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Abstract

Calcipotriol, a synthetic vitamin D3 analogue widely used in psoriasis treatment, requires a
detailed stability assessment due to its topical application and potential exposure to UV
radiation. As a drug applied directly to the skin, calcipotriol is particularly susceptible to
photodegradation, which may affect its therapeutic efficacy and safety profile. The present
study focuses on the analysis of calcipotriol photostability. An advanced UHPLC /MSF
method was employed for the precise determination of calcipotriol and its degradation
products. Particular attention was given to the effects of commonly used organic UV filters—
approved for use in cosmetic products in both Europe and the USA (benzophenone-3,
dioxybenzone, meradimate, sulisobenzone, homosalate, and avobenzone)—on the stability
of calcipotriol. Unexpected degradation of calcipotriol was observed in the presence of
sulisobenzone. Importantly, this effect was consistently detected in methanolic solution
and in the pharmaceutical formulation containing calcipotriol and betamethasone, which
is particularly significant from a practical perspective. This finding underscores the neces-
sity of evaluating photostability under real-life conditions, as cosmetic ingredients, when
co-applied with topical drugs on the skin, may substantially influence the stability profile
of the pharmaceutical active ingredient. The research resulted in the first-time characteriza-
tion of four degradation products of calcipotriol. The degradation process was found to
primarily affect the E-4-cyclopropyl-4-hydroxy-1-methylbut-2-en-1-yl moiety, causing its
isomerization to the Z isomer and the formation of diastereomers with either the R or S
configuration. Computational analyses using the OSIRIS Property Explorer indicated that
none of the five degradation products exhibit a toxicity effect, whereas molecular docking
studies suggested possible binding of two of the five degradation products of calcipotriol
with the VDR.

Keywords: calcipotriol calcipotriene; drugs photostability; UV absorbers; vitamin D
analogs; psoriasis

1. Introduction

Calcipotriol (Calcipotriene) is a vitamin D analogue used topically for psoriasis treat-
ment. Psoriasis is a chronic disease characterized by autoimmune and genetic origins,
resulting in excessive proliferation of keratinocytes and impaired differentiation [1]. In
psoriasis, increased T lymphocyte activity and elevated levels of IL-23 and IL-17 cause
inflammation and epidermal hyperplasia [2]. Subclinical inflammation can persist even
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after skin lesions have healed completely, potentially leading to exacerbations of the dis-
ease [3]. Psoriasis affects around 2% of the global population and primarily presents as
chronic plaque psoriasis in 90% of cases [1]. Typically, the disease manifests with mild
symptoms and localized skin lesions, making topical therapy the preferred treatment op-
tion [4]. Psoriasis is an incurable condition, and treatment focuses on managing symptoms
and improving quality of life [5]. In addition to skin symptoms, psoriasis can cause thick,
ridged, or pitted nails. Severe forms of psoriasis, such as generalized pustular psoria-
sis, may also lead to systemic symptoms like fever, malaise, and fatigue. In addition to
cutaneous manifestations, psoriasis is associated with several comorbidities, including
psoriatic arthritis (joint pain, stiffness, and swelling), cardiovascular disease, and metabolic
syndrome. Early diagnosis and effective management are crucial to reduce disease burden
and improve patient outcomes. Psoriasis significantly reduces patients” quality of life, as
its unpleasant symptoms and widespread social stigma often lead to emotional distress
and feelings of marginalization [6,7]. For mild to moderate conditions, first-line treatment
includes topical corticosteroids, vitamin D analogues, and retinoids. For patients with
severe conditions, topical medications are used alongside systemic therapy options such as
methotrexate, cyclosporine, and dimethyl fumarate [2].

Corticosteroids are the most common topical treatment for psoriasis; however, the
prolonged use of corticosteroids may cause side effects, including corticosteroid-induced
skin atrophy, telangiectasia, and tachyphylaxis. The therapeutic efficacy of corticosteroids
can be enhanced by the combination with a vitamin D analogue [2,5]. Medicinal prod-
ucts typically contain calcipotriol (50 pg/g) and betamethasone dipropionate (0.5 mg/g),
which act synergistically. Calcipotriol induces keratinocyte differentiation and inhibits their
proliferation. Betamethasone dipropionate exhibits local anti-inflammatory, antipruritic, im-
munosuppressive, and vasoconstrictive properties [2]. In randomized, double-blind clinical
trials conducted by Douglas et al., a combination of these two substances was shown to be
superior to monotherapy with either betamethasone dipropionate or calcipotriol in treating
psoriasis vulgaris, demonstrating a faster onset of action [8]. Furthermore, calcipotriol
counteracts skin atrophy induced by betamethasone dipropionate [9]. Topical medications
containing calcipotriol and betamethasone dipropionate are available in the European
Union as gel, ointment, and foam formulations. Among these, the foam formulation is
considered particularly innovative due to its enhanced efficacy, improved skin penetration,
and greater patient acceptability compared to traditional ointment and gel forms. After
applying the foam, the propellants evaporate, leaving a stable, supersaturated solution of
calcipotriol and betamethasone without forming crystals [10,11].

Applying medicinal products to the skin for a local effect facilitates safe use of the
drug and reduces the risk of adverse effects. The success of local therapy is determined
by reaching the necessary concentration of the active pharmaceutical ingredient at the
target location. Medications applied topically are exposed to ultraviolet radiation, which
can result in photodegradation of the drug. This process can lead to a reduction in the
active substance and the generation of by-products with unknown effects [12,13]. Pre-
vious research has shown an interaction between calcipotriol and ultraviolet radiation.
Lebwohl M. et al. [14] conducted a study in which calcipotriol ointment was applied before
and after phototherapy; the ointment was collected and analyzed using reverse-phase
high-performance liquid chromatography. UVA exposure led to a decrease in detectable
calcipotriol concentrations, indicating that when calcipotriol is used in combination with
PUVA, it should be applied after UVA exposure [14]. In research conducted by Jahani
M. et al. [15], mometasone furoate, calcipotriol, and their combinations were exposed to
various stress conditions. The calcipotriol degradation product, identified as DP4, was
formed under conditions of heat exposure, UVA radiation, and oxidation with H,O,. Based
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on UV and LC-MS fragmentation patterns, DP4 was identified as pre-calcipotriol [15].
Bhogadi R. K. et al. [16] developed an RP-HPLC method for the separation of known (Calci
Impurity-C, Calci Impurity-B, and Calci Impurity-D) and unknown isomeric impurities
of calcipotriol from calcipotriol, pre-calcipotriol, and betamethasone dipropionate. The
pre-calcipotriol solution was obtained in a vial by dissolving 2 mg of calcipotriol in 200 pL
of a solution prepared by combining 1 mL of triethylamine and 9 mL of chloroform, which
was closed and kept in a water bath at 60 °C for 2 h. Pre-calcipotriol is an isomer of
calcipotriol, formed as a result of a reversible transformation that begins when calcipotriol
is prepared in solution and continues until equilibrium is reached. This process also occurs
in medicinal products and is affected by temperature. Pre-calcipotriol is not considered an
impurity, and the effect of calcipotriol results from both substances. Studies using LC-MS,
LC-MS/MS, FT-IR, and NMR confirm the isomeric relationship and structural formula
of pre-calcipotriol. It is predicted that calcipotriol undergoes Cis/Trans isomerism at car-
bon 7, forming Imp-B. This is followed by a rearrangement of double bonds, resulting in
pre-calcipotriol [16]. In addition to pre-calcipotriol, other identified isomers of calcipotriol
include trans-calcipotriol (5E, 7E), 24R-calcipotriol, and the beta-calcipotriol isomer. These
compounds are primarily formed during the synthesis of calcipotriol [16-18]. Vitamin D
isomers with (5E, 7E) triene geometry have higher biological activity compared to natural
(5Z, 7E) vitamin D compounds [17,19]. The beta-calcipotriol isomer can be utilized as a
reference standard for analytical method development or method validation [20].

Photoprotection is recommended by dermatological societies as a key strategy in the
prevention of skin cancer. Therefore, a comprehensive understanding of the potential
interactions between substances applied simultaneously to the skin, such as UV filters and
active pharmaceutical ingredients, is essential to ensure the safe and effective use of topical
drug products [12].

Previous studies on tazarotene, bexarotene, terbinafine, and bifonazole have shown
that UV filters can significantly impact the stability of drug substances when exposed
to UV radiation [21-24]. Building on these findings, the present study aimed to evalu-
ate how commonly used UV filters affect the stability of calcipotriol. To achieve this, a
range of filters capable of absorbing UV-A and UV-B radiation was selected for the experi-
ments. The sunscreen agents tested included salicylic acid derivatives such as homosalate
(homomenthyl salicylate), which exhibits maximum absorption at 306 nm; dibenzoyl-
methane derivatives like avobenzone (butyl methoxydibenzoylmethane), serving as UVA
I filters with a peak at 357 nm; and benzophenone derivatives including oxybenzone
(benzophenone-3, 2-hydroxy-4-methoxybenzophenone) which absorbs in both the UVB
(280-315 nm) and short-wavelength UVA (315-355 nm) ranges. Additionally, dioxybenzone
(benzophenone-8) and sulisobenzone (benzophenone-4) were included, both characterized
by two absorption peaks at 286 nm and 440 nm. Meradimate, a UVA filter exhibiting
maximum absorption at 385 nm, was also included in the study [25-27].

The aim of this study was to assess the photostability of calcipotriol under radiation
conditions. The UHPLC/MSF method used for the determination of calcipotriol was
thoroughly validated in accordance with international guidelines, ensuring its accuracy,
precision, specificity, and reliability for the assessment of photostability under the tested
conditions. The photostability of calcipotriol was tested in the presence of selected chemical
UV filters that have been approved for use in cosmetic products in Europe and the United
States. Methanol solutions of calcipotriol were tested both with and without the addition
of various UV filters, including oxybenzone, dioxybenzone, meradimate, sulisobenzone,
avobenzone, and homosalate. Molecular docking simulations were employed to assess the
binding potential of the calcipotriol degradation products to the vitamin D receptor (VDR),
providing a predictive evaluation of their possible interactions at the molecular level.
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2. Experimental
2.1. Materials and Methods
Chemicals and Reagents

Calcipotriol monohydrate (5Z,7E,22E,245)-24-Cyclopropyl-9,10-secochola-5,7,10(19),22-
tetraene-1c;,3[3,24-triol), pharmaceutical primary standard, European Pharmacopoeia refer-
ence standard (Strasbourg Cedex, France), and Calcipotriol TRC (North York, ON, Canada).
HPLC-grade methanol, acetonitrile, and formic acid (98%) were purchased from J.T. Baker.
Ethanol (99.8%) was obtained from POCH (Gliwice, Poland). Water (quadruple-distilled)
with a conductivity of less than 1 uS cm~! was prepared using S2-97A2 distillation appara-
tus (ChemLand, Stargard Szczecin, Poland). UV absorbers, namely avobenzone (AVB), oxy-
benzone (Benzophenone-3, BP-3), benzophenone-4 (Sulisobenzone, BP-4), dioxybenzone

(Benzophenone-8, BP-8), homosalate, and meradimate, were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Standard Solution

A stock solution of calcipotriol was freshly prepared by dissolving 2 mg of the standard
in methanol and diluting to 10 mL in a volumetric flask, resulting in a final concentration
of 0.2 mg mL~!. For method validation, a series of six calibration solutions was prepared
in the concentration range of 0.015-0.15 mg mL~!. To assess photostability, a methanolic
solution of calcipotriol at a concentration of 0.2 mg mL~! was prepared.

The photostability of calcipotriol was evaluated using methanolic solutions of various
photoprotective agents at a concentration of 1 mg mL~'. For this purpose, 10 mg of
each compound—oxybenzone, meradimate, sulisobenzone, avobenzone, dioxybenzone,
and homosalate—was accurately weighed into separate 10 mL volumetric flasks, and the
volume was adjusted to the mark with methanol.

2.3. Photodegradation Studies of Calcipotriol

Calcipotriol was irradiated in methanolic solutions at a concentration of 0.1 mg mL 1.
For the photodegradation studies, the solutions were placed in quartz Petri dishes (50 mm
diameter, Hornik, Poland), which were covered with quartz lids to minimize ethanol
evaporation and sealed with parafilm for additional protection.

Photostability testing of calcipotriol under UVA conditions was conducted using a
KBF-ICH 240APT.line™ climate chamber (Binder GmbH, Tuttlingen, Germany). During
irradiation, samples were positioned 13 cm from the light source. For UVA exposure
(maximum wavelength 365 nm), the chamber was maintained at a constant temperature
of 25 °C and relative humidity of 60%. The radiation dose was measured with a VLX-3
radiometer (Vilber Lourmat) equipped with a CX-365 sensor, yielding a consistent dose
rate of 1.9434 - 1072 ] cm 2 min~!. Samples were subjected to UVA irradiation for 60 min.

Photodegradation studies of calcipotriol in methanolic solution were carried out in
the presence of organic UV filters. In summary, each 2 mL sample was prepared by mixing
1 mL of calcipotriol stock solution, 0.8 mL of methanol, and 0.2 mL of a selected UV filter
solution. Control samples, prepared in the same way but wrapped in aluminum foil to
exclude light, served as dark controls. All samples were analyzed using UPLC-MS, and
each experimental condition was set up in triplicate.

The photostability of calcipotriol from a foam formulation was evaluated using Enstilar
foam (LEO Pharma A /S, Denmark), which contains calcipotriol (50 pug/g) and betametha-
sone dipropionate (0.5 mg/g). The samples were prepared by weighing 2 g of foam, adding
10 uL of sulisobenzone solution in propylene glycol, and thoroughly homogenizing the
preparation in a mortar. The sulisobenzone solution was prepared by dissolving 10 mg
of sulisobenzone in 1 g of propylene glycol. Then, 0.5 g of the mixture was spread evenly
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on the PMMA plates (poly(methyl methacrylate) plates). The dark control samples were
prepared in the same manner and wrapped in aluminum foil. Following irradiation, the
foam was collected from the plates using a spatula, transferred into Eppendorf tubes,
and weighed. Subsequently, 1 mL of methanol was added to each tube. Extraction was
carried out using a tube shaker (Lab Dancer Vario, IKA) for 20 s, followed by 10 min of
ultrasonication in a water bath at 40 °C (Elmasonic S40H, Elma, Wetzikon, Switzerland).
After extraction, the solution was filtered through a 0.45 um pore-size filter before the
UPLC-MSE analysis.

2.4. UHPLC/MSF Analysis

The UHPLC-QTOF system consisted of a Waters Acquity I-Class Plus (Waters Corpo-
ration, Milford, MA, USA) coupled to a Waters Synapt XS mass spectrometer (electrospray
ionization mode ESI-QTOF). Chromatographic separations were carried out using the
Acquity UPLC BEH (bridged ethyl hybrid) C18 column, 2.1 x 100 mm and 1.7 um particle
size, equipped with Acquity UPLC BEH C18 VanGuard pre-column, 2.1 x 5 mm and
1.7 um particle size. The column was maintained at 40 °C and eluted under gradient
conditions using from 95% to 0% eluent A over 10 min at a flow rate of 0.3 mL min~1.
Eluent A: water/formic acid (0.1%, v/v); eluent B: acetonitrile/formic acid (0.1%, v/v).
Chromatograms were recorded using a Waters eA PDA detector. Spectra were analyzed in
the 200-700 nm range with a 1.2 nm resolution and a sampling rate of 20 points s~ .

MS detection settings of Waters Synapt XS mass spectrometer were as follows: source
temperature 150 °C, desolvation temperature 250 °C, desolvation gas flow rate 600 Lh~!,
cone gas flow 100 L h™!, capillary potential 3.00 kV, and cone potential 30 V. Nitrogen
was used for both nebulizing and drying gas. The data were obtained in a resolution MSE
scan mode (full MS scan with simultaneous data-independent fragmentation), ranging
from 50 to 1000 m/z at 0.2 s time intervals. Leu-enkephalin was used as a mass reference.
Analyses were carried out in positive-ionization mode. Collision activated dissociations
(CAD) analyses were carried out with the energy ramp from 10 eV to 60 eV. Argon was
used as a collision gas. Data acquisition and analysis software were MassLynx v4.2 and
MSe Data Viewer v2.0 (Waters Corporation, Milford, MA, USA).

2.5. Method Validation

The purpose of validating the ultra-performance liquid chromatography method
combined with tandem mass spectrometry (UPLC-MS/MS) was to ensure its reliability for
quantifying calcipotriol, even in the presence of its degradation products. The developed
analytical procedure underwent validation following the International Conference on
Harmonization (ICH) Q2 (R2) guidelines for analytical method validation [28].

2.5.1. Specificity

The specificity of the method was evaluated by assessing the chromatograms of the
mobile phase solution, the chromatograms of the methanolic calcipotriol solution, and the
chromatograms after photodegradation in the presence of selected chemical UV filters. The
obtained chromatograms were analyzed considering retention time (TR), peak areas, peak
shape, and peak separation.

2.5.2. Linearity

The linearity of the method was assessed by analyzing six methanolic calcipotriol
solutions in the concentration range of 15-150 g mL~!. Each of the solutions was injected
into a column three times in the amounts of 10 pL. Linear regression analysis was con-
ducted using Statistica 13.3 (StatSoft) based on the peak areas and known concentrations of
calcipotriol solutions. The slope of the regression line, y-intercept, standard deviation of the
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slope and intercept, correlation coefficient, R? value, and standard error of residuals for the
calibration curve were calculated. The Shapiro-Wilk test was used to determine whether
the residuals of the dependent variable have a normal distribution. Furthermore, the
homoscedasticity of the random component was evaluated using the Bartlett test, and the
presence of autocorrelation in the residuals was examined using the Durbin-Watson test.

2.5.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The determination of the limit of detection (LOD) and the limit of quantification (LOQ)
was carried out using mathematical equations based on the standard error of estimate (Se)
and the slope (a) of the calibration curve. Specifically, LOD was calculated as 3.3 x Se/a,
while LOQ was determined as 10 x Se/a. Additional assessments of precision and accuracy
were performed using solutions with concentrations near the established LOD and LOQ to
ensure the validity of these calculated limits.

2.5.4. Precision

Method precision was assessed via repeatability studies, where six replicate injections
of a methanolic calcipotriol solution at a concentration of 100 g mL~! (representing 100%)
were analyzed within a single day. The coefficient of variation (CV) for the peak area
responses was then calculated to evaluate the consistency of the measurements.

2.5.5. Accuracy

The accuracy of the method was evaluated by analyzing methanolic calcipotriol solu-
tions at three different concentration levels: 75 pg mL~!, 100 ug mL~!, and 150 pg mL ™!
(corresponding to 75%, 100%, and 150%, respectively). Each concentration was tested
in triplicate. The recovery for each sample was determined, and the mean recovery was
calculated for each concentration level to assess the method’s accuracy.

2.5.6. Robustness

The deliberate small changes of flow rates and column temperatures were made
around the optimal values to demonstrate the robustness of the method. For UPLC meth-
ods, the mobile phase flow rate was 0.30 mL min-1; to study the effect of the flow rate
on resolution, the flow rate was changed to 0.28 and 0.32 mL min~!. The effect of the
column temperature was studied at 38 °C and 42 °C (instead of 40 °C), and the mobile
phase composition was changed +2% from the initial composition. In all the deliberately
varied chromatographic conditions (flow rate, column temperature, and mobile phase
composition), examined compounds were adequately resolved, and the order of elution
remained unchanged.

2.6. In Silico Toxicity Prediction

OSIRIS Property Explorer was used to predict the mutagenicity, tumorigenicity, irrita-
tion, and reproductive effects of calcipotriol and its photodegradation products [29].

2.7. Molecular Modeling

Molecular docking studies were performed using the Small-Molecule Drug Discovery
Suite 2024-4 (Schrodinger Inc.,, New York, NY, USA) on a workstation operated by a
Linux Ubuntu 24.04 LTS system. The ligand molecules were prepared by LigPrep and
docked using Glide SP to a VDR model based on the 1519 (RCSB PDB) experimental
structure [30]. The pdb coordinates were processed using the Protein Preparation Workflow
and minimized using Prime. Such a conformational model was used for the calcipotriol re-
docking (resulting in a reproduction of the experimental binding mode) and the docking of
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the degradation products (CP-1—CP-5), with the following re-scoring using the MM-GBSA
minimization algorithm.

2.8. Statistical Analysis

Statistical analyses were performed using Statistica v. 12 (StatSoft, TIBCO Software
Inc., Palo Alto, CA, USA).

3. Results and Discussion
3.1. Method Validation

The developed method was validated in accordance with the guidelines of ICH Q2
(R2), and it is suitable for the determination of calcipotriol and its photodegradation
products in the tested methanolic solutions. The validated UPLC-MS/MS method was
specific to the tested substance and guaranteed good peak separation both before and after
UV irradiation. The proposed method was validated for the determination of calcipotriol
in the presence of degradation products and chosen organic UV filters. In order to assess
the specificity of the new UHPLC method, the solutions of calcipotriol with chosen UV
filters after 1h of UVA irradiation were investigated. Adequate separation was achieved
for both the primary compound and its degradation products. Additionally, the UV filters
employed did not produce any extraneous signals in the chromatogram that might overlap
with the peaks corresponding to the main substance or its degradation products. Table 1
presents the summarized results of the method validation. The linearity of the method was
evaluated by examining six methanolic calcipotriol solutions within a concentration range
of 15-150 g mL~1. The linear regression equation was y = 83451x — 86683. The linear
regression analysis showed good linearity of the method across the entire concentration
range, with correlation coefficients and determination coefficients (R2) of 0.9990 and 0.9979,
respectively. The y-intercept of the regression analysis for calcipotriol did not achieve
statistical significance. The Shapiro-Wilk test confirmed that the residuals of the dependent
variable are normally distributed, with p = 0.15490, which is higher than the significance
level of o = 0.05. The Durbin-Watson statistic was utilized to test for the presence of
autocorrelation of the random component. The test statistic value, d = 1.77, exceeds the
upper critical value, dU = 1.39, at a significance level of « = 0.05 (k = 1, n = 18), indicating
no autocorrelation. Furthermore, Bartlett’s test was employed to verify the homogeneity of
variance. The probability p = 0.942656 is greater than the significance o = 0.05, indicating
that the variance of response is homogeneous. The LOD and LOQ values are 7.39 ug
mL~! and 50 pg mL !, respectively. The measurement range of the method is from 50
to 150 ug mL~!. The precision was assessed through repeatability testing, resulting in a
coefficient of variation of 2.41%. The accuracy of the method was evaluated using recovery
analysis at three concentration levels: 75%, 100%, and 150%. The average percent recovery
ranged from 99.17% to 101.55%.

Table 1. Method Validation Parameters.

Parameter Calcipotriol
Retention time (min) 2 8.04
Limit of detection (ug mL~1) 7.39
Limit of quantitation (ug mL™1) 50

Linear range (ug mL~1) 15-150
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Table 1. Cont.

Parameter Calcipotriol

Regression equation (y): ?

Slope (a £+ S,) 83,451 + 955
Intercept (b + Sp,) —86,683 + 79,389
t=b/Sy, € 1.09188 < t, ¢ statistically insignificant
Normality of residuals ¢ (Shapiro-Wilk test) 0.92444 (p = 0.1549)
Correlation coefficient 0.999
R? value 0.9979
Recovery level 75% 99.17
Recovery level 100% 101.55
Recovery level 150% 99.82
Precision (CV) 241

a Mean SD (n = 6). b Regression equation y = ac + b; ¢, concentration of the solution; y, peak area; S,, standard
deviation of the slope; Sp,, standard deviation of the intercept. © t, Calculated value of Student’s t-test; t, ¢ = 2.1009,

critical value of Student’s t-test for degrees of freedom f = 18. 4 Normal distribution of residuals if p > 0.05.

3.2. UV Irradiation of Calcipotriol

Subsequently, the photostability of calcipotriol under UVA irradiation was evalu-
ated in the presence of the following photoprotective agents: oxybenzone, meradimate,
sulisobenzone, avobenzone, dioxybenzone, and homosalate. The photostability testing of
calcipotriol was performed in solutions with and without the presence of UV absorbers.
The samples were exposed to UVA light for 60 min. The chromatograms of the organic UV
filters under study, calcipotriol and its photodegradation products in methanolic solutions
after 1 h of irradiation, are presented in Figure 1. The dark control samples were prepared
in parallel by shielding them with aluminum foil to prevent light exposure. These samples
were then maintained under the same experimental conditions as the irradiated samples
for1h.

According to ICH Q1B guidelines, “Photostability testing of new active substances
and medicinal products”, assessing photostability is an essential component of evaluating
the stability of active pharmaceutical ingredients and finished medicinal products [31].
However, the simultaneous application of UV filters and cosmetic products may affect the
stability of the active pharmaceutical ingredient (API) under UV radiation exposure [21-24].
Calcipotriol degradation was observed in the applied conditions, only in the samples con-
taining sulisobenzone—the chromatogram reveals four degradation products of calcipotriol
CP-2—CP-5 (Figure 1C). In chromatogram D, peaks at retention times of 8.76 and 8.81
correspond to the degradation products of UV filter avobenzone. Likewise, chromatogram
E displays a peak at a retention time of 10.68, which is attributed to the UV filter homos-
alate. Partial E-Z isomerization of calcipotriol was observed in the presence of meradimate
(Figure 1B). In dark control samples containing calcipotriol and UV filters, calcipotriol
also underwent unexpected degradation in the presence of sulisobenzone, resulting in the
formation of degradation products CP-2 to CP-5.

The stability of an active substance in a drug formulation can vary compared to its
stability in solution. Therefore, it is essential to conduct stability studies both on active
pharmaceutical ingredients and on finished products. In medicinal products, excipients
may influence the degradation kinetics of the active substance. In this study, the stability of
calcipotriol in a foam formulation was assessed by irradiating samples containing the active
compound, both alone and in the presence of the selected chemical UV absorber sulisobenzone.
The photodegradation pattern of calcipotriol in the tested foam samples, in the presence of
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a UV filter, was analogous to that observed in solutions containing sulisobenzone, with
chromatographic peaks corresponding to degradation products CP-2 to CP-5.
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Figure 1. UHPLC/MSF analysis of photostability of calcipotriol in methanol solution after exposure
to UVA irradiation for 1 h: (A) calcipotriol with oxybenzone; (B) calcipotriol with meradimate;
(C) calcipotriol with sulisobenzone; (D) calcipotriol with avobenzone; (E) calcipotriol with homos-
alate, and (F) pure standard substance.

3.3. Identification of Degradation Photoproducts

In the present study, the identification of calcipotriol degradation products was ac-
complished using UHPLC/MSE experiments. The proposed structures of the degradation
products are shown in Table 2. The proposed fragmentation patterns of calcipotriol and
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its degradation products are shown in Table 3. The degradation process was found to
affect primarily the E-4-cyclopropyl-4-hydroxy-1-methylbut-2-en-1-yl moiety, causing its
isomerization to the Z isomer. Additionally, the products CP-2 to CP-5 are formed by
intramolecular [4+2] photoaddition in the hexa-1,3,5-triene fragment of calcipotriol, giving
diastereomers with the R or S configuration at the resulting spiro carbon atom. Regard-
ing the activation mechanism of sulisobenzone, upon UV irradiation, it generates an
active triplet state on the ketone moiety, which may subsequently activate calcipotriol in a
following step. When benzophenone is exposed to ultraviolet light, its photoreactive ben-
zophenone moiety absorbs the energy and undergoes photolysis. Benzophenone absorbs
UV photons, which excite the molecule from its ground state to the singlet excited state.
The molecule efficiently undergoes intersystem crossing, transitioning from the singlet
excited state to the triplet excited state. The resulting triplet-state ketone is highly reactive,
exhibiting pronounced biradical character. The triplet-state intermediate is significantly
more reactive than the ground state, enabling benzophenone to initiate further chemical
transformations [32-34]. To the best of our knowledge, this is the first report describing
these photodegradation pathways and the detailed structures of calcipotriol photoproducts.

Table 2. Proposed structures of degradation products of calcipotriol.

RT

Compound . [M+H]* Fragmentation Ions Structure
[min]
. . 151.1481,243.2107,
Calcipotriol 7.93 395.2945 359.2733, 377.2839
. 151.1481,243.2107,
CP-1 8.08 3952945 359733 377.2839
HO™
CcP-2 9.62
CP-3 9.72 295.0045°  151.1481,243.2107,
: 359.2733, 377.2839
CP-4 9.87
CP-5 9.95

* [M-H,O]*.
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Table 3. Proposed fragmentation patterns for calcipotriol and degradation products.

Calcipotriol

m/z = 243.2107

miz = 395.2945 miz = 377.2839 miz = 359.2733

m/z = 151.1481

CP-2—CP-5

miz = 395.0045 miz = 377.2839 miz = 359.2733

m/z = 151.1481 miz = 243.2107

Previous studies have confirmed that calcipotriol is susceptible to photodegrada-
tion, and several chromatographic methods have been developed to separate the parent
compound from its photoproducts. Cirunay et al. [35] demonstrated the separation of
calcipotriol from its degradation products by HPLC and examined the protective effects
of various solvents and UV filters; however, they did not characterize the degradation
products themselves. In the experiment, a xenon lamp was employed due to its spectral
distribution being similar to that of sunlight. After 3 and 6 min of irradiation, two unknown
degradation products (DG1 and DG2) were obtained, as well as DG3, which appears when
DG2 diminishes, suggesting a complex degradation pattern [35]. Lebwohl M. et al. also
observed a decrease in detectable calcipotriol concentrations in the ointment after exposure
to UVA radiation [14]. In research conducted by Jahani M. et al., the degradation product
of calcipotriol obtained under the influence of UVA radiation was identified as DP-4, which
is pre-calcipotriol, based on UV and LC-MS fragmentation patterns [15].
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3.4. In Silico Toxicity Predictions

The OSIRIS Property Explorer server was used to evaluate the toxicity profiles of
calcipotriol and each of its detected degradation products. The analysis revealed that
none of the five degradation products exhibited mutagenic, tumorigenic, reproductive, or
irritant properties.

3.5. Molecular Modeling

Molecular docking studies on a model of the VDR ligand-binding domain resulted
in reasonable binding modes for two photodegradation products—CP-1 and one of the
CP-2—CP-5 isomers (specifically, the E isomer with R-configuration at the spiro carbon
atom, referred to as CP-ER). To some extent, the compounds mimicked the interactions
of calcipotriol, suggesting potential biological activity, as reflected by their MM-GBSA
score values.

CP-1 interacted in a similar manner to calcipotriol; however, its predicted bind-
ing free energy was higher, suggesting weaker pharmacological activity of the Z
isomer (—129.5 kcal/mol, compared with —139.4 kcal/mol predicted for calcipotriol).
Both molecules formed favorable hydrogen bonds with polar amino acid residues. The
4-methylidenecyclohexane-1,3-diol moieties interacted with Ser237 and Arg274, as well as
with Ser278 and Tyr143. The differing interactions of the 5-cyclopropyl-5-hydroxypent-
3-en-2-yl fragment explain the poorer performance of the Z isomer—instead of forming
a hydrogen bond with His397, it formed a weaker aromatic hydrogen bond with His305
(Figure 2A).

\
HisSQ?\
‘\'l Ce
Y

Figure 2. Predicted binding modes of (A) CP-1 (green) and (B) CP-ER (pink), in comparison with the
experimentally resolved calcipotriol (grey) interactions in the VDR ligand-binding domain (LBD).
The protein model used for docking was based on PDB entry 1519—the VDR LBD co-crystallized
with calcipotriol [30]. The compounds formed hydrogen bonds (yellow dashed lines) and aromatic

hydrogen bonds (cyan dashed lines).
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The second degradation product that succeeded in the docking study was CP-ER. Its
spiro[indene-4,2’-naphthalene]-6',7’-diol moiety was able to interact solely with Ser237
and Arg274, while the second terminal fragment of the molecule retained interaction with
His397, characteristic for calcipotriol (Figure 2B). Nevertheless, the predicted binding free
energy for CP-ER was even higher, reaching —108.2 kcal/mol.

4. Conclusions

The newly developed UHPLC /MSF method, validated in accordance with ICH Q2(R2)
guidelines, demonstrated high specificity, linearity over the range of 50-150 ug mL~!, satis-
factory precision, and accuracy. Photostability studies indicated that calcipotriol undergoes
significant degradation in the presence of the UV filter sulisobenzone, which led to the
formation of four main degradation products (CP-2 to CP-5). Exposure to sulisobenzone, a
commonly used UV filter, induced degradation of calcipotriol both in methanolic solution
and commercial formulation. The identification of the degradation products was achieved
using UHPLC/MSF, and their structures and fragmentation patterns were proposed for the
first time. In silico toxicity assessment using the OSIRIS Property Explorer indicated that
neither calcipotriol nor its photodegradation products exhibited mutagenic, tumorigenic,
reproductive, or irritant properties. Two out of the five degradation products interacted
with the VDR in a manner similar to calcipotriol; however, their predicted binding free
energies were higher, indicating a potentially weaker pharmacological effect. These find-
ings expand our understanding of calcipotriol stability, emphasizing the significance of
assessing interactions not only with excipients but also with commonly used UV filters.
The study demonstrates that real-world conditions—such as the simultaneous use of phar-
maceutical and cosmetic products—can markedly affect drug stability, which is crucial for
maintaining therapeutic efficacy.

Author Contributions: Conceptualization, A.K.-P.; Methodology, A.K.-P. and P.Z.; Software, P.Z.;
Validation, M.K,; Formal analysis, PZ,; Investigation, M.K. and A.B.; Writing—original draft, M.K.,
A.B. and A K.-P.; Writing—review & editing, A.K.-P; Supervision, A K.-P. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was supported by the Polish Ministry of Education and Science, N42/DBS/000356.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: A part of this research was carried out with the use of research infrastructure co-
financed by the Smart Growth Operational Programme, POIR 4.2 project no. POIR. 04.02.00-00-D023/20.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

1. Rendon, A.; Schikel, K. Psoriasis Pathogenesis and Treatment. Int. J. Mol. Sci. 2019, 20, 1475. [CrossRef]

2. Gisondi, P; Gracia-Cazafia, T.; Kurzen, H.; Galvan, J. Calcipotriol/Betamethasone Dipropionate for the Treatment of Psoriasis:
Mechanism of Action and Evidence of Efficacy and Safety versus Topical Corticosteroids. J. Clin. Med. 2024, 13, 4484. [CrossRef]

3.  Fabbrocini, G.; De Simone, C.; Dapavo, P.; Malagoli, P.; Martella, A.; Calzavara-Pinton, P. Long-term maintenance treatment

of psoriasis: The role of calcipotriol /betamethasone dipropionate aerosol foam in clinical practice. J. Dermatol. Treat. 2022, 33,

2425-2432. [CrossRef]

4. Adamczyk, M.; Bartosinska, J.; Krasowska, D. Efficacy and safety of agents containing betamethasone dipropionate and
calcipotriol in topical therapy of psoriasis. Przegl. Dermatol. 2018, 105, 434—450.


https://doi.org/10.3390/ijms20061475
https://doi.org/10.3390/jcm13154484
https://doi.org/10.1080/09546634.2021.1998310

Appl. Sci. 2025, 15, 8124 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Qasem, S.F,; Ashkanani, H.; Ali, A. Therapeutic Advancements in the Management of Psoriasis: A Clinical Overview and Update.
Cureus 2025, 17, €79097. [CrossRef]

Yan, B.X.; Chen, X.Y;; Ye, L.R.; Chen, J.Q.; Zheng, M.; Man, X.Y. Cutaneous and Systemic Psoriasis: Classifications and
Classification for the Distinction. Front. Med. 2021, 8, 649408. [CrossRef]

Uzelac, M. Psoriasis is More Than Skin Disease. AIDASCO Rev. 2024, 2, 2-3. [CrossRef]

Douglas, W.S.; Poulin, Y.; Decroix, J.; Ortonne, ].P.; Mrowietz, U.; Gulliver, W.; Krogstad, A.L.; Larsen, EG; Iglesias, L.; Buckley,
C.; et al. A New Calcipotriol/Betamethasone Formulation with Rapid Onset of Action was Superior to Monotherapy with
Betamethasone Dipropionate or Calcipotriol in Psoriasis Vulgaris. Acta Derm. Venereol. 2002, 82, 131-135. [CrossRef]
Norsgaard, H.; Kurdykowski, S.; Descargues, P.; Gonzalez, T.; Marstrand, T.; Diinstl, G.; Repke, M. Calcipotriol counteracts
betamethasone-induced decrease in extracellular matrix components related to skin atrophy. Arch. Dermatol. Res. 2014, 306,
719-729. [CrossRef]

Lind, M.; Nielsen, K.T.; Schefe, L.H.; Norremark, K.; Norsgaard, H.; Pedersen, B.T.; Petersson, K. Supersaturation of Calcipotriene
and Betamethasone Dipropionate in a Novel Aerosol Foam Formulation for Topical Treatment of Psoriasis Provides Enhanced
Bioavailability of the Active Ingredients. Dermatol. Ther. Heidelb. 2016, 6, 413—425. [CrossRef]

Koo, J.; Tyring, S.; Werschler, W.P; Bruce, S.; Olesen, M.; Villumsen, J.; Bagel, J. Superior efficacy of calcipotriene and betametha-
sone dipropionate aerosol foam versus ointment in patients with psoriasis vulgaris—A randomized phase II study. J. Dermatol.
Treat. 2016, 27, 120-127. [CrossRef] [PubMed]

Kryczyk-Poprawa, A.; Kwiecien, A.; Opoka, W. Photostability of Topical Agents Applied to the Skin: A Review. Pharmaceutics
2019, 12, 10. [CrossRef] [PubMed]

Baertschi, S.W.; Clapham, D.; Foti, C.; Kleinman, M.H.; Kristensen, S.; Reed, R.A.; Templeton, A.C.; Tennesen, H.H. Implications of
In-Use Photostability: Proposed Guidance for Photostability Testing and Labeling to Support the Administration of Photosensitive
Pharmaceutical Products, Part 2: Topical Drug Product. J. Pharm. Sci. 2015, 104, 2688-2701. [CrossRef] [PubMed]

Lebwohl, M.; Hecker, D.; Martinez, J.; Sapadin, A.; Patel, B. Interactions between calcipotriene and ultraviolet light. J. Am. Acad.
Dermatol. 1997, 37, 93-95. [CrossRef]

Jahani, M.; Akaberi, M.; Heidari, T.; Kamali, H.; Nejabat, M.; Rajabi, O.; Hadizadeh, F. Simultaneous determination of mometasone
furoate and calcipotriol in a binary mixture by validated HPLC and chemometric-assisted UV spectrophotometric methods and
identification of degradation products by LC-MS. Iran. ]. Basic Med. Sci. 2023, 26, 37-47. [CrossRef]

Bhogadi, R.K.; Satyanarayana, A.; Rao, N.S.; Arutla, S.; Reddy, A.M. Stability Indicating RP-HPLC Method for Estimation of
Impurities of Vitamin D3 Analogue and Corticosteroid Used as Antipsoriatic Drugs. An Attempt to Characterize Pre-Calcipotriene.
Am. J. Analyt. Chem. 2015, 6, 1050-1058. [CrossRef]

Milczarek, M.; Filip-Psurska, B.; Martowicz, A.; Krupa, M.; Krajewski, K.; Kutner, A.; Wietrzyk, J. Synthesis and Biological
Activity of Diastereomeric and Geometric Analogs of Calcipotriol, PRI-2202 and PRI-2205, Against Human HL-60 Leukemia and
MCEF-7 Breast Cancer Cells. Cancers 2013, 5, 1355-1378. [CrossRef]

Kutner, A.; Chodynski, M.; Ryznar, T.; Fitak, H.; Winiarski, J.; Gérecki, B.; Burzyriska, A.; Szelejewski, W. Process for Preparation
of Pharmaceutically Pure Anhydrous Calcipotriol. U.S. Patent US7700580B2, 20 April 2010.

Grodner, B.; Zotek, T.; Kutner, A. Nonaqueous Capillary Electrophoretic Separation of Analogs of (24R)-1,24-Dihydroxyvitamin
D3 Derivative as Predicted by Quantum Chemical Calculations. Molecules 2023, 28, 5055. [CrossRef]

SynZeal Research. Calcipotriol Beta Isomer. Available online: https://www.synzeal.com/en/calcipotriol-beta-isomer (accessed
on 27 May 2025).

Kryczyk-Poprawa, A.; Zupké, L; Bérdi, P; Zmudzki, P; Piotrowska, J.; Pekala, E.; Berdys, A.; Muszynska, B.; Opok, W.
Photodegradation of Bexarotene and Its Implication for Cytotoxicity. Pharmaceutics 2021, 13, 1220. [CrossRef]
Kryczyk-Poprawa, A.; Zupké, I.; Bérdi, P.; Zmudzki, P; Popiét, J.; Muszyniska, B.; Opoka, W. Photostability Testing of a
Third-Generation Retinoid-Tazarotene in the Presence of UV Absorbers. Pharmaceutics 2020, 12, 899. [CrossRef]
Kryczyk-Poprawa, A.; Zmudzki, P; Koczurkiewicz, P; Pekala, E.; Hubicka, U. Photostability of Terbinafine Under UVA Irradiation:
The Effect of UV Absorbers. Photochem. Photobiol. 2019, 95, 911-923. [CrossRef]

Kryczyk, A.; Zmudzki, P; Hubicka, U. Determination of bifonazole and identification of its photocatalytic degradation products
using UPLC-MS/MS. Biomed. Chromatogr. 2017, 31, 3955. [CrossRef]

Nitulescu, G.; Lupuliasa, D.; Adam-Dima, I.; Nitulescu, G.M. Ultraviolet Filters for Cosmetic Applications. Cosmetics 2023, 10,
101. [CrossRef]

Jesus, A; Sousa, E.; Cruz, M.T.; Cidade, H.; Lobo, ].M.S.; Almeida, I.E. UV Filters: Challenges and Prospects. Pharmaceuticals 2022,
15, 263. [CrossRef] [PubMed]

Manasfi, T.; Coulomb, B.; Ravier, S.; Boudenne, J.L. Degradation of Organic UV filters in Chlorinated Seawater Swimming Pools:
Transformation Pathways and Bromoform Formation. Environ. Sci. Technol. 2017, 51, 13580-13591. [CrossRef] [PubMed]


https://doi.org/10.7759/cureus.79097
https://doi.org/10.3389/fmed.2021.649408
https://doi.org/10.59783/aire.2024.53
https://doi.org/10.1080/00015550252948194
https://doi.org/10.1007/s00403-014-1485-3
https://doi.org/10.1007/s13555-016-0125-6
https://doi.org/10.3109/09546634.2015.1083935
https://www.ncbi.nlm.nih.gov/pubmed/26444907
https://doi.org/10.3390/pharmaceutics12010010
https://www.ncbi.nlm.nih.gov/pubmed/31861803
https://doi.org/10.1002/jps.24396
https://www.ncbi.nlm.nih.gov/pubmed/25711373
https://doi.org/10.1016/S0190-9622(97)70217-2
https://doi.org/10.22038/IJBMS.2022.65436.14396
https://doi.org/10.4236/ajac.2015.613100
https://doi.org/10.3390/cancers5041355
https://doi.org/10.3390/molecules28135055
https://www.synzeal.com/en/calcipotriol-beta-isomer
https://doi.org/10.3390/pharmaceutics13081220
https://doi.org/10.3390/pharmaceutics12090899
https://doi.org/10.1111/php.13075
https://doi.org/10.1002/bmc.3955
https://doi.org/10.3390/cosmetics10040101
https://doi.org/10.3390/ph15030263
https://www.ncbi.nlm.nih.gov/pubmed/35337062
https://doi.org/10.1021/acs.est.7b02624
https://www.ncbi.nlm.nih.gov/pubmed/29110466

Appl. Sci. 2025, 15, 8124 15 of 15

28.

29.
30.

31.

32.

33.

34.

35.

ICH-Q2 (R2): Guideline on validation of analytical procedures. In Proceedings of the International Conference on Harmonization,
Geneva, Switzerland, 14 June 2024; Available online: https:/ /www.ema.europa.eu/en/ich-q2r2-validation-analytical-procedures-
scientific-guideline (accessed on 25 April 2025).

Sander, T. Osiris Property Explorer. Available online: https:/ /www.organic-chemistry.org/prog/peo/ (accessed on 30 May 2025).
Tocchini-Valentini, G.; Rochel, N.; Wurtz, ].M.; Moras, D. Crystal Structures of the Vitamin D Nuclear Receptor Liganded with the
Vitamin D Side Chain Analogues Calcipotriol and Seocalcitol, Receptor Agonists of Clinical Importance. Insights into a Structural
Basis for the Switching of Calcipotriol to a Receptor Antagonist by Further Side Chain Modification. J. Med. Chem. 2004, 47,
1956-1961. [CrossRef]

ICH: Q 1 B: Photostability Testing of New Active Substances and Medicinal Products. Available online: https://www.ema.
europa.eu/en/ich-qlb-photostability-testing-new-active-substances-medicinal-products-scientific-guideline (accessed on 13
April 2025).

Venkatraman, R.K.; Orr-Ewing, A.]J. Photochemistry of Benzophenone in Solution: A Tale of Two Different Solvent Environments.
J. Am. Chem. Soc. 2019, 141, 15222-15229. [CrossRef]

Walling, C.; Gibian, M.]J. Hydrogen Abstraction Reactions by the Triplet States of Ketones. J. Am. Chem. Soc. 1965, 87, 3413-3417.
[CrossRef]

Singh, A.K; Palit, D.K.; Mukherjee, T. Triplet excited states and radical intermediates formed in electron pulse radiolysis of amino
and dimethylamino derivatives of benzophenone. J. Phys. Chem. A 2002, 106, 6084—-6093. [CrossRef]

Cirunay, J.J.; Vander Heyden, Y.; Plaizier-Vercammen, J. LC separation of calcipotriol from its photodegradation products and
protection possibilities using adjuvants. J. Pharm. Biomed. Anal. 2001, 26, 31-41. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ema.europa.eu/en/ich-q2r2-validation-analytical-procedures-scientific-guideline
https://www.ema.europa.eu/en/ich-q2r2-validation-analytical-procedures-scientific-guideline
https://www.organic-chemistry.org/prog/peo/
https://doi.org/10.1021/jm0310582
https://www.ema.europa.eu/en/ich-q1b-photostability-testing-new-active-substances-medicinal-products-scientific-guideline
https://www.ema.europa.eu/en/ich-q1b-photostability-testing-new-active-substances-medicinal-products-scientific-guideline
https://doi.org/10.1021/jacs.9b07047
https://doi.org/10.1021/ja01093a022
https://doi.org/10.1021/jp014674n
https://doi.org/10.1016/S0731-7085(01)00390-9

	Introduction 
	Experimental 
	Materials and Methods 
	Standard Solution 
	Photodegradation Studies of Calcipotriol 
	UHPLC/MSE Analysis 
	Method Validation 
	Specificity 
	Linearity 
	Limit of Detection (LOD) and Limit of Quantification (LOQ) 
	Precision 
	Accuracy 
	Robustness 

	In Silico Toxicity Prediction 
	Molecular Modeling 
	Statistical Analysis 

	Results and Discussion 
	Method Validation 
	UV Irradiation of Calcipotriol 
	Identification of Degradation Photoproducts 
	In Silico Toxicity Predictions 
	Molecular Modeling 

	Conclusions 
	References

