity
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that is manifested as edema and erythema [27]. Our findings clearly show that the prepared
gel did not lead to either erythema or edema during the 14-day monitoring period. Due
to a similarity between humans” and rats’ responses to cutaneous products, the observed
findings in the current study represent valuable data for predicting the likelihood of
reactions in human skin [28]. The lack of skin reactions associated with gel application
suggests that the gel is not an irritant, which is a significant advantage over available
anti-inflammatory products on the market.

Topical application of PEG exerted markedly time-dependent anti-inflammatory po-
tential, as manifested by different percentage inhibitions during the follow-up period. In
fact, rat paw edema reduction started from the second hour following carrageenan injec-
tion and continued to intensify until the fourth hour. The maximum 39.62% inhibition of
paw edema was achieved 4 h after carrageenan injection. Our results are in correlation
with previously published research that also confirmed the anti-inflammatory capacity of
Potentilla tormentilla extract, but in different formulations and experimental models [9,29].

According to literature data, the development of the edema induced by carrageenan
can be explained by histamine, bradykinin, and cyclooxygenase products up to 2 h fol-
lowing carrageenan administration and by delayed production of arachidonic metabolites
between the second and fourth hour. Therefore, the most prominent alleviation of rat
paw thickness at the fourth hour can be explained partially through its action primarily
by cyclooxygenase 1 and 2 inhibition, as confirmed previously [29-31]. Another expla-
nation might involve the initial slower extract release from the formulation due to the
mixture of bioadhesive polymers. Tannins, as the dominant compounds in our extract,
along with gallic and chlorogenic acids, are likely to significantly contribute to the observed
anti-inflammatory capacity of the tested formulation. Recently published data have demon-
strated the anti-inflammatory properties of tannins extracted from different plants [32,33].
Specifically, ellagic acid exhibited a pronounced anti-inflammatory effect, ameliorating skin
lesions in atopic dermatitis [34] and preventing collagen destruction and inflammation
after UV-B radiation [35]. It is assumed that these inhibitory effects of ellagic acid on
inflammatory responses were mediated by p38 mitogen-activated protein kinase (MAPK)
and signal transducers and activators of transcription (STAT) pathways. In addition, ellagic
acid exhibited a potent anti-inflammatory effect against carrageenan-induced inflamma-
tion. The mechanisms involved in this protective effect of ellagic acid include the inhibi-
tion of leukocyte infiltration and COX-2 expression, as well as the suppression of TNF-«
and IL-p production [36].

Preliminary molecular docking results suggest that gallic acid and rutin exhibit signifi-
cantly lower binding affinity towards COX-1 and COX-2 isozymes compared to flurbiprofen.
According to calculated docking scores for chlorogenic acid (—28.45 kJ/mol) and ellagic
acid (—26.36 k] /mol), it is evident that the investigated molecules display a lower binding
capacity against COX-1 but a comparable binding affinity towards COX-2 (—34.72 k] /mol and
—34.22 kJ/mol, respectively) in relation to flurbiprofen (—40.58 kJ/mol for COX-1 and
—38.07 k] /mol for COX-2). Based on obtained docking scores, it can be also observed that the
examined polyphenols generally exhibit a higher binding affinity for COX-2, with the excep-
tion of gallic acid, which accomplishes nearly identical docking scores. Notably, chlorogenic
acid and especially rutin, distinguished by their larger molecular sizes relative to gallic acid,
exhibit significantly lower docking scores during the molecular docking into COX-2. This
result can be explained by the fact that the inhibitor binding site in COX-2 is nearly 20% larger
than in COX-1 [37], so rutin cannot accommodate the COX-1 binding site due to its volumi-
nous molecular structure. In an in silico investigation by Vyshnevska and colleagues [38], gallic
acid demonstrated a nearly equivalent docking score during molecular docking into COX-2
(—26.36 kJ /mol), as observed in our study (—25.94 k] /mol). In a study with a design similar to
ours [39], scientists performed phytochemical profiling and bioactivity exploration of Rabelera
holostea extract, wherein chlorogenic acid and rutin were modeled into the active sites of COX-1
and COX-2. Namely, chlorogenic acid and rutin accomplished significantly lower docking
scores (COX-1: —41.96, COX-2: —45.73 k] /mol and COX-1: —26.42, COX-2: —17.28 k] /mol,
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respectively) compared to our findings (COX-1: —28.45, COX-2: —34.72 and COX-1: —10.88,
COX-2: —27.61 K] /mol). In this study, chlorogenic acid established equivalent hydrogen
bonds with residue ARG120 in the active sites of COX-1 and COX-2, consistent with our
observations. In accordance with our findings, during molecular docking of rutin into COX-1
and COX-2, relatively high values of docking scores were calculated due to the presence of
unfavorable steric bumps. The docking study conducted by El-Shitany and colleagues [36]
revealed a high affinity of ellagic acid towards COX-2, consistent with our observations, but
with different hydrogen bonds established into the active site of COX-2. Although ellagic acid
formed an identical hydrogen bond with residue SER530 as identified by the present in silico
study, the molecule established additional hydrogen bonds with residues ARG120, TYR355,
and TYR385, which were not observed in our binding analysis.

Molecular dynamics data obtained for the flurbiprofen-COX-1 complex indicate that
the persistence of four hydrogen interactions of flurbiprofen with the residues ARG120
(triple hydrogen bond) and TYR355 (single hydrogen bond) significantly contributes to
the high stability of the formed complex with COX-1. Therefore, the lower stability of the
corresponding chlorogenic and ellagic acids complexes, in comparison to the flurbiprofen—
COX-1 complex, can be explained by the absence of these permanent hydrogen bonds
during the simulation time. On the other hand, observed ligand—protein interactions
clearly suggest the formation of a more stable ellagic acid—COX-2 complex in comparison
to the corresponding flurbiprofen complex. The enhanced stability of the mentioned
complex arises from the presence of permanent hydrogen bonds, water bridges, and
multiple hydrophobic interactions. Calculated MM/GBSA energy values confirm the
results of preliminary molecular docking data in terms of the binding affinity of flurbiprofen,
chlorogenic acid, and ellagic acid towards COX-1. However, MM /GBSA results lead to
contrasting conclusions regarding the binding affinity of flurbiprofen, chlorogenic acid,
and ellagic acid against COX-2. Specifically, chlorogenic acid and particularly ellagic acid
achieve notably lower values of MM /GBSA energy compared to flurbiprofen, suggesting
their potential to form more stable complexes with the COX-2 isozyme over time, in
comparison to flurbiprofen.

4. Materials and Methods
4.1. Plant Materials and Extract Preparation

The plant material used in this research, dried rhizome of Potentilla tormentilla, was
obtained from Institute for Medicinal Plants Research, Dr. Josif Panci¢, Belgrade, Serbia.
The dried rhizome of Potentilla tormentilla was pulverized and the ethanolic extract was
prepared using ultrasonic extraction, with 70% aqueous ethanol as a solvent. The dry
extract was obtained by evaporation under reduced pressure (RV05 basic IKA, IKA®
Werke GmbH& Co., Staufen im Breisgau, Germany) and used for the preparation of the
semi-solid formulation.

4.2. Chemical Characterization of Potentilla Tormentilla Extract
4.2.1. Preliminary Chemical Characterization—Total Phenolics and Tannins

The total phenolics content (TPC) in the obtained extract was quantified spectrophoto-
metrically (UV-VIS Spectrophotometer 8453 (Agilent Technologies, Santa Clara, CA, USA)),
according to the previously described approach based on the Folin-Ciocalteu reagent [40].
The results were expressed as milligrams of gallic acid equivalents per g dry weight (DW),
based on the previously constructed calibration curve for gallic acid under the same experi-
mental conditions. Triplicate measurements were performed and results were presented as
mean values =+ standard deviation (SD).

The content of total tannins (TTC) was determined using the method described in
the European Pharmacopoeia [41]. Briefly, decoctions prepared from the investigated
extracts were treated with phosphomolybdotungstic reagent in an alkaline medium after
and without treatment with hide powder. The absorbance of the obtained solutions was
measured at 760 nm, while the percentage content of total tannins, expressed as pyrogallol



Int. J. Mol. Sci. 2024, 25,9389

22 of 29

(%, w/w), was calculated from the difference in absorbances of the solution containing total
polyphenols and the solution containing polyphenols not adsorbed by hide powder. The
reported results represent the mean of three determinations =+ SD.

4.2.2. HPLC Analysis of Potentilla tormentilla Ethanolic Extract

Two liquid chromatography-based (HPLC-DAD) analytical methods were applied in
order to perform detailed chemical characterization of the obtained Potentilla tormentilla
ethanolic extracts.

The first method, as previously described [42], was used for the quantification of phe-
nolic acids (caffeic acid, gallic acid, chlorogenic acid, trans-cinnamic acid, rosmarinic acid,
p-coumaric acid, ferulic acid), flavonoids (quercetin), and flavonoid glycosides (quercitrin
and rutin). Briefly, the extract was analyzed by an Agilent Technologies 1100 device (Agilent
Technologies, Santa Clara, CA, USA) using a Nucleosil C18 column (250 mm X 4.6 mm,
particle size 5 pm). The mobile phase system consisting of 1% aqueous solution of formic
acid (A) and methanol (B) was delivered in gradient mode, whereas the volume of the sam-
ple’s injection was 10 pL. The chromatograms were monitored at three specific wavelengths:
280 nm, 330 nm, and 350 nm, while the compounds of interest were quantified based on
external standard calibration solutions analyzed under the same experimental conditions.
All of the required chemical standard substances were obtained from Sigma Aldrich (Sigma
Aldrich, Burlington, MA, USA).

The second method was used for quantification of epicatechin and ellagic acid in the
obtained Potentilla tormentilla ethanolic extract. The sample was analyzed by a 1200 HPLC
system (Agilent Technologies equipped with a LiChrospher® 100, RP-18e (5 um, 250 x 4)
column) using two mobile phases (phase A being 0.1 M solution of phosphoric acid, and phase
B being pure acetonitrile) delivered at 1 mL/min, according to the following programme:
89-75% A (0-25 min); 75-60% A (25-30 min); 60-35% A (30-35 min). The volume of injection
was 10 pL, while the chromatograms were monitored at 260 nm. The compounds were
quantified based on the corresponding external calibration standards analyzed under the
same experimental conditions [43].

4.3. Formulation of Potentilla tormentilla Extract-Based Gel

The composition of the Potentilla extract-based gel (PEG) is presented in Table 11. The
PEG was prepared by dispersing carbomer 940 in propylene glycol and purified water. The
carbopol dispersion was kept at rest for 24 h to allow for complete swelling [44]. After that, it
was slowly dispersed in the carbopol dispersion and allowed to rest at 4 °C for 24 h [45]. The
obtained gel was neutralized with required quantity of triethanolamine to obtain pH 5.0 to 5.5.
Finally, the Potentilla tormentilla extract was added slowly with continuous blending until a
homogenous hydrogel was obtained (Figure 13). Mixing carbomer 940, poloxamer 407, and
extract was conducted using the IKA RW 20 digital propeller laboratory mixer (IKA®-Werke
GmbH & Co. KG, Staufen, Germany) with a mixing speed of 400 rpm.

Table 11. Concentration of all components in Potentilla extract-based gel formulation (PEG).

Formulation Components Quantity (g)
P. tormentilla extract 5
Poloxamer 407 19
PEG Carbomer 940 0.14
Propylene glycol 9.5
Triethanolamine q.s.

Purified water ad 100
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Figure 13. Preparation process steps. 1—carbopol dispersion; 2—addition of poloxamer 407 to
carbopol dispersion; 3—prepared gel base; 4—Potentilla tormentilla extract; 5—stirring Potentilla
tormentilla extract with gel base; 6—prepared Potentilla tormentilla gel.

The carbomer 940 and propylene glycol were purchased from Avena Lab® (Vrsac,
Serbia). Poloxamer-407 and triethanolamine were received from Sigma-Aldrich (St. Louis,
MO, USA). All reagents were of analytical grade.

4.4. Assessment of Stability of PEG Formulation

The developed gel was evaluated for long-term stability that included organoleptic
properties such as colour, odour, pH value, conductivity, and reological properties 24 h
after preparation and after 90 days of storage in a well-closed plastic box. A sufficient
amount of gel was stored in a refrigerator at a temperature of 4 & 2 °C and 25 £ 2 °C
in a thermostatically controlled oven according to guidelines [11,46—48]. The accelerated
stability of the developed gel was performed by centrifugation test [22].

4.4.1. Determination of the pH Values

The pH values of the prepared gel were determined using a digital pH meter (Mettler
Toledo, Columbus, OH, USA), which was calibrated before use with the standard buffer
solution at pH 4.0, 7.0, and 9.0. Measurements of pH value were carried out in triplicate [45].

4.4.2. Determination of the Electrical Conductivity

The electrical conductivity of the PEG was performed using the conductivity device
Eutech CON 700 from Thermo Fisher Scientific (Shanghai, China). Measurements were
carried out in triplicate at room temperature with a stabilization time of 2 min [46].

4.4.3. Centrifugation Test

To perform the centrifugation test, 10g of PEG was added in a tapered test tube.
The PEG was centrifuged twice at 3000 rpm for 15 min at room temperature. Centrifu-
gation was performed with Hettich Mikro 120 equipment, Kirchlengern, Germany. The
PEG was subjected to visual inspection to detect any changes such as sedimentation or
phase separation [22].

4.4.4. Rheological Characterization

Rheological characterization of PEG was performed with an Anton Paar MCR 102e
Rheometer (Anton Paar, Graz, Austria) equipped with a Peltier temperature device. Rheo-
logical measurements were done at constant temperatures of 25 £ 0.1 °C and 37 £ 0.1 °C
in order to understand the material’s behavior at room temperature (storage conditions)
and at body temperature (physiological conditions). A plate-plate PP25 measuring system
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was used with a 1 mm gap. Temperature equilibration was carried out for 3 min prior to
starting the measurements. Rheocompass version 1.31 software (Anton Paar, Graz, Austria)
was used to control the device and acquire measured data [30].

4.4.5. Swelling Index

One gram of PGE formulation was soaked in 5 mL phosphate buffer (pH 5.5) in a Petri
dish and left in a dry place for one hour and three hours before measuring the weight. The
content was weighed at three time points, and the degree of swelling was established from
the formula. The same process was repeated after 90 days with samples stored at 4 + 2 °C
and 25 + 2 °C [49].

Swelling Index (SW)% = [Wt — Wo/Wo] x 100

(SW) % = Equilibrium percent swelling
Wt = Weight of swollen gel after time t
Wo = Initial weight of gel

4.5. In Vivo Experiments
4.5.1. Ethical Statement

This investigation was conducted at the Center for Preclinical and Functional Inves-
tigations of the Faculty of Medical Sciences, University of Kragujevac, Serbia. The study
protocol was performed in accordance with the regulations of the Faculty’s ethical commit-
tee for the welfare of laboratory animals and principles of good laboratory practice and
European Council Directive (86/609/EEC).

4.5.2. Animals

Adult male Wistar albino rats (250-250 g) between 8 and 10 weeks old were obtained
from the Military Medical Academy, Belgrade, Serbia. The rats were kept in stainless steel
cages under controlled temperature (22 + 2 °C), light cycle: darkness 12:12 h, and relative
humidity 55 to 60%. Water and food were available ad libitum.

4.5.3. Acute Dermal Irritation of PEG

Six male Wistar albino rats were used for the acute dermal irritation test, as described by
the Organization for Economic Cooperation and Development (OECD) guidelines 404. Hair
from the backs of the rats was clipped, and the rats were left undisturbed for 24 h. After
one day, the animals were divided into two groups, depending of the applied formulation:

e BG—animals treated with the gel base;
PEG—animals treated with 5% Potentilla extract-based gel.

A total of 0.5g of the test formulation was applied to a small shaved area of the
skin, and the rats were individually housed. Observations were recorded with special
attention during the first 4 h after administration of the preparation. After that, the rats
were observed once a day for 14 days. Behavior, general condition, posture, and reflexes
were evaluated [50,51]. Additionally, detection of edema and erythema was made and
scored according to the Draize scoring system (Table 12) [52]. The scale was 0-4, where
0 indicating the absence of erythema/edema and 4 indicating severe erythema/edema.

4.5.4. Anti-Inflammatory Effects of PEG

The anti-inflammatory potential of PEG was estimated in a model of acute inflammation
caused by carrageenan. Paw edema was induced in a left hind paw of each rat by intraplantar
injection of 500 pl of 1% carrageenan [53]. All rats were randomly divided into four groups:

CTRL group—untreated rats;

HC—rats treated with hydrocortisone ointment 1%;

BG group—rats treated with gel base;

PEG group—rats treated with 5% Potentilla extract-based gel.
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Table 12. Draize dermal irritation scoring system.

Score Translation

0 No erythema or edema

Very inappreciable edema or erythema

Small edema with raised skin at the edges of the area

1
2
3 Moderate to severe erythema or edema
4

Severe erythema or edema

Examined formulations were administered 60 min before the carrageenan injection
in an amount of 0.3 g and gently rubbed 50 times with the index finger [29]. The left paw
thickness of the rats was measured with a digital vernier caliper (Aerospace, Beijing, China)
before injection of carrageenan and after, at different time intervals (1, 2, 3 and 4). The
percentage of inhibition of paw edema was calculated according to the formula [53]:

% Inhibition = 100 x [1 — (Yt/Yc)]

Yt—average increase in paw thickness in the treated group of rats between two
measurement moments;

Yc—average increase in paw thickness in the untreated group of rats between two
measurement moments.

4.6. Statistical Analyses

Statistical analysis of the obtained data was performed by IBM SPSS 20.0 for Windows.
The Kolmogorov-Smirnov and Shapiro-Wilk tests were used to examine the normality
of data distribution. Data were expressed as means =+ standard deviation (X & SD), and
the differences between groups were analyzed by one-way analysis of variance (ANOVA),
followed by the Bonferroni test. The difference was considered statistically significant
when the p-value was lower than 0.05.

4.7. In Silico Analyses
4.7.1. Molecular Docking Studies

The binding efficiency of chlorogenic acid, gallic acid, rutin, and ellagic acid towards
COX-1 and COX-2 isozymes was determined through molecular docking analysis using
AutoDock Vina 1.1.2 software [54]. The energy optimization of the polyphenols” con-
formers was conducted utilizing Chem3D Ultra 7.0 software [55], employing the AM1
semi-empirical method. Crystallographic data for COX-1 (PDB ID: 1EQH [56] and COX-2
(PDB ID: 3PGH) [57] were retrieved from the RCSB Protein Data Bank. BIOVIA Discovery
Studio [58] was employed to pre-process the target enzymes by removing unnecessary
chains, co-crystallized ligands, water molecules, and cofactors from the original crystal-
lographic structures. Final preparation of target proteins prior to molecular docking was
conducted by the addition of polar hydrogens and Kollman partial charges in AutoDock-
Tools graphical user interface [59]. A rigid protein—flexible ligand docking protocol was
executed, wherein all docking computations were carried out on chain A of the target
proteins. Binding pockets on investigated proteins were defined according to the coordi-
nates of the co-crystallized ligand, flurbiprofen. A search area with a grid point spacing of
0.375 A was set, enclosing a grid box with dimensions of 40 x 40 x 40 points, allowing
ligand conformational flexibility. The grid box center coordinates were specified as fol-
lows: 26.413, 33.342, and 198.597 for COX-1 and 25.415, 21.973, and 14.891 for COX-2. To
assess the inhibitory potential of the investigated polyphenols against COX-1 and COX-2,
the following binding parameters were determined: category, type, total number of non-
covalent binding interactions, docking scores (AG in kJ/mol), inhibition constant (Kj), and
ligand efficiency (LE). The three-dimensional non-covalent binding interactions between
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amino acids within the enzymes’ binding site and the best-docked poses of the investigated
compounds were visualized using Pymol 2.5.5 [60].

The inhibition constant is determined based on the value of docking score (AG in
kJ/mol) using the equation: AG = RTInKj, where T denotes the temperature set at 298 K,
R signifies the gas constant with a value of 1.9872036 103 kcal K~!mol~!, whereas K;
represents the inhibition constant.

Ligand efficiency quantifies the binding energy per heavy atom of the ligand bound
to the target protein: LE = AG/N, where N represents the count of heavy atoms in the
ligand molecule.

4.7.2. Molecular Dynamics Studies

The best docked chlorogenic acid—COX-1, ellagic acid-COX-1, chlorogenic acid—
000COX-2, and ellagic acid—-COX-2 complexes served as starting models for molecular
dynamics (MD) simulations. As a comparison, the conformational stability of flurbiprofen
in its active site of COX-1 and COX-2 was also assessed. The conformational stability
of selected complexes over time was assessed using molecular dynamics (MD) studies
in Schrodinger Desmond 2020-4 software [61]. The investigated complexes underwent
refinement and optimization employing the OPLS3e force field 5 [62], while their solvation
and neutralization were carried out applying TIP3P water model 5 [63] and 0.15 NaClL
MD simulations in durations of 30 ns were initiated under constant pressure conditions
(1.01325 bar), utilizing recording intervals of 4.8 ps for trajectory analysis and 1.2 ps for
energy monitoring. System equilibration under the NPT ensemble was executed at 300 K
using the OPLS3e force field. The Prime Molecular Mechanics/Generalized Born Surface
Area (MM/GBSA) method was used to estimate the average free binding energy value
(AGayyg) for frames extracted from the 15 ns trajectories of the system. The AGayg value was
calculated by the Prime module of the Schrodinger tool following the equation: MM /GBSA

AGavg = Gcomplex - Gprotein - Gligand-

5. Conclusions

The findings of our study suggest that the gel based on Potentilla tormentilla ethanol
extract remained stable for up to three months of storage and has no potential for skin
irritation. Efficacy of this formulation in inflammation reduction in rats paves the way for
its administration as a potentially anti-inflammatory dermatological product in different
inflammation-mediated disorders. In addition, obtained in silico results indicate that
chlorogenic acid and ellagic acid, as polyphenolic compounds present in tested extracts,
exhibit superior inhibitory activity against COX-2 then the standard NSAID flurbiprofen.
A developed gel based on Potentilla tormentilla ethanol extract could be employed as
a promising and safe alternative for the treatment of various inflammatory conditions;
however, further studies are required before implementation into clinical practice.
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