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Abstract: Coxibs are a group of non-steroidal anti-inflammatory drugs (NSAIDs), selective cyclooxy-
genase 2 inhibitors, characterized by a much lower gastrotoxicity compared to classic NSAIDs. They
are often used in conjunction with other drugs, which greatly increases the likelihood of adverse
drug interactions. The presented study analyzed the degradation rate of celecoxib and cimicoxib
in solutions under the influence of other medicinal substances at different temperatures. For this
purpose, triple-drug mixtures were prepared, consisting of coxib and eleven different commonly used
drugs (paracetamol, ketoprofen, diclofenac, acetylsalicylic acid, ibuprofen, meloxicam, tramadol,
doxycycline, bisoprolol, and caffeine). Then, the mixtures were incubated at two temperatures.
Within the time specified by the research plan, further aliquots of the mixtures were subjected to
a chromatographic analysis. Separation was conducted on HPTLC F254 silica gel chromatographic
plates as a stationary phase, using chloroform: acetone: toluene as a mobile phase, and was detected
densitometrically at wavelengths of 254 nm. The percentage changes in the tested coxibs content,
depending on the time and conditions of incubation, were presented. Based on the obtained data, the
basic kinetic parameters of the degradation processes were determined. The celecoxib and cimicoxib
showed a relatively high durability in changing environmental conditions. It was observed that the
rate of decomposition of cimicoxib and celecoxib in the tested mixtures was different and depended
on the temperature and presence of other components, with cimicoxib turning out to be a more
stable compound.

Keywords: coxibs; drug stability; TLC-densitometry; degradation study; human and veterinary drug;
rheumatoid diseases

1. Introduction

Coxibs are a group of medicinal substances classified as non-steroidal anti-inflammatory
drugs (NSAIDs). The mechanism of their action is based on the selective inhibition of
type 2 cyclooxygenase (COX-2). They show a 200 times greater affinity for COX-2 than for
COX-1. Clinical trials have shown that these drugs cause fewer gastrointestinal side effects.
It has also been proven that, when using coxib and diclofenac, the risk of gastrointestinal
bleeding is even 2–3 times lower than that when using ibuprofen or naproxen. However,
existing problems with cardiovascular disorders, in particular heart attacks and strokes, led
to the withdrawal of rofecoxib from the market. In addition, there are also strict guidelines
for when selective COX-2 inhibitors can be taken by humans [1–4]. Currently, the most
commonly used drugs in this group are celecoxib and etoricoxib. Celecoxib has anti-
inflammatory, analgesic, and antipyretic properties. It has also been found to inhibit the
growth of adenomas in the large intestine. It is used in rheumatoid arthritis, osteoarthritis,
and as an analgesic, most often together with glucocorticoids (e.g., prednisolone), biological
drugs modifying the course of a degenerative disease (e.g., infliximab), or strong painkillers
(e.g., tramadol) [5–8]. In recent years, many new, selective COX-2 inhibitors have been
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introduced in veterinary medicine, including: deracoxib (2002), firocoxib (2007), mavacoxib
(2008), robenacoxib (2009), and cimicoxib (2011). The last and newest of these drugs is
cimicoxib, which is intended for use in dogs to treat the pain and inflammation associated
with osteoarthritis. It is also used to treat perioperative pain after surgery, and to treat soft
tissue pain [9–17]. Currently, many clinical trials are being conducted with coxibs in terms
of evaluating their anti-cancer activity. It has been shown that their use is associated with a
reduction in the incidence of episodes of cancer recurrence. In addition, anti-inflammatory
substances may be used as adjuvants in conventional therapies [18–23].

Multi-drug therapy means treating one or more diseases with different drugs at the
same time. Whenever the active ingredients are used together, they may react with each
other. A very large number of the latest treatment regimens are based on a multi-drug
system, and achieving the therapeutic goal is possible only due to the complementary
mechanisms of action. This includes, e.g., blood-pressure-lowering drugs, antimicrobials,
and anticancer drugs. Many more often interactions are associated by society as a side effect
of therapy, i.e., undesirable interactions [24,25]. Problems associated with inappropriate
use of medications are a common cause of hospitalization. In a meta-analysis, Beijer
et al. wanted to determine what percentage of adverse drug reactions were associated with
hospitalization. Data were collected for a year, and the study included 123,794 hospital stays,
6071 of which were drug-related, which accounted for 4.9% of the respondents [26]. A study
conducted in the Netherlands analyzed data from a computer system for all hospitalizations
during the year. It found that 1.8% of emergency hospital admissions were medication-
related, especially with regard to anticoagulants, cytotoxics, immunosuppressants, and
diuretics [27].

According to the literature, interactions are divided into: pharmaceutical, pharmaco-
dynamic, pharmacokinetic, and mixed, based on their mechanism of formation. All kinds
of incompatibilities, as well as physicochemical phenomena, are perceived as interactions in
the pharmaceutical phase. Pharmacodynamic interactions arise from the combined action
of drugs on the same receptor or organ, and may occur at various stages of LADME (Liber-
ation, Absorption, Distribution, Metabolism, and Elimination) drug transformation. Drugs
can affect the pH value in the body, causing a different rate of absorption of molecules.
Active substances compete with each other to bind to the transporter, protein affinity, or the
availability of a metabolizing enzyme. When several drugs are used simultaneously, the
molecules can modify themselves in many ways that are difficult to define. Possible chemi-
cal interactions with other substances (derived from drugs or dietary supplements) are not
comprehensively investigated during the registration of drugs. Safety and efficacy are key
aspects of drug research and development; therefore, formulations must be designed to
ensure an adequate physicochemical stability over their recommended shelf life [28].

Standard stability studies do not include analyses of drug behavior in combination
with others, unless they are combination preparations containing several active substances.
Therefore, addressing this issue seems to be an important aspect of further research.
Maswadeh described a study of the effects of the combined use of paracetamol with
a cefuroxime axetil suspension as the combination of choice for pediatric patients. An
infrared spectroscopy analysis showed the influence of both paracetamol and the excipients
contained in the syrup on the absorption spectrum of the antibiotic. It was found that
the oral administration of both drugs together may affect the physicochemical properties,
dissolution rate, solubility, absorption, and bioavailability of one or both drugs [29]. Other
studies have concerned the degradation process of the drug in a combined preparation
containing paracetamol and lornoxicam, indicating a significant decrease in the concentra-
tion of lornoxicam in an acidic environment [30]. Other scientists have analyzed the rate of
degradation of paracetamol and ascorbic acid in a mixture of a ready-made preparation,
a mixture prepared ex tempore from ingredients and individual substances. The greatest
durability was shown for the mixture of the commercial product, probably due to the used
preservatives [31].
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Another major challenge is the problem of interaction and the influence of excipients on
the degradation process of the active substance. This is determined at the formulation stage
by the method of accelerated degradation. Unfortunately, the effect of an excipient from
one preparation on another is unpredictable, and in many cases, may lead to a reduction in
its stability. One example is the reaction of drugs with lactose, which forces some active
substances into a lactose-free form. The authors showed that the main degradation product
was amlodipine besylate glycosyl. Other examples of drugs that react similarly include
fluoxetine, cetirizine, olanzapine, pregabalin, acyclovir, and hydrochlorothiazide [32–34].
The process of the increased degradation of duloxetine via hydroxypropyl methylcellulose
used as a wetting agent in tablet casings and coatings is enhanced by an increased humidity
and temperature [35]. Serajuddin et al. reported that sodium fosinopril forms three
degradation products when tablets are coated with magnesium stearate as a lubricant.
They observed two different degradation pathways, in which magnesium ion mediated the
hydrolysis [36]. The phenomenon of adduct formation and simultaneous reduction in drug
concentration in an oral solution of cherry-flavored famotidine were also investigated [37].
Dousa et al. examined various pharmaceutical preparations containing phenylephrine and
sucrose, finding a loss of phenylephrine activity and the formation of new degradation
products from the condensation of phenylephrine with aldehydes [34]. After hydrolysis,
oxidation is the second most common way of pharmaceutical degradation. For example,
the degradation of buprenorphine in the presence of citric acid, found in buprenorphine
and naloxone sublingual tablets, has been confirmed [38,39]. In clinical practice, mixtures
of drugs are often used, e.g., in infusion pumps, which allows, among others, for shortening
the administration time and number of administered preparations. The most important
aspect here is the stability and resistance to degradation of the individual components [40].
In one such study, scientists determined the physicochemical stability of different volumes
of an infusion mixture of fosaprepitant, dexamethasone, and ondansetron or granisteron
prepared ex tempore, used as an antiemetic in the premedication of chemotherapy [41]. The
stability of morphine, midazolam, and levomepromazine at different doses in one infusion
bag of different capacities, subjected to varying changing conditions of temperature and UV
radiation, was also investigated. It was shown that levomepromazine decomposed fastest
in a 0.9% NaCl solution, and the storage of morphine at 4 ◦C led to its precipitation [42].
Espinosa-Boch et al. evaluated the stability of mixtures of haloperidol and ondansetron
stored at various temperatures, confirming their stability up to 48 h after preparation [43].

Thus, as indicated in the literature, many factors may alter the active substances in
pharmaceutical formulations when used together. For this reason, it is justified to conduct
continuous research in the discussed area in order to create a reliable map of possible drug
interactions. The present study aimed to analyze the behavior of celecoxib and cimicoxib in
mixtures. In addition to the selected coxibs, the triple mixtures included the most commonly
used drugs from various therapeutic groups, i.e., antibiotics, other analgesics and anti-
inflammatory drugs, antihistamines, and purine alkaloids. The research concerns an
analysis of the degradation rates of celecoxib and cimicoxib in solutions under the influence
of co-existing medicinal substances at various temperatures. The quantification of the coxibs
in the presence of the other components was performed using thin-layer chromatography
(TLC) with densitometric detection. To conduct the research, apart from celecoxib (CEL)
and cimicoxib (CIM), other painkillers belonging to the NSAID group were also selected,
such as: paracetamol (PAR), ketoprofen (KET), diclofenac (DIC), acetylsalicylic acid (ASA),
ibuprofen (IBU), and meloxicam (MEL). Another drug included in the study was tramadol
(TRA), which belongs to the group of opioid painkillers, doxycycline (DOX), an antibiotic
from the tetracycline group, bisoprolol (BIS), from the β-blocker group, which is most
often used in hypertension, and loratadine (LOR), a long-acting antihistamine used for the
treatment of allergies. The last, most popular, and commonly used substance was caffeine
(CAF), which is found in combination with other drugs, as well as in beverages such as
coffee and tea. The developed methodology may be useful for studying the expected drug
interactions between coxibs and other drugs commonly used by people treated for pain
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and/or rheumatoid diseases. The stability of the active substances used at the same time
may affect the required dose of the drug, weakening or intensifying its effect or causing the
formation, among other things, of harmful products.

2. Materials and Methods
2.1. Chemicals and Apparatus

Methanol, chloroform, acetone, toluene, and other organic solvents of an analytical
grade were purchased from Merck (Darmstadt, Germany). A Densitometer TLC Scanner
3 with Cat4 software (CAMAG, Muttenz, Switzerland), applicator Linomat V (CAMAG,
Switzerland), and analytical balance XA 52/Y (Radwag, Radom, Poland) were used. Chro-
matographic plates HPTLC Silica gel 60F254 (No. 1.05548) were purchased from Merck
(Darmstadt, Germany).

The standard substance of caffeine was purchased from Sigma-Aldrich (Darmstadt,
Germany). The analyzed pharmaceutical preparations were: Celebrex (Pfizer Europe,
Tadworth, UK) containing 200 mg of celecoxib, Cimalgex (Vétoquinol SA, Lure, France)
containing 80 mg of cimicoxib, Mobic (Boehringer Ingelheim, Rhein, Germany) containing
7.5 mg of meloxicam, Olfen UNO (Ratiopharm GmbH, Ulm, Germany) containing 150 mg
of diclofenac, APAP (US Pharmacia, Poland) containing 500 mg of paracetamol, Bibloc
(SANDOZ, Warszawa, Poland) containing 5 mg of bisoprolol, Poltram (Polpharma, Gdansk,
Poland) containing 50 mg of tramadol, Clatrine (MSD, Warszawa, Poland) containing
10 mg of loratadine, Doxycyclinum TZF (Polfa, Warszawa, Poland) containing 100 mg
of doxycycline, Ketonal Fotre (Sandoz, Langkampfen, Austria) containing 100 mg of
ketoprofen, Acard (Polfa, Poland) containing 300 mg of acetylsalicylic acid, and Ibuprofen
Pabi (Adamed, Pieńków, Poland) containing 200 mg of ibuprofen. All the preparations
were purchased from the local pharmacy or veterinary office. The preparations had an
expiry date of not less than one year at the time of the study.

2.2. Solutions for Analysis

Solutions of the analyzed compounds were prepared by pulverizing and weighing
out a tablet mass corresponding to 10 mg of the active ingredient. Methanolic solutions
of each drug were prepared in volumetric flasks by dissolving a sample in 100 mL of the
solvent. The concentrations of each of the active substances were about 0.01% (w/v).

2.3. Ternary Mixtures Solutions

Ternary mixtures were prepared for analysis so that each mixture contained celecoxib
or cimicoxib and two other drugs. Additionally, the remaining substances were mixed on
a peer-to-peer basis. A total of 54 combinations were prepared, as shown in Table 1. A
mixture of celecoxib + ibuprofen + ketoprofen was not included, due to it being the least
likely composition of all the proposed combinations. All the other combinations are likely
to be used in human or animal clinical practice. The mixtures were prepared in a 1:1:1
volume ratio by mixing the appropriate solutions of the tested substances in 2 mL vials.
The sealed vials were placed in the incubator at 25 ◦C or 70 ◦C, and in the dark (control).
During the time specified in the research plan, successive portions of the mixtures were
collected and subjected to a chromatographic analysis.



Processes 2023, 11, 2605 5 of 16

Table 1. Ternary mixtures ingested for analysis of celecoxib and cimicoxib.

No
Mixture Composition

CEL Series 1 CEL Series 2 CEL Series 3 CIM

1 CEL/CIM, DOX, ASA CEL/CIM, TRA, IBU CEL/CIM, PAR, DIC CIM, DOX, KET
2 CEL/CIM, DOX, KET CEL/CIM, MEL, ASA CEL/CIM, PAR, BIS CIM, DOX, MEL
3 CEL/CIM, DOX, CAF CEL/CIM, MEL, KET CEL/CIM, PAR, LOR CIM, DOX, BIS
4 CEL/CIM, DOX, MEL CEL/CIM, MEL, CAF CEL/CIM, PAR, IBU CIM, DOX, TRA
5 CEL/CIM, DOX, DIC CEL/CIM, MEL, DIC CEL/CIM, ASA, KET CIM, DOX, LOR
6 CEL/CIM, DOX, BIS CEL/CIM, MEL, BIS CEL/CIM, ASA, DIC CIM, TRA, KET
7 CEL/CIM, DOX, PAR CEL/CIM, MEL, PAR CEL/CIM, ASA, BIS CIM, TRA, MEL
8 CEL/CIM, DOX, TRA CEL/CIM, MEL, LOR CEL/CIM, ASA, LOR CIM, TRA, BIS
9 CEL/CIM, DOX, LOR CEL/CIM, MEL, IBU CEL/CIM, ASA, IBU CIM, TRA, LOR
10 CEL/CIM, DOX, IBU CEL/CIM, CAF, ASA CEL/CIM, KET, DIC CIM, MEL, BIS
11 CEL/CIM, TRA, ASA CEL/CIM, CAF, KET CEL/CIM, KET, BIS CIM, MEL, LOR
12 CEL/CIM, TRA, KET CEL/CIM, CAF, DIC CEL/CIM, KET, LOR CIM, KET, BIS
13 CEL/CIM, TRA, CAF CEL/CIM, CAF, BIS CEL/CIM, DIC, BIS CIM, KET, LOR
14 CEL/CIM, TRA, MEL CEL/CIM, CAF, PAR CEL/CIM, DIC, LOR CIM, BIS, LOR
15 CEL/CIM, TRA, DIC CEL/CIM, CAF, LOR CEL/CIM, DIC, IBU -
16 CEL/CIM, TRA, BIS CEL/CIM, CAF, IBU CEL/CIM, BIS, LOR -
17 CEL/CIM, TRA, PAR CEL/CIM, PAR, ASA CEL/CIM, BIS, IBU -
18 CEL/CIM, TRA, LOR CEL/CIM, PAR, KET CEL/CIM, LOR, IBU -

2.4. Chromatographic Conditions

The method, previously developed by our team and fully validated, was used to
determine the contents of celecoxib and cimicoxib [44]. Chromatography was performed
on 10 × 10 cm aluminum sheets precoated with silica gel 60F254. The samples were applied
to the plates as bands (5 mm wide, 10 mm apart) by a Linomat V sample applicator
equipped with a 100 µL syringe (Hamilton, Bonaduz, Switzerland) with an application
rate of 600 nL/s. The first application was 10 mm from the bottom and 10 mm from the
left edge of the plate. The volume of the applied mixture was 30 µL. The plates were taken
into a chromatographic chamber (18 × 16 × 8 cm; Sigma-Aldrich), previously saturated
with mobile phase vapor for 20 min at room temperature. Well-developed peaks were
obtained with a mobile phase containing chloroform: acetone: toluene (12:5:2, v/v/v). The
development distance was 10 cm in 20 min. After the development, the plates were dried
at room temperature for about 20 min. Densitometric detection was performed using a
TLC Scanner3 with winCats4 software (CAMAG, Muttenz, Switzerland). The source of
radiation was a deuterium lamp emitting a continuous UV spectrum between 200 and
400 nm. The scanning speed was 20 mm/s and the slit dimensions were 4.00 × 0.45 mm.
Based on the obtained absorption spectra, an analytical wavelength of 254 nm was selected
for the measurements.

3. Results

The mixtures, prepared as described above, were subjected to a chromatographic anal-
ysis under the developed and validated TLC procedure with densitometric detection [44].
Under the above conditions, the correct separation of the analyzed mixtures was found.
The following retardation factors RF were obtained: CEL 0.73, CIM 0.25, PAR 0.39, KET 0.29,
DIC 0.20, ASA 0.16, IBU 0.46, MEL 0.31, TRA 0.11, DOX 0.08, BIS 0.41, and LOR 0.40. Under
the described conditions, the required sensitivity and symmetrical peaks were obtained,
which allows for the use of this procedure for the analysis of the substances included in the
test plan.

During the analysis, changes in the peak area values were observed, which were
recorded using a densitometer at a wavelength of 254 nm. The obtained densitograms
were analyzed for changes in the contents of celecoxib and cimicoxib in the sample
(Figures 1 and 2). The variable value of the peak area corresponding to the tested com-
pound was monitored and then converted into a percentage of the content of a given coxib,



Processes 2023, 11, 2605 6 of 16

relative to the original sample (immediately after the preparation of the solution). In a few
cases, it was noticed that, in the recorded densitograms, apart from the three main com-
pounds of a given mixture, there were also other additional peaks. This may have indicated
the ongoing degradation process of the mixture components, and the formation of new
chemical compounds with unknown properties. The following tables show the percentage
changes in the active substances, CEL (Tables 2–7) and CIM (Tables 8 and 9), in each ternary
mixture, taking into account the various temperatures and sample incubation times.
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Table 2. Celecoxib content (%) depending on the incubation time of the mixtures (series 1) at 25 ◦C.

No Mixture Composition
Incubation Time (Day)

0 16 30 46 61 71 84

1 CEL, DOX, ASA 100.00 91.02 84.67 74.04 51.71 48.07 46.80
2 CEL, DOX, KET 100.00 89.20 74.40 66.98 59.09 55.97 52.71
3 CEL, DOX, CAF 100.00 79.42 62.76 55.54 53.97 51.54 50.20
4 CEL, DOX, MEL 100.00 91.29 70.31 61.97 60.79 57.61 51.65
5 CEL, DOX, DIC 100.00 96.01 77.33 75.92 56.68 55.40 50.79
6 CEL, DOX, BIS 100.00 91.61 75.81 72.40 57.82 57.16 56.51
7 CEL, DOX, PAR 100.00 84.35 70.27 62.52 62.13 59.57 57.86
8 CEL, DOX, TRA 100.00 81.58 71.11 69.53 64.86 60.47 59.65
9 CEL, DOX, LOR 100.00 84.24 78.65 73.50 54.78 54.36 44.97

10 CEL, DOK, IBU 100.00 81.07 69.86 62.87 60.01 58.29 54.65
11 CEL, TRA, ASA 100.00 80.27 77.81 74.68 63.81 60.58 57.17
12 CEL, TRA, KET 100.00 81.56 71.57 70.08 63.39 63.19 59.73
13 CEL, TRA, CAF 100.00 76.52 64.81 59.05 53.83 53.43 52.75
14 CEL, TRA, MEL 100.00 92.36 79.87 77.95 62.77 59.96 57.37
15 CEL, TRA, DIC 100.00 81.36 64.56 62.23 57.48 57.23 56.42
16 CEL, TRA, BIS 100.00 86.60 85.81 72.48 69.30 63.51 61.74
17 CEL, TRA, PAR 100.00 87.52 80.80 73.55 61.48 57.89 53.44
18 CEL, TRA, LOR 100.00 83.01 77.85 64.36 56.94 50.95 49.78

Table 3. Celecoxib content (%) depending on the incubation time of the mixtures (series 2) at 25 ◦C.

No Mixture Composition
Incubation Time (Day)

0 15 29 45 60 70 83

1 CEL, TRA, IBU 100.00 93.36 84.25 74.63 64.14 63.73 59.56
2 CEL, MEL, ASA 100.00 93.97 81.79 76.35 74.11 58.30 55.46
3 CEL, MEL, KET 100.00 92.18 74.38 70.36 69.05 66.25 63.23
4 CEL, MEL, KOF 100.00 95.97 83.88 78.78 77.00 65.21 57.30
5 CEL, MEL, DIC 100.00 96.03 90.21 89.64 70.69 68.60 65.89
6 CEL, MEL, BIS 100.00 94.64 82.77 82.63 70.28 60.93 59.14
7 CEL, MEL, PAR 100.00 86.02 83.04 82.75 65.54 64.42 57.24
8 CEL, MEL, LOR 100.00 81.26 76.27 71.91 66.13 65.63 62.93
9 CEL, MEL, IBU 100.00 92.23 80.89 69.94 68.65 67.25 57.20

10 CEL, CAF, ASA 100.00 87.49 78.93 67.71 65.45 58.39 57.91
11 CEL, CAF, KET 100.00 96.88 86.63 81.96 68.30 62.75 62.53
12 CEL, CAF, DIC 100.00 86.77 82.59 72.89 68.61 67.99 64.92
13 CEL, CAF, BIS 100.00 83.48 74.80 72.80 67.73 61.55 58.59
14 CEL, CAF, PAR 100.00 76.50 73.69 71.48 70.61 61.61 57.33
15 CEL, CAF, LOR 100.00 91.34 84.67 78.80 73.92 59.42 56.65
16 CEL, CAF, IBU 100.00 87.15 73.45 77.96 70.70 58.48 52.70
17 CEL, PAR, ASA 100.00 92.13 79.36 67.64 64.48 59.55 56.29
18 CEL, PAR, KET 100.00 97.14 89.00 78.90 67.79 51.44 49.86

Table 4. Celecoxib content (%) depending on the incubation time of the mixtures (series 3) at 25 ◦C.

No Mixture Composition
Incubation Time (Day)

0 14 28 44 59 69 82

1 CEL, PAR, DIC 100.00 89.55 84.32 80.69 69.08 68.40 67.30
2 CEL, PAR, BIS 100.00 92.77 85.85 79.96 74.75 73.08 69.88
3 CEL, PAR, LOR 100.00 96.44 77.09 73.28 67.15 63.60 53.95
4 CEL, PAR, IBU 100.00 99.58 76.12 71.87 65.95 61.91 57.04
5 CEL, ASA, KET 100.00 81.26 75.36 66.70 66.57 56.88 56.35
6 CEL, ASA, DIC 100.00 85.58 73.84 72.16 55.60 54.66 53.52
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Table 4. Cont.

No Mixture Composition
Incubation Time (Day)

0 14 28 44 59 69 82

7 CEL, ASA, BIS 100.00 86.50 76.89 68.51 65.82 63.40 52.06
8 CEL, ASA, LOR 100.00 95.22 83.85 75.14 71.78 70.57 64.85
9 CEL, ASA, IBU 100.00 97.31 85.67 77.03 63.70 60.28 55.38

10 CEL, KET, DIC 100.00 98.63 91.79 85.33 80.62 78.66 65.64
11 CEL, KET, BIS 100.00 91.81 82.73 76.39 70.50 64.13 61.79
12 CEL, KET, LOR 100.00 95.19 92.24 78.60 72.86 68.26 67.06
13 CEL, DIC, BIS 100.00 89.99 78.64 74.44 70.81 65.42 55.57
14 CEL, DIC, LOR 100.00 80.70 75.77 72.25 64.28 61.66 56.05
15 CEL, DIC, IBU 100.00 85.35 72.52 70.84 57.71 53.17 52.10
16 CEL, BIS, LOR 100.00 86.95 85.53 83.05 70.88 68.24 63.59
17 CEL, BIS, IBU 100.00 79.03 73.39 67.28 60.66 53.65 51.06
18 CEL, LOR, IBU 100.00 91.41 81.72 70.82 62.29 58.87 53.81

Table 5. Celecoxib content (%) depending on the incubation time of the mixtures (series 1) at 70 ◦C.

No Mixture Composition
Incubation Time (Day)

0 8 27 35 41 57 72 82

1 CEL, DOX, ASA 100.00 86.65 70.16 60.46 54.72 46.23 45.61 45.02
2 CEL, DOX, KET 100.00 88.21 80.58 69.42 68.77 53.99 49.87 45.31
3 CEL, DOX, CAF 100.00 91.41 86.36 74.18 63.04 57.02 46.05 39.84
4 CEL, DOX, MEL 100.00 92.77 71.15 68.84 65.24 57.55 50.43 46.81
5 CEL, DOX, DIC 100.00 92.40 73.67 65.71 62.53 51.11 47.76 35.79
6 CEL, DOX, BIS 100.00 84.60 70.06 61.81 55.50 35.49 25.90 9.77
7 CEL, DOX, PAR 100.00 95.35 71.67 62.08 58.52 52.17 49.59 43.77
8 CEL, DOX, TRA 100.00 97.38 89.86 62.62 59.33 54.56 50.03 48.64
9 CEL, DOX, LOR 100.00 97.47 83.09 75.60 64.82 45.58 31.75 27.03

10 CEL, DOK, IBU 100.00 93.41 74.68 61.80 60.45 53.13 45.58 43.62
11 CEL, TRA, ASA 100.00 96.70 66.01 56.00 50.68 38.76 35.77 34.75
12 CEL, TRA, KET 100.00 96.24 89.64 81.71 64.26 58.61 49.13 44.57
13 CEL, TRA, CAF 100.00 91.79 72.34 68.70 61.68 55.79 54.93 51.27
14 CEL, TRA, MEL 100.00 90.87 75.53 75.02 55.51 42.77 38.82 34.15
15 CEL, TRA, DIC 100.00 95.36 87.78 71.70 66.47 62.08 60.99 56.58
16 CEL, TRA, BIS 100.00 95.13 75.87 72.82 67.95 52.79 51.81 47.44
17 CEL, TRA, PAR 100.00 93.39 81.17 74.54 67.37 51.34 46.10 35.99
18 CEL, TRA, LOR 100.00 96.71 74.12 63.92 60.97 58.72 58.43 48.89

Table 6. Celecoxib content (%) depending on the incubation time of the mixtures (series 2) at 70 ◦C.

No Mixture Composition
Incubation Time (Day)

0 8 23 31 45 53 68 78

1 CEL, TRA, IBU 100.00 73.59 65.93 64.50 60.34 51.14 40.72 38.97
2 CEL, MEL, ASA 100.00 70.51 64.85 63.17 44.60 36.40 29.48 27.43
3 CEL, MEL, KET 100.00 83.11 72.12 70.71 53.26 41.78 39.26 36.15
4 CEL, MEL, CAF 100.00 87.19 79.02 76.55 68.87 59.89 50.11 41.54
5 CEL, MEL, DIC 100.00 84.94 69.09 68.43 66.19 45.11 40.79 32.13
6 CEL, MEL, BIS 100.00 95.56 73.70 71.50 69.08 50.55 44.07 31.58
7 CEL, MEL, PAR 100.00 88.34 72.58 72.17 63.16 61.24 50.97 46.10
8 CEL, MEL, LOR 100.00 83.77 76.15 72.76 61.94 46.37 41.84 39.04
9 CEL, MEL, IBU 100.00 85.43 67.90 62.81 58.21 55.29 50.78 45.73

10 CEL, CAF, ASA 100.00 85.43 64.99 64.40 59.71 48.25 41.92 39.66
11 CEL, CAF, KET 100.00 79.80 66.63 62.06 51.50 44.54 42.99 41.85
12 CEL, CAF, DIC 100.00 91.59 71.57 71.21 57.78 43.46 24.44 17.29
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Table 6. Cont.

No Mixture Composition
Incubation Time (Day)

0 8 23 31 45 53 68 78

13 CEL, CAF, BIS 100.00 81.92 66.37 64.00 45.56 40.86 38.17 37.49
14 CEL, CAF, PAR 100.00 83.22 65.61 63.39 53.63 44.01 36.53 31.20
15 CEL, CAF, LOR 100.00 86.05 76.66 74.54 57.04 51.01 50.91 38.19
16 CEL, CAF, IBU 100.00 86.20 75.87 65.47 59.01 57.08 46.33 32.60
17 CEL, PAR, ASA 100.00 80.50 73.29 66.00 59.45 38.55 37.80 31.75
18 CEL, PAR, KET 100.00 90.71 80.68 73.30 51.05 37.30 34.46 33.74

Table 7. Celecoxib content (%) depending on the incubation time of the mixtures (series 3) at 70 ◦C.

No Mixture Composition
Incubation Time (Day)

0 10 19 27 33 49 64 74

1 CEL, PAR, DIC 100.00 88.81 88.55 85.87 79.40 75.09 62.20 59.09
2 CEL, PAR, BIS 100.00 75.95 75.91 74.31 72.07 63.84 61.63 47.92
3 CEL, PAR, LOR 100.00 91.43 76.40 62.14 52.02 47.36 33.99 28.50
4 CEL, PAR, IBU 100.00 97.13 93.12 76.12 70.27 67.24 56.49 41.87
5 CEL, ASA, KET 100.00 89.76 70.91 68.50 68.12 63.77 62.55 52.35
6 CEL, ASA, DIC 100.00 85.83 81.04 73.09 68.41 64.64 60.40 50.78
7 CEL, ASA, BIS 100.00 82.88 79.80 66.39 64.76 54.92 53.31 52.19
8 CEL, ASA, LOR 100.00 95.77 88.24 73.47 69.85 65.90 65.78 61.81
9 CEL, ASA, IBU 100.00 86.75 81.98 80.02 67.99 65.23 54.62 43.57

10 CEL, KET, DIC 100.00 94.05 79.55 78.57 76.32 73.02 69.61 67.99
11 CEL, KET, BIS 100.00 95.77 93.32 82.21 67.37 63.86 61.19 52.25
12 CEL, KET, LOR 100.00 94.95 82.22 72.60 70.81 69.40 69.36 67.82
13 CEL, DIC, BIS 100.00 91.07 73.20 71.09 66.25 54.26 51.79 36.75
14 CEL, DIC, LOR 100.00 95.24 85.81 56.77 46.06 17.74 16.44 9.04
15 CEL, DIC, IBU 100.00 95.82 94.37 74.62 68.39 62.96 62.78 53.06
16 CEL, BIS, LOR 100.00 88.98 77.92 72.04 68.04 61.44 58.62 43.77
17 CEL, BIS, IBU 100.00 83.25 80.71 72.79 72.62 52.49 49.24 42.72
18 CEL, LOR, IBU 100.00 89.19 77.31 76.53 67.61 47.34 39.27 37.64

Table 8. Cimicoxib content (%) depending on the incubation time of the mixtures at 25 ◦C.

No Mixture Composition
Incubation Time (Day)

0 7 14 28 42 56 70 81

1 CIM, DOX, KET 100.00 99.90 96.49 93.25 91.10 89.58 80.43 77.31
2 CIM, DOX, MEL 100.00 98.95 94.99 89.06 88.19 86.51 81.71 77.45
3 CIM, DOX, BIS 100.00 99.07 98.76 97.51 97.15 96.53 91.97 86.18
4 CIM, DOX, TRA 100.00 99.60 99.14 98.94 98.92 91.88 91.39 86.75
5 CIM, DOX, LOR 100.00 98.87 96.58 92.04 92.88 86.55 81.42 80.36
6 CIM, TRA, KET 100.00 99.30 91.79 80.19 77.33 68.46 63.53 54.98
7 CIM, TRA, MEL 100.00 99.05 90.25 75.69 64.31 59.11 55.54 54.45
8 CIM, TRA, BIS 100.00 99.39 98.42 97.74 87.25 86.78 83.44 79.51
9 CIM, TRA, LOR 100.00 98.91 98.79 98.77 91.66 81.38 80.00 75.05

10 CIM, MEL, BIS 100.00 99.83 97.08 95.30 69.22 66.85 62.53 59.21
11 CIM, MEL, LOR 100.00 99.46 93.45 85.70 70.63 58.44 55.92 53.83
12 CIM, KET, BIS 100.00 99.70 92.76 84.35 81.56 68.35 64.57 64.40
13 CIM, KET, LOR 100.00 99.92 97.06 86.50 85.80 64.27 53.40 53.13
14 CIM, BIS, LOR 100.00 99.64 97.88 96.96 72.07 69.76 65.35 62.44
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Table 9. Cimicoxib content (%) depending on the incubation time of the mixtures at 70 ◦C.

No Mixture Composition
Incubation Time (Day)

0 7 14 28 42 56 70 81

1 CIM, DOX, KET 100.00 93.60 91.00 84.52 64.56 42.93 42.52 37.14
2 CIM, DOX, MEL 100.00 79.45 76.52 65.42 63.35 47.87 47.75 45.17
3 CIM, DOX, BIS 100.00 69.91 62.91 54.42 46.47 28.64 24.50 20.31
4 CIM, DOX, TRA 100.00 80.96 70.58 65.04 63.83 54.57 53.54 52.41
5 CIM, DOX, LOR 100.00 96.41 89.51 81.25 79.78 71.03 70.65 68.88
6 CIM, TRA, KET 100.00 99.73 96.81 75.73 71.74 44.18 38.65 35.73
7 CIM, TRA, MEL 100.00 93.39 87.12 69.79 62.96 47.51 43.10 39.19
8 CIM, TRA, BIS 100.00 89.73 88.97 54.74 49.20 35.58 29.41 23.86
9 CIM, TRA, LOR 100.00 94.87 82.23 74.45 71.10 68.88 66.07 64.09

10 CIM, MEL, BIS 100.00 77.06 68.32 64.04 52.78 37.22 36.46 33.01
11 CIM, MEL, LOR 100.00 76.55 67.78 64.87 54.26 41.19 36.07 30.85
12 CIM, KET, BIS 100.00 92.46 89.94 71.09 64.73 43.39 40.08 39.52
13 CIM, KET, LOR 100.00 94.38 90.82 84.33 67.85 50.56 46.43 44.48
14 CIM, BIS, LOR 100.00 94.50 90.04 70.99 69.96 56.22 55.89 50.05

Based on the results for the changes in the contents of the analyzed coxibs over
time, calculations were made to determine the basic kinetic parameters of the ongoing
degradation processes. First, the order of the reaction for each of the tested samples with the
coxibs was graphically determined (Figure 3). The obtained data allowed us to determine
the rate of the reaction proceeding in accordance with the first-order kinetics.
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After determining the order of the reaction for each mixture at both temperatures, the
basic kinetic parameters were calculated, such as: the reaction rate k and the time t0.5 and
t0.1 (the period after which 50% and 10% of the original substance was degraded), using
the formulas developed for the appropriate order of the reaction. The obtained results,
presented in Tables 10–13, were used to compare the durability of the tested mixtures,
depending on their composition and temperature.

Table 10. Calculated kinetic parameters for tested multi-drug mixtures containing celecoxib (series 1)
stored at 25 ◦C and 70 ◦C.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

1 CEL, DOX, ASA 3.77 × 10−4 1838.2 279.3 4.06 × 10−4 1706.9 259.4
2 CEL, DOX, KET 3.18 × 10−4 2179.3 331.1 4.02 × 10−4 1723.9 261.9
3 CEL, DOX, CAF 3.42 × 10−4 2026.3 307.9 4.68 × 10−4 1489.8 225.0
4 CEL, DOX, MEL 3.28 × 10−4 2112.8 321.0 3.89 × 10−4 1781.5 270.7
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Table 10. Cont.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

5 CEL, DOX, DIC 3.36 × 10−4 2062.5 313.4 5.22 × 10−4 1327.6 201.7
6 CEL, DOX, BIS 2.83 × 10−4 2448.8 372.1 1.18 × 10−3 587.3 89.2
7 CEL, DOX, PAR 2.71 × 10−4 2557.2 388.7 4.20 × 10−4 1650.0 250.7
8 CEL, DOX, TRA 2.56 × 10−4 2707.0 411.3 3.66 × 10−4 1893.4 287.7
9 CEL, DOX, LOR 3.96 × 10−4 1750.0 265.9 6.65 × 10−4 1042.1 158.4
10 CEL, DOK, IBU 3.00 × 10−4 2310.0 351.0 4.23 × 10−4 1638.3 248.9
11 CEL, TRA, ASA 2.77 × 10−4 2501.8 380.1 5.37 × 10−4 1290.5 196.1
12 CEL, TRA, KET 2.56 × 10−4 2707.0 411.3 4.11 × 10−4 1686.1 256.2
13 CEL, TRA, CAF 3.17 × 10−4 2186.1 332.2 3.40 × 10−4 2038.2 309.7
14 CEL, TRA, MEL 2.76 × 10−4 2510.9 381.5 5.46 × 10−4 1269.2 192.9
15 CEL, TRA, DIC 2.84 × 10−4 2440.1 370.8 2.89 × 10−4 2397.9 364.4
16 CEL, TRA, BIS 2.39 × 10−4 2899.6 440.6 3.79 × 10−4 1828.5 277.8
17 CEL, TRA, PAR 3.11 × 10−4 2228.5 338.6 5.19 × 10−4 1335.3 202.9
18 CEL, TRA, LOR 3.46 × 10−4 2002.9 304.3 3.64 × 10−4 1903.9 289.3

Table 11. Calculated kinetic parameters for tested multi-drug mixtures containing celecoxib (series 2)
stored at 25 ◦C and 70 ◦C.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

1 CEL, TRA, IBU 2.60 × 10−4 2665.38 405.00 5.03 × 10−4 1377.34 209.34
2 CEL, MEL, ASA 2.96 × 10−4 2341.22 355.74 6.91 × 10−4 1002.89 152.39
3 CEL, MEL, KET 2.30 × 10−4 3013.04 457.83 5.44 × 10−4 1273.90 193.57
4 CEL, MEL, KOF 2.80 × 10−4 2475.00 376.07 4.69 × 10−4 1477.61 224.52
5 CEL, MEL, DIC 2.09 × 10−4 3315.79 503.83 6.07 × 10−4 1141.68 173.48
6 CEL, MEL, BIS 2.64 × 10−4 2625.00 398.86 6.16 × 10−4 1125.00 170.94
7 CEL, MEL, PAR 2.80 × 10−4 2475.00 376.07 4.14 × 10−4 1673.91 254.35
8 CEL, MEL, LOR 2.33 × 10−4 2974.25 451.93 5.03 × 10−4 1377.73 209.34
9 CEL, MEL, IBU 2.80 × 10−4 2475.00 376.07 4.18 × 10−4 1657.89 251.91
10 CEL, CAF, ASA 2.74 × 10−4 2529.20 384.31 4.94 × 10−4 1402.83 213.16
11 CEL, CAF, KET 2.36 × 10−4 2936.44 446.19 4.65 × 10−4 1490.32 226.45
12 CEL, CAF, DIC 2.17 × 10−4 3193.55 485.25 9.38 × 10−4 738.81 112.26
13 CEL, CAF, BIS 2.68 × 10−4 2585.82 392.91 5.24 × 10−4 1322.52 200.95
14 CEL, CAF, PAR 2.79 × 10−4 2483.87 377.42 6.22 × 10−4 1114.15 169.29
15 CEL, CAF, LOR 2.85 × 10−4 2431.58 369.47 5.14 × 10−4 1348.25 204.86
16 CEL, CAF, IBU 3.22 × 10−4 2152.17 327.02 5.99 × 10−4 1156.93 175.79
17 CEL, PAR, ASA 2.89 × 10−4 2397.92 364.36 6.13 × 10−4 1130.51 171.78
18 CEL, PAR, KET 3.49 × 10−4 1985.67 301.72 5.80 × 10−4 1194.83 181.55

Table 12. Calculated kinetic parameters for tested multi-drug mixtures containing celecoxib (series 3)
stored at 25 ◦C and 70 ◦C.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

1 CEL, PAR, DIC 2.01 × 10−4 3447.76 523.88 2.96 × 10−4 2341.22 355.74
2 CEL, PAR, BIS 1.82 × 10−4 3807.69 578.57 4.14 × 10−4 1673.91 254.35
3 CEL, PAR, LOR 3.14 × 10−4 2207.00 335.35 7.07 × 10−4 980.20 148.94
4 CEL, PAR, IBU 2.85 × 10−4 2431.58 369.47 4.90 × 10−4 1414.29 214.90
5 CEL, ASA, KET 2.92 × 10−4 2373.29 360.62 3.64 × 10−4 1903.85 289.29
6 CEL, ASA, DIC 3.18 × 10−4 2179.25 331.13 3.82 × 10−4 1814.14 275.65
7 CEL, ASA, BIS 3.32 × 10−4 2087.35 317.17 3.66 × 10−4 1893.44 287.70
8 CEL, ASA, LOR 2.22 × 10−4 3121.62 474.32 2.71 × 10−4 2557.20 388.56
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Table 12. Cont.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

9 CEL, ASA, IBU 3.00 × 10−4 2310.00 351.00 4.68 × 10−4 1480.77 225.00
10 CEL, KET, DIC 2.14 × 10−4 3238.32 492.06 2.17 × 10−4 3193.55 485.25
11 CEL, KET, BIS 2.45 × 10−4 2828.57 429.80 3.66 × 10−4 1893.44 287.70
12 CEL, KET, LOR 2.03 × 10−4 3413.79 518.72 2.19 × 10−4 3164.38 480.82
13 CEL, DIC, BIS 2.99 × 10−4 2317.73 352.17 5.60 × 10−4 1228.72 186.70
14 CEL, DIC, LOR 2.94 × 10−4 2357.16 358.16 1.35 × 10−3 513.33 78.00
15 CEL, DIC, IBU 3.31 × 10−4 2093.66 318.13 3.57 × 10−4 1941.18 294.96
16 CEL, BIS, LOR 2.30 × 10−4 3013.04 457.83 4.65 × 10−4 1490.32 226.45
17 CEL, BIS, IBU 3.42 × 10−4 2026.32 307.89 4.79 × 10−4 1446.76 219.83
18 CEL, LOR, IBU 3.15 × 10−4 2200.00 334.29 5.50 × 10−4 1260.00 191.45

Table 13. Calculated kinetic parameters for tested multi-drug mixtures containing cimicoxib stored
at 25 ◦C and 70 ◦C.

No Mixture Composition
25 ◦C 70 ◦C

k (h−1) t0.5 (h) t0.1 (h) k (h−1) t0.5 (h) t0.1 (h)

1 CIM, DOX, KET 1.32 × 10−4 5250.00 797.73 5.10 × 10−4 1358.82 206.47
2 CIM, DOX, MEL 1.31 × 10−4 5290.08 803.82 4.09 × 10−4 1694.38 257.46
3 CIM, DOX, BIS 7.65 × 10−5 9058.82 1376.47 8.20 × 10−4 845.12 128.41
4 CIM, DOX, TRA 7.31 × 10−5 9480.16 1440.49 3.32 × 10−4 2087.35 317.17
5 CIM, DOX, LOR 1.12 × 10−4 6187.50 940.18 1.92 × 10−4 3609.38 548.44
6 CIM, TRA, KET 3.08 × 10−4 2250.00 341.88 5.30 × 10−4 1307.55 198.68
7 CIM, TRA, MEL 3.13 × 10−4 2214.06 336.42 4.82 × 10−4 1437.76 218.46
8 CIM, TRA, BIS 1.18 × 10−4 5872.88 900.00 7.37 × 10−4 940.30 142.88
9 CIM, TRA, LOR 1.48 × 10−4 4682.43 711.49 2.29 × 10−4 3026.20 459.83
10 CIM, MEL, BIS 2.70 × 10−4 2566.67 390.00 5.70 × 10−4 1215.79 184.74
11 CIM, MEL, LOR 3.19 × 10−4 2172.41 330.09 6.05 × 10−4 1145.45 174.05
12 CIM, KET, BIS 2.26 × 10−4 3066.37 465.93 4.78 × 10−4 1449.79 220.29
13 CIM, KET, LOR 3.25 × 10−4 2132.31 324.00 4.17 × 10−4 1661.87 252.52
14 CIM, BIS, LOR 2.42 × 10−4 2863.64 435.12 3.56 × 10−4 1946.63 295.79

4. Discussion

Drug interactions are a fairly common problem, and are often responsible for the
significant morbidity and mortality of patients [45,46]. For several generations, researchers
have been studying the combined effects of drugs. A growing database indicates that
drug interactions are a major contributor to treatment failure or avoidable medical com-
plications. Methods for data analysis have changed over the years, but the underlying
problem has not changed [47]. With clinicians’ growing understanding of the importance
of drug interactions, the space for analysts who adequately analyze this problem within
various medical disciplines is increasing [48,49]. Both doctors and patients can obtain
relevant information about drug interactions using appropriate sources, e.g., on the internet
(available publications or databases) [50].

Two of the few active substances from the coxib group were selected for the discussed
study due to their fairly common use in medicine. Celecoxib is a drug used to treat os-
teoarthritis, rheumatoid arthritis, and ankylosing spondylitis. According to the indications,
the decision to prescribe a selective COX-2 inhibitor should be made by a doctor, based
on an assessment of the individual risks that may occur in a particular patient, whereas
cimicoxib is the youngest representative of this group of drugs, whose properties have not
yet been fully understood. It is used to treat the pain and inflammation associated with
osteoarthritis in dogs. However, longer treatment requires the regular control of analytical
parameters by a veterinarian. Drug stability can reduce effectiveness, increase unexpected
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side effects, and even increase the possible toxicity of a given drug, its metabolites, or degra-
dation products. The analyzed coxibs can be used for both acute and chronic pain in the
course of musculoskeletal disorders, which increases the possibility of potential treatment.

Due to the use of cimicoxib in veterinary medicine, only those mixtures that can be
used in clinical veterinary practice were selected for further analysis. The mixtures with
paracetamol, diclofenac, ibuprofen, acetylsalicylic acid, and caffeine were omitted, as the
use of these drugs in animals is prohibited. The listed substances are highly toxic or cause
frequent side effects in a large number of animal species, which disqualifies them from being
widely used [17,51,52]. Therefore, only 14 mixtures of cimicoxib in mixtures with other
drugs were developed for further research (Table 1). An analysis of the remaining cimicoxib-
containing mixtures was also performed, however, for the reasons mentioned above, the
results are presented as Supplementary Data. Under the conditions of the stability testing
of the mixtures containing celecoxib and cimicoxib carried out in parallel, the samples were
stored at the specified temperature in dark glass vials. After the maximum analysis time (at
a higher temperature), there were no decreases in the contents of the analyzed substances
to below 60% for celecoxib and 70% for cimicoxib.

Based on the above parameters, the degree of degradation of the tested coxibs in the
tested triple-drug mixtures was determined. After analyzing the obtained results and
calculated parameters, it can be seen that the degradation rates of celecoxib and cimicoxib
in the tested mixtures varied depending on the composition of the mixture, but the process
was always faster at elevated temperatures. The degradation rate of the tested drug
substances increased (k increased), while the values of t0.5 and t0.1 decreased.

Comparing the kinetic parameters for all the mixtures at the temperature of 25 ◦C,
celecoxib showed the greatest stability in the mixture with paracetamol and bisoprolol
(t0.5 = 3807.7 h; k = 1.82 × 10−4 h−1). The next mixtures in which celecoxib was the most
stable were those with paracetamol and diclofenac (t0.5 = 3447.8 h; k = 2.01 × 10−4 h−1)
and with ketoprofen and loratadine (t0.5 = 3413.8 h; k = 2.03 × 10−4 h−1), while cele-
coxib showed the lowest stability at this temperature in the mixtures with doxycycline
and loratadine (t0.5 = 1750.0 h; k = 3.96 × 10−4 h−1) and doxycycline and acetylsalicylic
acid (t0.5 = 1838.2 h; k = 3.77 × 10−4 h−1). The other mixtures in which celecoxib was not
very stable were those additionally containing paracetamol and ketoprofen (t0.5 = 1985.7 h;
k = 3.49 × 10−4 h−1), as well as tramadol and loratadine (t0.5 = 2002.9 h; k = 3.46 × 10−4 h−1). A
similar analysis of the results obtained for 70 ◦C indicated that celecoxib was the most stable in
the mixtures with ketoprofen and diclofenac (t0.5 = 3193.6 h; k = 2.17 × 10−4 h−1) and ketopro-
fen and loratadine (t0.5 = 3164.4 h; k = 2.19 × 10−4 h−1). The next most stable mixtures of cele-
coxib were those with loratadine and acetylsalicylic acid (t0.5 = 2557.2 h; k = 2.71 × 10−4 h−1),
as well as paracetamol and diclofenac (t0.5 = 2341.2 h; k = 2.96 × 10−4 h−1). Based on these
parameters, it can be concluded that celecoxib was the least stable at this temperature
in the mixtures with diclofenac and loratadine (t0.5 = 513.3 h; k = 1.35 × 10−3 h−1) and
doxycycline with bisoprolol (t0.5 = 587.3 h; k = 1.18 × 10−3 h−1).

Similarly, comparing the results for the mixtures containing cimicoxib stored at 25 ◦C,
it was found that the drug was the most stable in the presence of doxycycline and bisoprolol
(t0.5 = 9058.8 h; k = 7.65 × 10−5 h−1) and tramadol (t0.5 = 9480.2 h; k = 7.31 × 10−5 h−1).
This drug was also stable in the presence of doxycycline and loratadine (t0.5 = 6187.5 h;
k = 1.12 × 10−4 h−1). In turn, the lowest durability of cimicoxib was found in the presence
of ketoprofen and loratadine (t0.5 = 2132.3 h; k = 3.25 × 10−4 h−1) and meloxicam and
loratadine (t0.5 = 2172.4 h; k = 3.19 × 10−4 h−1). The results obtained for triple-drug
mixtures incubated at 70 ◦C were subjected to a similar analysis. Under the described
conditions, cimicoxib showed the greatest stability in the presence of doxycycline and
loratadine (t0.5 = 3609.4 h; k = 1.92 × 10−4 h−1), as well as tramadol and loratadine
(t0.5 = 3026.2 h; k = 2.29 × 10−4 h−1). The lowest persistence was found in the mixture with
doxycycline and bisoprolol (t0.5 = 845.1 h; k = 8.20 × 10−4 h−1), as well as in combination
with tramadol and bisoprolol (t0.5 = 940.3 h; k = 7.37 × 10−4 h−1).
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To sum up, it can be concluded that both drugs were characterized by a high stability
under the tested stress conditions. At the same time, cimicoxib turned out to be a more
stable substance, both as a result of the action of the other chemical compounds and the
temperature. In a comparable incubation time of the mixtures, the lowest concentration
of this drug was 20.31%, while that of celecoxib was 9.00%. The stability of cimicoxib was
mainly affected by doxycycline and bisoprolol (approximately 20% remained). Similarly,
for celecoxib, the greatest degradation (over 90% at 70 ◦C) was observed in the triple-drug
mixtures containing diclofenac, loratadine, doxycycline, and bisoprolol. On the other hand,
the highest concentrations of cimicoxib (>65% at 70 ◦C) were found in the presence of
doxycycline and loratadine, celecoxib (almost 68% at 70 ◦C) in the presence of ketoprofen
and diclofenac.

5. Conclusions

While drug–drug interactions are only a small fraction of drug-related side effects,
they are important, often predictable, and therefore avoidable. The variable rate of degra-
dation may be influenced by the presence of another drug substance or other excipient
incompatible with a component of the mixture. The research results for the two coxibs
presented in the paper indicated their relatively high stability in changing environmental
conditions. However, as can be seen from the obtained data, the changes in the degradation
rates and stability of the studied coxibs were very diverse depending on the accompanying
medicinal substances. The kinetic parameters were variable and difficult to predict. It can
be concluded that the creation of multi-drug mixtures (including the patient’s consumption
of many drugs at the same time) may cause unfavorable chemical changes, resulting in
worse therapeutic results. The presented methodology allows for a quick and simple
assessment of drug stability in possible three-drug combinations of a given substance used
during treatment. Multidisciplinary education on drug handling and awareness of the
possible processes in multi-drug mixtures is an important element of minimizing drug
interactions, especially in cases of a large number of drugs and/or dietary supplements
being taken by patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11092605/s1, Table S1. Cimicoxib content [%] depending
on the incubation time of the mixtures at 25 ◦C; Table S2. Cimicoxib content [%] depending on the
incubation time of the mixtures at 70 ◦C; Table S3. Calculated kinetic parameters for tested multidrug
mixtures containing cimicoxib stored at 25 ◦C and 70 ◦C.
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