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Abstract

Background: Caffeine, an alkaloid agent, has been globally used regularly in drinks, for the reduction in skin cancers
and wrinkle formation. As a result of the previous, attempts have been carried out to use caffeine in cosmetology due
to its antioxidant and UV ray protection effects. Our aim was to evaluate the effect of caffeine on collagen resynthesis
via its effect on proline and prolidase biosynthesis on mice, orally and topically as mesoporous silica at three levels,
and the influence on UV protection. In skin biopsies of orally and topically treated mice, the following was assessed
using ELISA and Western blot techniques, the activity of prolidase, together with the concentrations of proline, beta
integrin, insulin growth factor, protein kinases beta, and mitogen-activated protein kinase. Moreover, we loaded the
caffeine on mesoporous silica and assessed the aforementioned parameters together with checkpoint kinase 1 and
Rad3-related protein.

Results: Caffeine promoted collagen resynthesis in a dose-dependent manner. The mechanism of this process was
found at the level of prolidase activity as caffeine significantly increased the enzyme activity. Caffeine also had a
protective effect against UV exhibited by the over-expression of beta integrin, insulin growth factor together with the
under-expression of protein kinases beta, mitogen-activated protein kinase, checkpoint kinase 1, and Rad3-related
protein.

Conclusions: Our study revealed the superiority of SYL-C12 (mesoporous silica-loaded caffeine gel), compromis-
ing the high level of the three independent factors, in terms of the measured responses in mesoporous silica with
caffeine. Moreover, caffeine promoted collagen resynthesis with significant protective effect against UV apoptotic
damage.

Keywords: Prolidase, Caffeine, B integrin, Insulin growth factor, Protein kinases beta, Checkpoint kinase 1, Rad3-
related protein

Background

The skin, the outer body cover, comprised of outer epi-
dermis and inner dermis, shields the body in averse to
several extrinsic dangerous stimulants as pathogens,
harmful agents, and mechanical stress [1]. Nevertheless,
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several phenomena can promote the process of skin
aging by reducing healing of wounds, increased wrinkles
formation, decreased skin elasticity, and compromising
oxygen and nutrient supply in addition to pale discolora-
tion of the skin [2].

Numerous elements can promote skin senescence; they
can be either internal or external [3]. Internal processes
involve irreversible natural aging by time, under the effect
of hereditary factors, while external ones can enhance
intrinsic factor, through the continuous exposure to
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harmful ultraviolet (UV) sunrays, stress, and unhealthy
lifestyle [4].

During stress, prolidase (PEPD), an enzyme that pro-
motes collagen resynthesis through proline amino acid,
is decreased [5]. Decreased enzymatic activity associated
with PEPD deficiency can be seen in massive imidodi-
peptiduria, aging, hard-to-heal wounds, mental retarda-
tion, and impaired immune system [6]. At cellular bases,
PEPD regulates epidermal growth factor receptor and
epidermal growth factor receptor 2 (HER2)-dependent
signaling pathways [7], p53 activity [8], and expression of
the interferon a/f receptor [8], all of which take part in
the resynthesis of collagen through phospho-extracellular
signal-regulated kinase.

UV rays are one of the non-ionizing radiations, with
wavelengths shorter than that of visible light [5]. Sunlight
and UV exposure in moderate amounts are essential for
vitamin D synthesis [9]. However, increased exposure to
UV will result in increased synthesis of reactive oxygen
species (ROS) which will in turn promote photoaging [4].
This is accompanied by a set of processes that lead to the
breakdown of extracellular matrix (ECM) molecules as
collagen, which is needed for skin preservation [10].

Another damaging effect of UV radiations is DNA
damage; elements associated with this UV-induced DNA
damage signaling response are the protein kinases beta
(AKT), checkpoint kinase 1 (CHK1), and Rad3-related
protein (ATR), which are interconnected with the phos-
pho-extracellular signal-regulated kinase, eventually
leading to the prevention of collagen resynthesis [11, 12].

Caffeine, an alkaloid agent, has been globally used reg-
ularly in drinks [13]. In addition, it had been suggested
that daily consumption of caffeine aids in reducing both
skin cancer and wrinkle formation [14]. Despite caffeine
gaining popularity in a number of food and beverages,
trials have been carried out to use caffeine in cosmetol-
ogy because of its antioxidant, thermogenic, lipolytic,
and UV ray protection effect [15]. In cosmetics, caffeine-
based creams and lotions have already been shown to
delay the photoaging process of skin and hinder skin
cancer caused by harmful UV radiations, hence prevent-
ing the development of tumors after skin exposure to
sunlight by functioning as a sunscreen [16]. However, to
the best of our knowledge, the protective role of caffeine
against skin aging and UV rays has not been fully studied.

Adding to the previous, drug loading onto nonporous
as well as porous silica moieties has been long investi-
gated [17] due to its proven biocompatibility and safety
[18]. Not only does the mesoporous silica augment the
dissolution profiles of poorly water-soluble drugs [19] but
also its huge surface area in addition to the presence of
the surface silanol groups expedites its surface modifica-
tion [19] and stabilizes drugs in their amorphous forms
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[20] due to size confinement effects with a decrease in
the Gibbs free energy of the drug/silica system. Syloid®
244 FP is a newly introduced non-ordered mesoporous
silica which offers a promising carrier for many drugs
[21]. Thus, in order to assess the collagen-enhancing abil-
ity together with the protective effect of caffeine against
UV, we measured the activity of PEPD, together with
the concentrations of proline, beta integrin (5 integrin),
insulin-like growth factor 1 (IGF-1), AKT, and mitogen-
activated protein kinase (MAPK), orally and topically.
Moreover, we loaded the caffeine on mesoporous silica
and assessed the aforementioned parameters together
with CHK1 and AKT.

Methods

This study was approved by the Research and Ethics com-
mittee for Experimental and Clinical studies at Faculty of
Pharmaceutical sciences and Pharmaceutical Industries,
Future University in Egypt, Cairo, Egypt, with approval
number FUE (1954). The study was conducted in accord-
ance with the UK. Animals (Scientific Procedures) Act
1986 and associated guidelines, EU Directive 2010/63/
EU for animal experiments. Our study was carried out
on mice BALB/c albino. A total of 12 mice were used
and categorized over four groups as follows: two groups,
each comprised of 3 mice, one control and the other was
treated with caffeine in drinking water 300 mg/kg, once
per day, over a period of 28 days after which the 6 mice
were exposed to UV light over a period of 6 days, expo-
sure was carried every other day, then the mice were
slaughtered, and our parameters were assessed within
the obtained skin biopsies using ELISA and Western blot
techniques.

The remaining 2 groups were composed of 3 mice each,
control and treated with caffeine loaded on mesoporous
silica cream. Application was done at a fixed time in the
morning throughout 28 days for 4 weeks after which the
6 mice were exposed to UV light over a period of 6 days,
exposure was carried every other day, then the mice were
slaughtered, and our parameters were assessed within
the obtained skin biopsies using ELISA and Western blot
techniques.

On the 6 mice that were treated orally the following was
carried out

Assessment of proline
done wusing P4HAI1, Polyclonal
number MBS7612021.

PEPD activity was assessed by ELISA using PLD
ELISA Kit: Rat PEPD (PLD) ELISA Kit, catalog num-
ber MBS3808214, and Western blot by Mouse anti-
Human PEPD Monoclonal Antibody, catalog number
MBS6008175. The concentrations of S integrin were

concentration ELISA was
Antibody catalog
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determined using both ELISA and Western blot using
anti-ITGAV antibody: beta 6 Monoclonal Antibody, cata-
log number MBS4382448.

Regarding IGF-1, it was assessed by ELISA using
anti-IGF1R antibody: anti-IGF1R antibody: Rabbit anti-
Mouse IGFIR (Insulin-Like Growth Factor Receptor
1) Polyclonal Antibody, Catalog number MBS556390,
Western blot using: anti-IGFBP-3 antibody: Rabbit anti-
Human, Mouse IGFBP-3 Polyclonal Antibody. As for
AKT, it was measured by ELISA using anti-RPS6KB2
antibody: anti-Pan-AKT antibody: Pan-AKT Polyclonal
Antibody, catalog number: MBS7611954, and Western
blot using RPS6KB2 Polyclonal Antibody, catalog num-
ber MBS7611791.

Measurement of MAPK was done using ELISA by
rat mitogen-activated protein kinase 8 ELISA Kit, cata-
log number MBS7269597, and Western blot using
anti-RPS6KA5 antibody: Mouse RPS6KA5/MSK1 Mono-
clonal Antibody, catalog number MBS4382372.

On the other 6 mice that were treated topically,

the following was carried out

Moreover, we loaded the caffeine on mesoporous silica
and assessed the aforementioned parameters together
with CHK1 that was assessed by ELISA using anti-Chk1
antibody: Mouse Chkl Monoclonal Antibody, catalog
number MBS767885, and Western blot using anti-CHK1
antibody: Mouse anti-Human CHK1 Monoclonal Anti-
body catalog number MBS418378, and ATR was meas-
ured by ELISA using ATR ELISA Kit: Mouse Serine/
threonine-protein kinase ATR ELISA Kit, catalog num-
ber MBS2887956, and by Western blot using anti-ATR
antibody: Mouse anti-Human ATR Monoclonal Anti-
body, catalog number MBS6146055.

Mesoporous cream preparation

Sodium chloride, sodium dihydrogen phosphate mono-
hydrate, and disodium hydrogen phosphate heptahydrate
were purchased from El Nasr Pharmaceutical Chemicals
(Egypt). Raspberry seed oil, carrot oil, wheat germ oil,
peppermint oil, sandalwood oil, and tea tree oil were pur-
chased from Harraz Co. (Egypt). Propylene glycol, methyl
paraben, propyl paraben, alpha-tocopherol, butylated
hydroxytoluene, and Lanette-N (cetearyl alcohol (and)
sodium cetearyl sulfate) were purchased from CISME
(Italy).

Preparation and evaluation of the prepared SYL-C-loaded
formulations

Loading of caffeine on Syloid® 244 FP (SYL-C)

Exactly weighed amounts of caffeine were dissolved
in 3.5% w/v nicotinamide (hydrotropic agent) solution
[22] in distilled water followed by the dispersion of the
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calculated amount of Syloid® 244 FP (2:1 drug/Syloid).
The dispersion was frozen at — 80 °C for 24 h followed by
lyophilization in the freeze-dryer (Christ ALPHA 2—4 LD
plus, Germany) running at a temperature of — 80 °C and
vacuum of 7 x 10~2 mbar for 48 h. The obtained powders
from the lyophilized samples were stored in desiccators
until use.

Formulation of the SYL-C-loaded Creams

Full-factorial 3'.2% experimental design was utilized
for the preparation and optimization of SYL-C-loaded
creams using micro-fluidization [23]. Water phase com-
prised propylene glycol (5% w/w) and glycerine (5% w/w)
for their humectant effect. Methyl paraben (0.15% w/w)
and propyl paraben (0.3% w/w) were added to protect
against effects of microbial contamination. The water
phase was kept at 75 °C. Lanette-N (10%) was melted fol-
lowed by the addition of BHT (0.1% w/w), wheat germ oil
(5% w/w), and/or carrot and raspberry oils with their dif-
ferent levels and heated to 75 °C to form the oil phase.
The oil phase was kept at 15% w/w even at the lower lev-
els of carrot and raspberry oils using wheat germ oil. The
oil phase was mixed with the water-phase solution, which
was then homogenized (Heidolph, Germany) for 3 min
at 10000 rpm to form a coarse emulsion. The calculated
amount of SYL-C lyophilized powder was then incorpo-
rated with homogenization for an extra 2 minutes. The
essential oil blend (2.5% w/w consisting of tea tree oil
(1.25% w/w), peppermint oil (0.75 w/w), and sandalwood
oil (0.5% w/w)) as well as alpha-tocopherol (0.5% w/w)
was added to the cooling phase. All prepared SYL-C-
loaded creams were kept at room temperature for further
investigations.

Ex vivo Permeation study

In vitro passive permeation studies were conducted using
Hanson-Franz-type diffusion cells (model 60-301-106,
CA, Los Angeles, USA) with an effective permeation area
of 1.76 cm?area using dorsal mice skin cut into squares as
the diffusion medium [24]

The skin was prepared by immersing PBS (pH 7.4)
for an hour before starting the experiment. The donor
compartment was filled with 0.4 g of the formulations.
The receptor compartment was filled with 7.5 mL phos-
phate buffer solution (pH 7.4) and kept at 37 °C+2 °C
under constant stirring (100 rpm). The experiment
was conducted for 24 h. Aliquots of 2 ml sample were
withdrawn from the receptor medium at the predeter-
mined times: 0.25, 0.5, 0.75, 1, 2, 4, 6, 10, 12, 18, and
24 h. Withdrawn samples were compensated by an
equal volume of PBS (pH 7.4). Samples were collected
and stored in — 80 °C to be analyzed using a validated,
selective, and sensitive isocratic UPLC method which
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was developed and validated prior to the beginning
of the study. Filtration of samples was done using a
0.45-um Millipore® filter followed by injection into
the UPLC column (Agilent UHPLC, 1290 Infinity LC,
binary pump, autosampler, multicolumn thermostat,
USA). Acetonitrile and water (80:20 v/v) represented
the isocratic mobile phase which was filtered, degassed,
and set to a flow rate of 0.1 mL/min. The column efflu-
ent was continuously checked through UV detection at
275 nm. The column used was C18 kept at a set tem-
perature of 30 °C+0.2. The injection volume was set to
5 uL.

The cumulative amount of drug permeated (Qs)
through the membrane in the receptor compartment at
the nth sampling (Qs) was estimated by the following
equation:

1% v
= —.C —.Ci
Qs S s + nz_; S i

where Cn represents the concentration of the drug in the
receptor solution at the nth sampling time, Ci is the drug
concentration, and V and Vi represent the volumes of
the receptor solution and the withdrawn sample, respec-
tively. S is the effective diffusion area.

The cumulative amount of the permeated caffeine
was plotted against time. The slope and intercept of the
linear part of the plot were contributed by regression.
The caffeine permeation rate at steady state (g, pg/
cm?/h) was computed from the calculated slope of lin-
ear portion. The following equation was used to obtain
the permeability coefficient Kp (cm/h):

Kp =Js/Co

where Kp represents the permeability coefficient, J; is the
flux at steady state, and C, represents the initial concen-
tration of the drug in the donor compartment [25].

Determination and characterization of the optimized
formulation for further investigations

The desirability function of the Design Expert® soft-
ware was utilized to select the formulations for further
investigations. The targeted criteria were to maximize

Qs, J,,, and Kp.

pH determination of the optimized formulation

The pH of optimized formulation was tested at room
temperature using a Jenway pH meter (model 3510,
UK) that was calibrated before each use with standard
pH 4, 7, and 9.2 buffer solutions [26].
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In vitro determination of sun protection factor

of the optimized formulation

The Transpore® tape methodology was adopted to deter-
mine the UV blocking of the optimized formulation.
The ultraviolet radiation absorbance through a Trans-
pore® tape sample was determined. Exactly 2 mg/cm?
formulation was evenly applied onto a Transpore® tape
of 4.5 cm? area and positioned on a quartz cuvette. The
sample was left for 15 min to dry followed by scanning
at a range from 400 to 290 nm utilizing a double-beam
spectrophotometer  (Ultraviolet Spectrophotometer,
Shimadzu (401 PC) Double Beam Spectrophotometer,
Tokyo, Japan) [27]. The method described by Diffey and
Robson was adopted for the SPF determination [28]. The
obtained in vitro SPF is an indicator of both the UV-A
and UV-B protective property of a sunscreen product
which is computed from the mean value of the mono-
chromatic protection factor, the solar irradiance, and the
erythemal constants according to the following equation
[29]:

400 400
SPF =Y E;B;/ Y (E;B;\/MPF,)
290 290

where E, represents the spectral irradiance of terres-
trial sunlight under defined conditions and denotes the
midday midsummer sunlight; MPF, is the mean mono-
chromatic protection factor; and B, is the erythemal
effectiveness. The erythema action spectrum utilized in
the calculation was adopted by the International Com-
mission on Illumination (CIE) as a “reference action
spectrum” [28].

Statistical analysis of data

Data among the study groups of mice were assessed as
average +standard deviation (SD), with the significant
difference among the groups assessed using T test, at
P<0.05.

Regarding the cream preparations models and stats,
the generated models were computed utilizing Design
Expert® v. 11.0 (Stat Ease, Minneapolis, MN). Other
results were investigated exploiting ¢ test or ANOVA
to determine the significance of the obtained models at
P<0.05.

Results

The study mice groups

Regarding the two groups of mice that were treated orally
with caffeine, as shown in Fig. 1, Table 1, there was a sig-
nificant increase in proline concentration in the treated
group when compared to the control one. In addition, all
of the following were significantly increased in the orally
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Fig. 1 Parameters assessed in mice treated with oral caffeine. B integrin, beta integrin; IGF-1, insulin-like growth factor 1; AKT, protein kinases beta;
MAPK, mitogen-activated protein kinase; CHK1, checkpoint kinase 1; ATR, Rad3-related protein

Table 1 Parameters assessed in caffeine-treated mice orally

Control Oral caffeine
Proline pg/g tissue 13.5+£1412 33.5334+3.972%
Prolidase 1.02334+0.025 3.603 £0.405*%
B-integrin 1.003+0.006 4366+0416%
IGF-1 1.01+0.01 3.68+£0.766*
AKT 1.03+0.026 0.236+0.041*
MAPK 1.033+£0.015 0.372£0.181*

B integrin, beta integrin; IGF-1, insulin-like growth factor 1; AKT, protein kinases
beta; MAPK, mitogen-activated protein kinase

" significant at p <0.01

treated group when compared to the control, PEPD
activity, B integrin, IGF-1, while MAPK and AKT were
significantly decreased, all at p <0.01.

Regarding the two groups of mice that were treated
topically with caffeine, as shown in Fig. 2, Table 2, there
was a significant increase in all of the following in the
topically treated group when compared to the con-
trol, PEPD activity, f integrin, and IGF-1, while MAPK,
AKT, CHK]1, and ATR were significantly decreased, all at
p<0.01.

Preparation, statistical analysis of the experimental design,
and evaluation of the prepared SYL-C-loaded formulations

Formulation of the SYL-C-loaded creams

Micro-fluidization was utilized for the preparation of
SYL-C-loaded creams at all levels of the investigated
factors. All formulations achieved emulsification and
exhibited acceptable texture as well as spreadability upon
application on the skin (Fig. 3).

Ex vivo Permeation study

The cumulative amount of drug permeated after 24 h
(Q,4), the permeation rate of caffeine at steady state (Jss),
and the permeability coefficient (Kp) are presented in
Table 3, while the generated models and the ANOVA
results of the prepared formulations are displayed in
Table 4 and Fig. 4. The permeated amount versus time
relationship is displayed in Fig. 3.

ANOVA results revealed the significance (p<0.05)
of the suggested 2FI models. The obtained values for
r-squared, adjusted r-squared, and predicted r-squared
were more than 0.7 for all models signifying their good
accordance as well as the high fitting of the model equa-
tions to the results [30].
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Fig. 2 Parameters assessed in mice treated with topical caffeine. B integrin, beta integrin; IGF-1, insulin-like growth factor 1; AKT, protein kinases
beta; MAPK, mitogen-activated protein kinase; CHK1, checkpoint kinase 1; ATR, Rad3-related protein

Table 2 Parameters assessed in caffeine-treated mice topically

Control Topical caffeine

Prolidase 1.03+£0.015 4.74+0.781*
B-integrin 1.02£0017 5.896+£0433*
IGF-1 1.02+0.02 5.566+2.05%

AKT 1.026 £0.005 0.29+0.127*
MAPK 1.043+£0.015 0.28+0.087*
CHK1 1.013+£0.023 032+0.165*
ATR 1.014+0.01 0.286+£0.132*

B integrin, beta integrin; IGF-1, insulin-like growth factor 1; AKT, protein kinases
beta; MAPK, mitogen-activated protein kinase; CHK1, checkpoint kinase 1; ATR,
Rad3-related protein

*significant at p <0.01

Furthermore, the adequate precision for the three
models exhibited a value more than 4 which indicates
the high signal-to-noise ratio and the adequacy of the
model to navigate the experimental space of the three
models [31].

Validation of the models was studied using the Box-
Cox transformation test which determines the appro-
priate power (lambda) that is required to augment the
normality of both the positively and negatively skewed

factors to work at the best lambda set within the confi-
dence intervals of the test [32].

Results revealed the significance of the three inde-
pendent factors, as well as the factor interaction AC as
validated by the coded equation displayed in Table 4. The
increase in caffeine concentration accompanied with the
increase in carrot oil concentration led to a significant
(p=0.0331) increase in Q24.

Furthermore, the results also revealed the signifi-
cance of all factors as well as the factor combinations
AB and AC on the Kp model. The presence of both the
caffeine concentration and the carrot and/or raspberry
oil concentrations in their higher levels led to a signifi-
cant (p <0.05) increase in Kp values. Finally, the ANOVA
results proved the significance of the significance of the
caffeine—raspberry oil (AB) interaction (p <0.05) on J.

Determination and characterization of the optimized
formulation for further investigations

The desirability function of the Design Expert program
suggested the superiority of SYL-C12 formulation com-
promising the high levels of the three independent fac-
tors based on the maximization criteria of the responses
adopted. Consequently, SYL-C 12 was chosen for further
investigations.



Seleem et al. Future Journal of Pharmaceutical Sciences (2022) 8:27 Page 7 of 11
&=
E 6000 600
?ﬂ el SYL-C1
2 s000 ——snc2 500
E i SYL-C3 :-“
» 4000 & 400
+l —%— SYL-C4 n
il 2
£ 3000 e 8 300
3 e SYL-C6 (-3 —m— Up Curve
E i
S 2000 SYL-C7 E 200 —®— Down Curve
3- e SYL-C8 7]
S 1000 S0 100
g === SYL-C10
< 0 0
0 5 10 15 20 —d—SVL-C1L 0 10 20 30 40 50
Time (hr) Shear Stress (Pa)

(-]

—o—SYL-C12 E]

Fig. 3 a Permeation profiles of the prepared SYL-C-loaded formulations and b rheogram of SYL-C 12. SYL-C: Caffeine on Syloid® 244 FP

Table 3 Composition and responses of the full-factorial design

Formula Composition* Responses

Caffeine Carrot oil Raspberry oil Q,, (pg/cm?) (A) Kp (cm/hr) (B) Jss (ug/cm?/hr.) (C)

concentration concentration concentration (RASP.

(CAFF. %) (CARR. %) %)
SYL-C1 1 0 0 369.29+61.94 7504098 304+293
SYL-C2 1 5 0 307.104£50.78 5384085 215+1.34
SYL-C3 1 0 5 3509514591 50040.56 20.00+3.01
SYL-C4 1 5 5 757.76 £55.21 5854069 23404099
SYL-C5 3 0 0 1216.52+£120.67 6.194+1.04 74.254+10.30
SYL-C6 3 5 0 1731.13£90.39 9.67+1.99 116£12.94
SYL-C7 3 0 5 2038.154+120.34 7.28+1.09 874+7.63
SYL-C8 3 5 5 3174.084201.33 11.50+£0.95 138+£10.01
SYL-C9 5 0 0 2820.524+190.10 7.95+1.00 159£15.55
SYL-C10 5 5 0 232266430114 10.27 £2.03 20544899
SYL-C11 5 0 5 2693.324+120.33 7.804+0.87 156£25.08
SYL-C12 5 5 5 5163.8444+208.11 15.78+£234 315641667

* All formulations contain 10% Lanette N, 5% glycerin, 5% propylene glycol, 5% wheat germ oil, 2.5% total essential oil blend (1.25% tea tree oil, 0.75 peppermint oil,
and 0.5% sandalwood oil), 0.5% alpha-tocopherol, 0.15% methyl paraben, 0.3% propyl paraben, and 0.1% butylated hydroxytoluene

Table 4 Generated models and the ANOVA results of the prepared formulations

Response
ANOVA results Qy Kp Jss
Model 2FI 2FI 2F

Coded equation

P value

R

Adjusted R?
Predicted R’
Adequate precision

Q24=+17912241205.14* A+451.55*
B+571.80* C4400.27 * A*B+481.98 * A
*C+21733*B*C

0.0031
09767
0.9418
0.7671
16.803

Ko=+810+190*A+164*B+0.76*
C+181*A*B+129*A*C4+054*B*C

0.0052
0.9700
0.9250
0.7778
15.229

Sart(Jss) = 4+9.634+453* A4+1.05*
B4+048*C+112*A*B+0.70*A*
C+029*B*C

0.0006
0.9903
0.9757
09223
23.943
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pH determination of the optimized formulation

The pH significance of cutaneous epithelium represents
a major factor that determines its physical, chemical, and
microbiological barrier function [33]. SYL-C12 showed a
pH of 6.01 £0.2 which is in accordance with the normal
physiological skin pH [34]; consequently, no further pH
adjustment was performed.

In vitro determination of sun protection factor

of the optimized formulation

In order to investigate whether SYL-C12 exhibits a UV-
blocking effect or not, the prepared formulation as well
as its caffeine-free analogue was examined. SYL-C12
showed an SPF value of 3.19 +0.27, while its caffeine-free
analogue measured an SPF value of 2.00 +0.21 which was
significantly different (p <0.05) from SYL-C12. This con-
firms the UV-protecting effect of caffeine that positions it
as a valuable candidate for further investigation as a UV
protective agent.

Rheological studies of the optimized formulation

The rheogram of SYL-C12 is presented in Fig. 3b. By
applying Farrow’s equation, N computed a value of
1.84+0.19 which indicates a pseudoplastic flow. This
shear thinning behavior with the hysteresis loop ensures
thixotropic behavior that is desirable for topical formula-
tions [35].

Discussion

3,7-trimethylxanthine, caffeine, is a biologically active
compound that exists naturally in many drinks and
other food products. Caffeine produces different effects
that is dose dependent, including relaxation of muscles,
release of ions, anti-oxidative stress, and metabolism of
lipids [10]. The main target of caffeine is the G-protein-
coupled adenosine receptors located in both the central
and peripheral nervous systems, in addition to other
organs as the heart and lung [36]. Caffeine shows the
highest affinity (~10 pM) toward the A2AR subtype
of adenosine receptors [37]. At high dose (mM range),



Seleem et al. Future Journal of Pharmaceutical Sciences (2022) 8:27

caffeine stops the mutated ataxia—telangiectasia and ATR
kinase and subsequently the DNA damage response, thus
suggesting a protective role of caffeine against oxidative
stress and senescence [38].

In our study, both orally and topically caffeine-treated
mice showed significant elevation in both proline and
PEPD activity, when compared to their control groups,
thus promoting collagen biosynthesis. This could be
explained, as PEPD activity was found to resynthesize
proline required for the resynthesis of collagen and there-
fore the enzyme may play a step-limiting role in the reg-
ulation of collagen biosynthesis [17]. Moreover, the role
of PEPD in regulation of collagen biosynthesis was well
documented in fibroblast treated with anti-inflammatory
drugs [7]. The enzyme aids in the conservation of imino
acids from various protein sources, mainly collagen;
moreover, PEPD plays an essential role in the resynthesis
of proline for collagen synthesis and cell growth and aid-
ing as an interface between protein nutrition and matrix
breakdown [39].

There are controversial resources correlating caffeine-
treated mice with proline and PEPD [14]. Most of the
work in the literature showed negative or slow enhance-
ment of collagen biosynthesis [14], where caffeine in cof-
fee has been shown to decrease the synthesis of collagen
in the dermis layer of the skin, affecting also the biosyn-
thesis of DNA [40]. Moreover, despite the fact that caf-
feic acid may help decrease inflammation having both
antioxidant and antimicrobial effects and promote colla-
gen synthesis in the skin, this effect will not surpass the
damaging effect of caffeine [41]. Also, it has been shown
that drinking a maximum of two coffee cups is healthy,
but exceeding this limit can be harmful causing aging and
loss of firmness [41].

The protective role of caffeine skin care topical treat-
ment’ includes decreasing fat cells by dehydrating such
cells, decreasing dark circles round the eyes by vasocon-
stricting and draining excess lymphatic fluid or blood,
and decreasing cellulite appearance [41]. All of the previ-
ously mentioned studies are concomitant with our find-
ing where caffeine showed its protective role through
promoting the synthesis of proline and consequently
increasing collagen resynthesis, in both topically and
orally treated groups. However, it is important to note
that despite caffeine being an effective treatment topi-
cally, it is better to ingest drinks that contain caffeine in
moderate quantities because of the reasons mentioned
above, as caffeine can be damaging to the skin.

We further tried to explain this caffeine enhancing/pro-
tective effect, through studying the unique function of
PEPD with mostly parameters involved in the regulation
of PEPD activity, where bl-integrin receptor signaling was
found to increase PEPD activity [11] in addition to collagen

Page 9 of 11

biosynthesis [42]. The exact mechanism of bl-integrin
receptor signaling-dependent functions involved several
processes with concomitant inhibition of ATR proteins
and MAPK, which in turn will increase collagen resynthe-
sis [8]. From the previous, several lines of evidence suggest
that PEPD activity and collagen resynthesis are regulated
together through bl-integrin signaling pathway, where
IGF-1 synthesis was enhanced and both AKT and MAPK
production was decreased in caffeine-treated mice [8],
thus concomitant with our findings, where PEPD activ-
ity increased together with over-production of proline in
caffeine-treated mice, whether orally or topically. However,
this is the first study correlating these parameters in orally
and topically treated mice; thus, further molecular insight
is needed to aid our findings of caffeine as a procollagen
stimulus via the bl-integrin pathway.

Moreover, the results regarding the effect of caffeine on
beta cyclin are controversial [43], whereas in one study caf-
feine was found to enhance beta cyclin; on the other hand,
when caffeine was administered in drinking water prior to
UVB exposure, it inhibited UVB-induced phosphoryla-
tion of Chk1 and interfered with UVB-enhanced decrease
in mitotic cells with cyclin Bl as well as the decrease in
total mitotic cells; all of the previous findings agree with
our findings regarding the protective role of oral caffeine
against UVB [44].

Adding to the previous caffeine protective effect, and
due to the finding that caffeine has a UV absorption capac-
ity between 260 and 300 nm (with a peak at ~ 273 nm)
[45], we studied the effect of topical application of caffeine
loaded on mesoporous silica prior to and after UVB irra-
diation. It has been found that caffeine-treated primary
human keratinocytes inhibited UVB-induced increase in
ATR-mediated formation of p-Chk1 (Ser 345), and tumori-
genesis was decreased [43]. Moreover, it was found that the
enhancement of ATR that resulted from DNA breakdown
stopped chromatin condensation through Chkl protein
kinase modification, and caffeine stopped this process, that
in return caused chromatin condensation [46]. In addition,
it has been shown that caffeine interrupts the ATR/Chkl
pathway [47], where ATR protein has binds to the DNA of
cells damaged by UVB rather than undamaged DNA [48].
Thus, from the previous findings, caffeine has a protec-
tive effect against the damaging effect of UV-B, aiding our
results.

Further assessment regarding the mesoporous caffeine
cream was done as follows:

Preparation, statistical analysis of the experimental design,
and evaluation of the prepared SYL-C-loaded formulations
Ex vivo permeation study Results revealed the signifi-
cance of the three independent factors, as well as the fac-
tor interaction AC as validated by the coded equation dis-
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played in Table 4. The increase in caffeine concentration
accompanied with the increase in carrot oil concentration
led to a significant (p=0.0331) increase in Q24. Accord-
ing to Fick’s first law for diffusion, concentration gradient
is the driving force in the diffusion process; mathemati-
cally, the rate of transfer of diffusing substance per unit
area is proportional to the concentration gradient; thus,
the higher caffeine concentration leads to a higher con-
centration gradient across the diffused membrane which
consequently contributes to the highest permeation
parameters. Moreover, it is reported that carrot oil con-
tains a much higher concentration of terpenes as com-
pared to raspberry oil. Terpenes were proved to mainly
act on the intercellular lipid structure between corneo-
cytes to increase the fluidity of SC lipids and thus has been
proved as effective penetration enhancers [49]. Carrot oil
is rich in monoterpene hydrocarbons that constituted
about 81-90% of the total oil composition, compared
to only 24% and 10%-15%, for wild and cultivated rasp-
berry, respectively [50]. On the other hand, wheat germ
oil which was used as a base oil to compensate the amount
of the two other investigated oils has a very low monoter-
pene content represented as only 6.8% of limonene [51].

Furthermore, results also revealed the significance
of all factors as well as the factor combinations AB and
AC on the Kp model. The presence of both the caffeine
concentration and the carrot and/or raspberry oil con-
centrations in their higher levels led to a significant
(p<0.05) increase in Kp values. Generally, the permea-
tion effect of the used oil may be either as a result of its
effect on the lipid on the stratum corneum by its incor-
poration into the lipid lamellae leading to loosen their
packing and fluidize the lipid chains or through loosen-
ing the packing of stratum corneum protein by modify-
ing the conformation of keratin to cause swelling and
increased hydration, or act on the corneodesmosomes
to alter cohesion between corneocytes [52].

Finally, the ANOVA results proved the significance of
the caffeine—raspberry oil (AB) interaction (p < 0.05) on
Ji- The increase in both factors significantly increased
Jis which is a logical consequence of the increase in the
other two measured responses.

Conclusions

Our study revealed the superiority of SYL-C12, com-
promising the high level of the three independent fac-
tors, in terms of the measured responses in mesoporous
silica with caffeine. Moreover, caffeine promoted colla-
gen resynthesis with significant protective effect against
UV apoptotic damage.
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