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A B S T R A C T   

A sensitive and selective UPLC-MS/MS method was developed for the synchronized determination of four drugs 
used in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), namely, azithromycin, apixaban, 
dexamethasone, and favipiravir in rat plasma. using a Poroshell 120 EC-C18 column (50 mm × 4.6 mm, 2.7 m) 
with a high-resolution ESI tandem mass spectrometer detection with multiple reaction monitoring. We used an 
Agilent Poroshell column, which is characterized by a stationary phase based on non-porous core particles. With 
a remarkable improvement in the number of theoretical plates and low column backpressure. In addition, the 
developed method was employed in studying the potential food-drug interaction of grapefruit juice (GFJ) with 
the selected drugs which affects their pharmacokinetics in rats. The LC-MS/MS operated in positive and negative 
ionization mode using two internal standards: moxifloxacin and chlorthalidone, respectively. Liquid- liquid 
extraction of the cited drugs from rat plasma was accomplished using diethyl ether: dichloromethane (70:30, v/ 
v). The analytes were separated using methanol: 0.1 % formic acid in water (95: 5, v/v) as a mobile phase in 
isocratic mode of elution pumped at a flow rate of 0.3 mL/min. A detailed validation of the bio-analytical method 
was performed in accordance with US-FDA and EMA guidelines. 

Concerning the in vivo pharmacokinetic study, the statistical significance between the results of the test groups 
receiving GFJ along with the cited drugs and the control group was assessed demonstrating that GFJ increased 
the plasma concentration of azithromycin, apixaban, and dexamethasone. Accordingly, this food–drug interac-
tion requires cautious ingestion of GFJ in patients using (SARS-CoV-2) medications as it can produce negative 
effects in the safety of the drug therapy. A potential drug–drug interaction is also suggested between those 
medications requiring a suitable dose adjustment.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
which cause coronavirus disease 2019 (COVID-19) has become a 
pandemic disease since March 2020 [1,2]. Although the disease is not 
severe in most patients, it may develop a serious illness which may need 
hospitalization mainly in the elderly and those with underlying diseases 
[3,4]. The treatment strategies for COVID-19 contain medications 
approved for other viral diseases like Ebola, HIV, and influenza such as 
favipiravir, remdesivir, and ritonavir [5,6]. COVID-19 is associated with 
diffuse lung damage which may necessitate oxygen supply or even 
mechanical ventilation, glucocorticoids such as dexamethasone may 
control the inflammation-mediated lung injury and reduce mortality 

among the patients receiving either invasive mechanical ventilation or 
oxygen alone [7–9]. In addition, some studies reported that 50 % of 
deaths were due to secondary bacterial infections in patients hospital-
ized for COVID-19. Consequently, antibiotics is a crucial defense against 
mortality in COVID-19 patients [10]. Macrolides such as azithromycin 
were the most used in mild to moderate cases, with 29.1 % of patients 
[11–14]. Moreover, thrombotic cardiovascular complications and 
pneumonia-induced respiratory failure are increasingly emerging as a 
major COVID-19 symptom. Anticoagulant therapy has been strongly 
suggested from multiple retrospective studies as it improves the prog-
nosis of people with COVID-19 [15–19]. In COVID-19 outpatients with 
cardiometabolic diseases, prior use of direct oral anti-coagulants such 
as: rivaroxaban or apixaban compared to vitamin K antagonists’ therapy 
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at the time of COVID-19 diagnosis demonstrated lower risk of arterial or 
venous thrombotic outcomes, without increasing the risk of bleeding 
[20]. 

Azithromycin (AZM), Fig. 1(A), is a nitrogen-containing 2nd gener-
ation macrolide antibacterial agent (azalide) with a wide-ranging 
spectrum of activity that inhibits bacterial protein synthesis. It is given 
in the treatment of respiratory tract infections (including bronchitis, 
pneumonia, sinusitis, trench fever, and otitis media), in skin and soft- 
tissue infections, and in uncomplicated genital infections [21,22]. 

Apixaban (APX), Fig. 1(B), is an oral anticoagulant which is direct, 
reversible, and potent inhibitor of factor Xa by selective blockage of its 
active site, [23–25]. It is used for the prevention of both stroke and 
systemic embolism in patients with non-valvar atrial fibrillation. In 
addition, it is used to prevent and treat deep vein thrombosis and pul-
monary thromboembolism [26,27]. 

Dexamethasone (DEX), Fig. 1(C), is a potent synthetic glucocorticoid 
which is used as an anti-inflammatory and immunosuppressive agent 
[28]. It is used to treat a wide range of diseases as ulcerative colitis, 
arthritis, allergies and respiratory disorders [29,30]. Recently, it was 
proven that DEX is the main drug to show a life-saving efficacy of seri-
ously ill COVID-19 patients by significantly improving their survival rate 
[9]. 

Favipiravir (FAV), Fig. 1(D), is a new oral antiviral drug used for 
management of influenza pandemic in Japan. It is a pro-drug that is 

subjected to ribosylation and phosphorylation intracellularly to form the 
active metabolite [31]. It selectively inhibits the viral RNA-dependent 
RNA polymerase enzymes, which are important for the transcription 
and replication of viral genomes. FAV has been also investigated for the 
treatment of Ebola virus, Lassa virus, and recently SARS-CoV-2 [32–34] 
where it showed higher efficacy in increasing the recovery rate and 
decreasing the incidence of fever and cough in COVID-19 patients 
[32,35]. 

Grapefruit belongs to the family Rutaceae and contains bioactive 
substances, such as flavonoids which has the functions of antioxidants, 
free radical elimination, tumor prevention, and rich in vitamin C, so it 
can be consumed with large quantities by COVID-19 patients. Numerous 
studies have shown that furocoumarin in grapefruit interacts with drugs 
by interfering with tactile and intestinal enzymes cytochrome P450 
(CYP450) particularly the CYP3A4 [36–40]. Drugs transport with P- 
glycoprotein (P-gp) is also affected by the grapefruit’s flavonoids 
[41,42]. These food-drug interactions can produce negative effects on 
the safety and efficacy of the drug therapy, as well as on the nutritional 
status of the patient [43]. 

Therefore, the aim of the presented study is to develop a validated 
UPLC-MS/MS method using a Poroshell 120 EC-C18 column whose 
stationary phase is based on recently developed non-porous core parti-
cles, for the separation of four drugs used in the management of COVID- 
19 in rat plasma and the application of the developed method to study 
the effect of the use of grapefruit juice (GFJ) on the pharmacokinetics 
(PK) of the four cited drugs. 

Literature surveys revealed that different quantitative methods have 
been developed for analysis of individual components of the cited 
mixture. AZM was estimated in biological samples utilizing LC-UV 
[44,45], LC-MS [46,47], electrochemical [48,49] and spectrophoto-
metric [50] methods. APX was determined in biological samples using 
LC-MS [26,51–56] and LC-DAD [57] methods. DEX was quantified in 
biological samples utilizing LC-MS [58–64], electrochemical [65] and 
spectrophotometric [66] methods, while FAV was quantified in biolog-
ical samples utilizing LC-UV [67–70], LC-fluorometric [71], LC-MS 
[72–74], fluorometric [75], TLC [76], and electrochemical [77,78] 
methods. In addition, AZM and FAV were simultaneously determined in 
human serum utilizing LC-MS method [79]. 

To the best of our knowledge, there is no LC-MS/MS method for the 

Fig. 1. Chemical structures of azithromycin (A), apixaban (B), dexamethasone (C), favipiravir (D), moxifloxacin (E), and chlorthalidone (F).  

Table 1 
MS/MS conditions for multiple reaction monitoring (MRM) of azithromycin, 
apixaban, dexamethasone, favipiravir, moxifloxacin and chlorthalidone in 
spiked rat plasma.  

Analyte Ionization 
mode 

CE 
(V) 

FV 
(V) 

Precursor 
ion peak 

Product 
ion peak 

Dwell 
time 
(sec) 

AZM positive 30 45  749.47  591.38  0.029 
APX positive 25 35  460.17  443.09  0.029 
DEX negative 15 20  437.15  361.15  0.029 
FAV negative 25 25  155.97  112.92  0.029 
MOX positive 25 40  402.14  384.12  0.029 
CHT negative 15 35  337.04  189.60  0.029 

CE: collision energy; FV: fragmentor voltage. 
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Fig. 2. MRM chromatograms of a 10 µL injection of lower limit of quantitation of azithromycin, apixaban, dexamethasone, favipiravir, moxifloxacin, and 
chlorthalidone. 

Fig. 3. MRM chromatogram of extracted drug-free rat plasma sample.  
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simultaneous determination of the selected COVID-19 medications with 
the advantage of studying the potential food-drug interaction of GFJ 
affecting the PK of those drugs. 

2. Materials and methods 

2.1. Instruments 

An UPLC Waters® 3100 (USA) consisting of: vacuum degasser, 
gradient binary pump, and auto-sampler was employed. Waters Acuity® 
TQ was used as a detector. Data was acquired and processed using 
MassLynx Workstation software (4.1). The separation and quantitation 
were conducted on an Agilent® Poroshell 120EC C18 column (50 mm ×
4.6 mm, 2.7 µm), (USA). Nylon membrane filter (0.2 µm) (Sigma-Aldrich 
Co., Germany) was used for filtration of the mobile phase. A vortex 
mixer (Stuart, UK), a centrifuge (OHAUS, Frontier 5706, Germany), an 
ultrasonic bath (Power Sonic 405, Human Lab Inc., Korea), and a 
concentrator (Eppendorf 5301, USA) were employed throughout the 
work. 

2.2. Chemicals, reference samples and solvents 

AZM, APX, DEX, FAV, moxifloxacin (MOX), Fig. 1(G), and chlor-
thalidone (CHT), Fig. 1(H), were obtained from the National Organi-
zation of Drug Control and Research (NODCAR), Egypt (certified to 
contain 99.80 %, 99.75 %, 99.93 %, 99.85 %, 99.95 % and 99.92 %, 
respectively). Methanol, diethyl ether (DEE), dichloromethane (DCM), 
formic acid, and water were of HPLC grade and were purchased from 
Sigma-Aldrich Co., Germany. Carboxymethyl cellulose and tween 80 
were purchased from El-Nasr Pharmaceutical Chemicals Co., Abu Zaa-
bal, Al-Kalubia, Egypt. Drug-free rat plasma was prepared from blood 
samples collected in heparinized tubes. 

2.3. LC-MS/MS conditions 

Chromatographic separation was performed using an Agilent® 
Poroshell 120EC C18 column (50 mm × 4.6 mm, 2.7 µm) with a mobile 
phase consisting of methanol: 0.1 % formic acid in water (95: 5, v/v) at a 
flow rate of 0.3 mL/min. The injection volume was 10 µL and the 
injector needle wash solvent was water: methanol (50:50, v/v). The 
positive ion mode for the detection of AZM, APX, and MOX and the 
negative ion mode for the detection of DEX, FAV, and CHT, were 
selected using the Waters Acuity® TQ detector. Multiple Reaction 
Monitoring (MRM) transitions were measured. Tandem mass parame-
ters are presented in Table 1. Peak area ratio was calculated for each 
drug using MOX as the IS for the positively ionized drugs and CHT for 
the negatively ionized drugs. MRM chromatograms of a 10 µL injection 
of LLOQ samples of the cited drugs are shown in Fig. 2. 

2.4. Standard solutions preparation 

Standard stock solutions of (1 mg/mL) of AZM, APX, and DEX and (2 
mg/mL) of FAV, were separately prepared in methanol. Working solu-
tions were prepared by appropriate dilutions of the standard stock so-
lution of each drug. MOX and CHT stock solutions (100 µg/mL) were 
also prepared using methanol. The working solutions of MOX and CHT, 
(5 µg/mL) and (1 µg/mL), respectively, were prepared. All working so-
lutions were also prepared in methanol and stored under refrigeration 
(2–8 ◦C) along with the stock solutions. 

Table 2 
Summary of back calculated standards of azithromycin, apixaban, dexametha-
sone, favipiravir in spiked rat plasma.  

Conc. of drug in rat plasma Accuracy (%) 

AZM APX DEX FAV 

Level 1  105.00  104.09  82.91  103.45 
Level 2  107.17  101.60  112.16  103.45 
Level 3  109.10  105.50  108.97  100.00 
Level 4  95.72  102.40  108.54  101.72 
Level 5  89.78  95.98  96.41  101.72 
Level 6  103.98  105.67  97.07  97.59 
Level 7  101.27  96.86  100.84  101.72 
Level 8  99.34  100.31  –  – 
Mean regression coefficient  0.9995  0.9996  0.9994  0.9993 
Mean intercept  0.0177  0.0600  0.1338  0.0045 
Mean slope  0.0060  44.1910  1.4522  0.0029  

Table 3 
A summary of the validation results of the proposed LC-MS/MS method for 
azithromycin and apixaban.  

Parameter Results 

AZM APX 

Linearity: 
coefficient of 
determination 
(r2) 

0.9995 0.9996 

Calibration curve 
range 

(0.001–1.5) µg/mL (0.001–2.5) µg/mL 

Lower limit of 
quantitation 

1 ng/mL 1 ng/mL 

QC level LQC 
(0.003 
µg/mL) 

MQC 
(0.6 
µg/mL) 

HQC 
(1.2 
µg/mL) 

LQC 
(0.003 
µg/mL) 

MQC 
(0.9 
µg/ 
mL) 

HQC 
(2 µg/ 
mL) 

Inter-day 
accuracy (%) 

96.48 96.82 101.84 100.90 97.64 94.39 

Inter-day 
precision (CV 
%) 

12.54 13.93 10.89 9.47 4.10 3.26 

Intra-day 
accuracy (%) 

98.15 102.01 95.79 98.29 95.73 94.77 

Intra-day 
precision (CV 
%) 

10.47 9.45 9.02 4.17 2.27 2.44 

Recovery of 
analyte 
(mean % 
recovery) 

89.15 89.58 90.65 93.03 90.87 98.79 

Short–term 
stability (6 
hrs) 
(% accuracy) 

92.99 – 105.61 102.98 – 104.40 

Long–term 
stability (21 
day) 
(% accuracy) 

104.07 – 95.63 94.59 – 95.50 

Auto-sampler 
stability (6 
hrs) 
(% accuracy) 

105.74 – 110.23 108.87 – 90.37 

Freeze and thaw 
stability 
(% accuracy) 

102.96 – 104.36 100.00 – 92.41 

Matrix factor 
(mean) 

0.87 – 1.06 0.99 – 0.95 

IS normalized 
matrix factor 
(mean) 

1.01 – 1.13 1.15 – 1.05 

Stock solution 
stability 
(% stability ±
CV%) 

6 hrs 96.64 ± 2.63 99.08 ± 1.92 
21 days 102.00 ± 1.09 98.59 ± 2.37 

IS stock solution 
stability 
(% stability ±
CV%) 

6 hrs 101.78 ± 11.90 
21 days 96.52 ± 4.78 

Dilution integrity 
(%accuracy 
± CV%) 

2-fold 92.94 ± 3.72 98.80 ± 4.98 
10-fold 100.64 ± 6.82 95.12 ± 4.28 

CV: Coefficient of Variation. 
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2.5. Calibrators and quality control samples preparation 

Eight calibration levels were chosen covering the concentration 
ranges of (0.001–1.5 µg/mL) for AZM, and (0.001–2.5 µg/mL) for APX, 
while seven calibration levels were chosen covering the concentration 
ranges of (0.05–10 µg/mL) for DEX, and (0.5–70 µg/mL) for FAV. The 
samples were prepared by addition of 20 µL of known working solution, 
and 20 µL of MOX in case of AZM and APX samples or 20 µL of CHT in 
case of DEX and FAV samples, to 180 µL of drug-free rat plasma. Quality 
control (QC) samples were prepared at three levels – low (LQC): (0.003, 

0.003, 0.15, and 1.5 µg/mL) for AZM, APX, DEX, and FAV, respectively, 
medium (MQC): (0.6, 0.9, 4, and 25 µg/mL) for AZM, APX, DEX, and 
FAV, respectively, and high (HQC): (1.2, 2, 8, and 55 µg/mL) for AZM, 
APX, DEX, and FAV, respectively. All samples were vortexed for 1 min 
before extraction ensuring the complete mixing. 

2.6. Sample preparation and extraction 

Blank plasma was thawed at room temperature (RT) and then was 
vortexed for 30 s. A volume of 180 µL of drug-free rat plasma was spiked 
with 20 µL of the drug, and 20 µL of either MOX or CHT and vortexed for 
1 min. Then, 2 mL of DEE: DCM (70: 30, v/v) were added, vortexed for 1 
min and centrifuged at 3000 rpm, at 25 ◦C for 10 min. Afterwards, 1.5 
mL of the organic layer was withdrawn and evaporated to dryness using 
vacuum concentrator at 45 ◦C, then the residue was reconstituted by 
200 μL methanol and vortexed for 30 s. Ten μL of each of the resulting 
solutions were transferred to a glass vials for LC-tandem mass analysis. 

2.7. Bio-analytical method validation 

A detailed bio-analytical method validation was performed as per 
US-FDA [80] and EMA guidelines [81]. 

2.7.1. Selectivity 
Six random drug-free plasma samples were collected from six 

different rats, processed using the aforementioned extraction procedure, 
and chromatographed. Blank plasma MRM chromatograms were 
compared with the MRM chromatograms of the LLOQ sample of each 
drug to determine the influence of endogenous plasma components 
which may cause interference at the retention time or the m/z channels 
of the analytes and the two IS, (Fig. 3). 

2.7.2. Linearity 
Calibration levels were prepared by spiking 180 µL of drug-free rat 

plasma with 20 µL of respective working solution of the cited drugs, and 
20 µL of either MOX or CHT working solutions. 

Three calibration curves were constructed each consisting of a blank 
sample, a zero sample and 8 non-zero samples of AZM and APX, and 7 
non-zero samples of DEX and FAV covering the expected concentration 
range for each drug. 

2.7.3. Recovery 
Recovery (extraction efficiency) from rat plasma matrix was evalu-

ated by comparing the mean peak areas of three extracted QC samples of 
the three QC levels to the mean peak areas of the corresponding un- 
extracted standards prepared in methanol. The recoveries of the 2 IS 
were also calculated in the same manner. 

2.7.4. Matrix effect 
The effect of the matrix components on ionization was investigated 

at LQC and HQC by calculation of both the matrix factor (MF) of each 
drug and IS and the IS normalized MF. The MF was calculated using six 
different post spiked plasma samples and the mean peak areas were 
compared to the mean peak areas of the corresponding neat solutions of 
equivalent concentrations prepared in methanol. The normalized MF 
was calculated by dividing the MF of each drug by the MF of the IS. 

2.7.5. Accuracy and precision 
Within-run and between-run accuracy and precision were assessed 

by six-replicate analyses of each analyte at the following levels: LLOQ 
QC, LQC, MQC, and HQC samples in spiked rat plasma in the same day 
and on three consecutive days, respectively. Percent accuracy (accuracy 
%) and percent coefficient of variation (CV %) were calculated. 

2.7.6. Dilution integrity 
Dilution integrity was evaluated by spiking the rat plasma matrix 

Table 4 
A summary of the validation results of the proposed LC-MS/MS method for 
dexamethasone and Favipiravir.  

Parameter Results 

DEX FAV 

Linearity: 
coefficient of 
determination 
(r2) 

0.9994 0.9993 

Calibration 
curve range 

(0.05–10) µg/mL (0.5–70) µg/mL 

Lower limit of 
quantitation 

50 ng/mL 500 ng/mL 

QC level LQC 
(0.15 
µg/mL) 

MQC 
(4 µg/ 
mL) 

HQC (8 
µg/mL) 

LQC 
(1.5 
µg/mL) 

MQC 
(25 
µg/ 
mL) 

HQC 
(55 µg/ 
mL) 

Inter-day 
accuracy (%) 

104.49 104.56 103.63 101.92 98.53 103.96 

Inter-day 
precision (CV 
%) 

3.44 7.70 4.84 9.39 2.81 3.58 

Intra-day 
accuracy (%) 

101.76 100.88 98.11 109.58 97.29 106.79 

Intra-day 
precision (CV 
%) 

1.45 1.80 2.47 6.74 1.20 1.88 

Recovery of 
analyte 
(mean % 
recovery) 

90.80 89.96 93.64 91.41 94.53 94.05 

Short–term 
stability (6 
hrs) (% 
accuracy) 

100.36 – 95.33 113.13 – 95.74 

Long–term 
stability (21 
day) (% 
accuracy) 

95.07 – 110.99 95.02 – 106.06 

Auto-sampler 
stability (6 
hrs) (% 
accuracy) 

94.16 – 103.34 109.58 – 102.15 

Freeze and thaw 
stability (% 
accuracy) 

109.72 – 99.93 105.75 – 102.03 

Matrix factor 
(mean) 

0.88 – 0.94 0.99 – 0.95 

IS normalized 
matrix factor 
(mean) 

1.01 – 1.08 1.05 – 0.99 

Stock solution 
stability (% 
stability ± CV 
%) 

6 hrs 92.17 
± 3.21 

93.75 
± 1.54    

21 
days 

100.43 
± 5.07 

100.00 
± 1.44    

IS stock solution 
stability(% 
stability ± CV 
%) 

6 hrs 96.18 
± 7.63     

21 
days 

94.53 
± 4.25     

Dilution 
integrity (% 
accuracy ±
CV%) 

2-fold 93.69 
± 5.60 

106.15 
± 2.63    

10-fold 104.23 
± 3.12 

97.22 
± 2.70    

CV: Coefficient of Variation. 
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with each analyte at a concentration above the upper limit of quantifi-
cation (ULOQ) followed by diluting the samples with blank plasma using 
2-fold and 10-fold dilution. The accuracy and the precision of the 
method were checked. 

2.7.7. Stability 
The LQC and HQC samples (n = 3, each) were used to assess the 

stability of the analytes in rat plasma. The obtained concentration, after 
application of the selected storage conditions, were compared to the 
nominal ones. Four storage conditions were selected to describe each 
operation within the analysis procedures. 

Short-term stability (benchtop at RT for 6 h), long-term stability 
(deep freezer at (–70 ± 5 ◦C) for 21 days), auto-sampler stability (after 
reconstitution at RT in the auto-sampler for 6 h), freeze and thaw sta-
bility (three cycles, at each cycle, samples were frozen for at least 12 h 
before their unassisted thawing). 

The stock solution stability of the four drugs and the two IS was 
evaluated by keeping the solutions for 21 days under refrigeration 
(2–8 ◦C) and for 6 h at RT (25–30 ◦C). Then, the mean peak area from six 
replicates was compared to the mean peak area of freshly prepared 
samples. 

2.7.8. Carry-over: 
The carry-over test was performed by injecting a blank rat plasma 

after injecting the calibration standard at ULOQ. The responses of each 
drug and the two IS were checked to confirm that the accuracy and 
precision of the method is not influenced. 

2.8. Application of the proposed method to an in vivo pharmacokinetic 
interaction study 

The study was approved by the Ethical Committee for Animal 
Experimentation at the Faculty of Pharmacy, Cairo University, Cairo, 
Egypt (No. PC3146). The study was conducted on 54 male Sprague- 
Dawley rats (weighting 200 g to 250 g). The rats were housed under 

standard laboratory conditions. Temperature was kept at 20–25 ◦C with 
humidity (50–60 %) for a minimum of 1 week prior to the study with 
free access to food and water. All rats were fasted the night before the 
beginning of the study but access to water was maintained. 

Those rats were then randomly divided into 9 groups: 4 test groups, 4 
control groups, and 1 group for the co-administration of the four drugs), 
each group is composed of 6 animals. The test groups were orally dosed 
with GFJ (5 mL/kg) once daily for 7 consecutive days and in the 8th day 
oral doses of each drug were given separately for each group at a dose of 
(30 mg/kg) of AZM, (5 mg/kg) of APX, (8 mg/kg) of DEX, and (300 mg/ 
kg) of FAV to study the effect of GFJ on the PK of the 4 drugs. All drugs 
were formulated in 0.1 % carboxymethyl cellulose in water containing 4 
% tween 80. On the other hand, the control groups were orally dosed 
with an equal volume of the vehicle for 7 consecutive days and in the 8th 
day oral doses of the investigated drugs were given separately for each 
group using the previously mentioned doses. The rats in the last 9th 
group were given the four drugs in mixture to study the effect of the 
drugs on the PK of each other. Then, the blood samples (0.25 mL) were 
collected from the retro-orbital plexus at different time intervals of (0, 
0.25, 0.5, 1, 2, 4, 6, and 24 h) into Eppendorf tubes containing 50 μL 
heparin as anticoagulant. Plasma was prepared from these blood sam-
ples by centrifugation at 4000 rpm, at 25 ◦C for 10 min and kept at 
− 70 ◦C till further analysis. Then, 200 µL of each plasma sample were 
separately spiked with 20 µL of MOX or CHT (IS) working solution, 
processed by the previously mentioned LLE procedure to be analyzed 
using the proposed UPLC–MS/MS method. The PK parameters were 
calculated using PKSolver add in in Microsoft Excel and the statistical 
significance of the PK parameters of test and control groups was eval-
uated applying unpaired Student t-test (two tailed), using Minitab® 18 
software, and the P-values were calculated. A P-value < 0.05 was 
considered significant. 

3. Results and discussion 

Grapefruit juice (GFJ) consumption has numerous health benefits as 

Table 5 
Pharmacokinetic parameters of azithromycin (30 mg/kg) and apixaban (5 mg/kg) after oral administration without and with grapefruit juice (n = 6).  

Parameter Control group (n = 6) 
(mean ± SD) 

Test group (n = 6) 
(mean ± SD) 

Unpaired student 
t-test 

Calculated p-value 

AZM APX AZM APX AZM APX 

Cmax (µg/ml) 0.015 ± 6.05 0.005 ± 0.000 0.044 ± 8.77 0.16 ± 0.02  2.57  0.018  0.005 
Tmax (hr) 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00  2.57  0.698  0.424 
t ½ (hr) 10.65 ± 6.40 1.98 ± 0.25 8.90 ± 1.76 4.14 ± 1.46  2.57  0.692  0.127 
AUC (0− 24) (µg.hr/ml) 64.95 ± 32.66 0.01 ± 0.00 651.78 ± 217.63 0.05 ± 0.03  2.57  0.044  0.158 
Cl (mg/kg)/(μg/ml)/h 0.42 ± 0.44 462.77 ± 43.18 0.03 ± 0.03 114.18 ± 52.87  2.57  0.258  0.003 
Vd (mg/kg)/(μg/ml) 4.40 ± 0.48 1323.49 ± 241.23 0.35 ± 0.32 684.30 ± 424.23  2.57  0.001  0.108 

*p < 0.05 indicates significant differences between the test and the control. 
**Cmax, maximum plasma concentration; Tmax, time to Cmax; t1/2, half-life; AUC0–24, Area under the curve from zero to 24 h; Cl, total body clearance; Vd, volume of 
distribution. 

Table 6 
Pharmacokinetic parameters of dexamethasone (8 mg/kg) and favipiravir (300 mg/kg) after oral administration without and with grapefruit juice (n = 6).  

Parameter Control group (n = 6) 
(mean ± SD) 

Test group (n = 6) 
(mean ± SD) 

Unpaired student 
t-test 

Calculated p-value 

DEX FAV DEX FAV DEX FAV 

Cmax (µg/ml) 0.78 ± 0.25 59.14 ± 19.58 7.92 ± 2.17 67.76 ± 21.19  2.57  0.030  0.641 
Tmax (hr) 0.50 ± 0.00 0.50 ± 0.00 1.67 ± 0.58 0.67 ± 0.29  2.57  0.074  0.411 
t ½ (hr) 4.16 ± 0.50 3.24 ± 3.05 6.74 ± 2.79 13.91 ± 9.37  2.57  0.255  0.202 
AUC (0− 24) (µg.hr/ml) 2.59 ± 2.22 99.94 ± 50.47 53.42 ± 17.37 345.47 ± 285.56  2.57  0.037  0.280 
Cl (mg/kg)/(μg/ml)/h 4.24 ± 2.63 3.34 ± 1.50 0.15 ± 0.06 1.06 ± 0.89  2.57  0.115  0.109 
Vd (mg/kg)/(μg/ml) 25.67 ± 17.72 12.36 ± 7.17 1.65 ± 1.27 13.40 ± 9.02  2.57  0.144  0.886 

*p < 0.05 indicates significant differences between the test and the control. 
**Cmax, maximum plasma concentration; Tmax, time to Cmax; t1/2, half-life; AUC0–24, Area under the curve from zero to 24 h; Cl, total body clearance; Vd, volume of 
distribution. 
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antioxidant, antiseptic, cardio-tonic, detoxicant, hypocholesterolemic, 
sedative [41] and a good source of vitamin C which has an important 
role in reducing the risk of severe respiratory distress in COVID-19 pa-
tients, reducing COVID-19 symptoms and its duration [82]. However, its 
intake is also associated with interactions with some drugs. 

Furanocoumarins of GFJ have inhibitory effect on the intestinal CYP450 
mainly CYP3A4 enzyme, which mediates the intestinal first pass meta-
bolism of many drugs. The P-gp, membrane transporter found in the 
brush border of the intestinal wall and the uptake transporters (e.g., 
organic anion-transporting polypeptides [OATPs]) are also affected by 
the flavonoids of GFJ. Based on these interactions, GFJ may alter the PK 
of many orally administered drugs, specifically the maximum plasma 
concentration (Cmax) and the area under the drug concentration–time 
curve (AUC), by increasing their bioavailability [41,42]. 

Consequently, US-FDA advises against taking some medications with 
GFJ [83]. In spite of the US-FDA advice regarding the cautious ingestion 
of GFJ, many COVID-19 patients consume large quantities of GPJ as 
vitamin C rich source to improve their symptoms faster and decrease the 
risk of severe respiratory distress [82], and that may lead to interactions 
with the COVID-19 co-administered drugs. As a result of those findings, 
the objective of the presented study was to develop a fast, accurate and 
selective method to be used in the determination of the concentration of 
the selected drugs in rat plasma using UPLC-MS/MS. The developed 
method allows the determination of the four co-administered drugs used 
in the treatment of COVID-19 pandemic and study the effect of the 
concomitant consumption of GFJ which may affect the PK of the studied 
drugs. The selection of the linearity range of each drug was based on the 
Cmax value of each drug in rat plasma [84–87]. 

3.1. Method development 

3.1.1. Mass spectrometry 
The goal of the optimization of MS/MS parameters was to increase 

the sensitivity of the method by maximizing the response for all the four 
drugs as well as the 2 IS. Tuning solutions of each drug and the 2 IS were 
separately injected. Both positive and negative electrospray ionization 
(ESI) were tried using several collision energies and fragmentor voltages 
to obtain the best sensitivity. MRM was used and the positive ionization 
mode was chosen for AZM and APX using MOX as IS. While the negative 
ionization mode was chosen for DEX and FAV using CHT as IS. Then, the 
following transitions were monitored: m/z 749.47 → 591.38 for AZM, 
m/z 460.17 → 443.09 for APX, m/z 437.15 → 361.15 for DEX, m/z 
155.79 → 112.92 for FAV, m/z 402.14 → 384.12 for MOX and m/z 
337.04 → 189.60 for CHT. 

3.1.2. Optimization of sample extraction procedure 
A simple precipitation technique was investigated using methanol 

and methanol: acetonitrile (50:50, v/v). Poor recoveries were obtained 
for the four cited drugs specially DEX and FAV. In addition, broad peaks 
were obtained. Thereafter, liquid–liquid extraction method was adopted 
using various organic solvents DEE, ethyl acetate (EA) and DEE: DCM 
(70:30, v/v). An improved extraction efficiencies for all the 4 drugs and 
the 2 IS were obtained using a mixture of DEE: DCM (70:30, v/v) giving 
the highest sensitivity of all tried extraction methods with optimum 
peaks shape. 

Finding a suitable IS is a critical step in optimizing a bio-analytical 
method using LC-MS/MS, especially when there is ion mode switching 
between positive and negative ionization mode within the same chro-
matographic run. 

Two challenges were encountered, the first was the choice of IS for 
the drugs using the positive mode and another IS for the drugs using the 
negative mode. The second challenge was to find that IS with a com-
parable recovery to the selected drugs using the same extraction 
method. Based on several trials, MOX and CHT were chosen for positive 
and negative ionization mode, respectively. 

3.1.3. Chromatographic method development 
Chromatographic separation was achieved using an Agilent® 

Poroshell 120EC C18 column (50 mm × 4.6 mm, 2.7 µm). The high ef-
ficiency of the non-porous core column for small molecules is owing to 
the combination of a reduced longitudinal diffusion parameter and Eddy 

Fig. 4. The mean plasma concentration–time plot after oral administration of 
A) AZM, B) APX, C) DEX, D) FAV (dose 30, 5, 8, 300 mg/kg, respectively) alone 
or in combination with grapefruit juice in rats. 
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diffusion coefficient of the Van Deemter equation. 
Different mobile phase compositions were tested in different ratios 

using an isocratic mode of elution using 0.1 % aqueous formic acid and 
ammonium formate buffer as aqueous phase, with acetonitrile and 
methanol as the organic modifier. The use of 0.1 % aqueous formic acid 
had the advantage of getting symmetrical, well-defined peaks and 
maximize detection response for all drugs more than the use of ammo-
nium formate buffer. Also, the use of methanol showed better peaks 
shape and higher responses than the use of acetonitrile. Then, the ratio 
of methanol and 0.1 % aqueous formic acid was optimized to get the 
highest sensitivity and fast runtime. 

As a result, the separation and quantitation were done using a mobile 
phase of methanol: 0.1 % formic acid (95: 5, v/v) pumped through an 
Agilent® Poroshell 120EC C18 column (50 mm × 4.6 mm, 2.7 µm) at a 
flow rate of 0.3 mL/min. The following retention times were obtained 
for AZM, APX, DEX, FAV, MOX, and CHT were around 1.23, 1.75, 1.82, 
1.74, 1.58, and 1.65, min, respectively, in a total run time of 2 min, 
(Fig. 2). 

3.2. Bio-analytical method validation 

According to the acceptance criteria in US-FDA guidelines [80] and 
EMA guidelines [81], the allowed deviation from the nominal concen-
tration was not more than ±15.0 % for both accuracy % and CV % of all 
of the LQC, MQC and HQC and within ±20.0 % for LLOQ. 

3.2.1. Selectivity 
The selectivity of the method was assessed by the absence of the 

interferences from other blank rat plasma components in the retention 
time and MRM channels of the 4 analytes and the 2 IS. MRM chro-
matograms of the spiked and blank rat plasma samples are shown in 

Figs. 2 and 3 confirming the high selectivity of the proposed UPLC 
method. 

3.2.2. Linearity 
Three calibration curves were constructed at 8 non-zero concentra-

tion levels for AZM and APX and 7 non-zero concentration levels for DEX 
and FAV. The calibration curves were linear over the selected range of 
each drug. The regression equation for each cited drug was computed 
and the mean regression coefficients were found to be 0.9995, 0.9996, 
0.9994, and 0.9993 for AZM, APX, DEX, and FAV, respectively, Table 2. 
Linearity of the method was also confirmed by the back calculated 
concentrations of the calibration standards which provide satisfactory 
results, Table 2. 

3.2.3. Lower limit of quantitation 
The LLOQ was established at (1, 1, 50, and 500 ng/mL) for AZM, 

APX, DEX, and FAV, respectively. 

3.2.4. Recovery 
The recovery of the analytes should be consistent and reproducible 

[80], Using the selected LLE technique with DEE: DCM (70: 30, v/v), 
good and reproducible recovery results were obtained for the 4 drugs 
from rat plasma, Tables 3 and 4. Similarly, the mean recoveries of the 2 
IS (MOX and CHT) were calculated and found to be 93.76 ± 2.16 % and 
91.00 ± 2.19 %, respectively. 

3.2.5. Matrix effect 
No matrix effect was observed, indicating that there are no inter-

fering components within the matrix that could affect the ionization of 
the 4 analytes or the 2 IS. Both MF and IS normalized MF were calculated 
for each drug at the LQC and HQC, Table 3 and 4. 

Table 7 
Pharmacokinetic parameters of azithromycin (30 mg/kg) and apixaban (5 mg/kg) after oral administration alone and with co-administered drugs (n = 6).  

Parameter Control group (n = 6) 
(mean ± SD) 

Test group (mixture of co-administrated drugs) 
(n = 6) (mean ± SD) 

Unpaired student 
t-test 

Calculated p-value 

AZM APX AZM APX AZM APX 

Cmax 

(µg/ml) 
0.015 ± 6.05 0.005 ± 0.000 0.238 ± 17.51 0.14 ± 0.00  2.57  0.002  0.001 

Tmax (hr) 0.50 ± 0.00 0.50 ± 0.00 2.00 ± 0.00 4.00 ± 0.00  2.57  0.000  0.002 
t ½ (hr) 10.65 ± 6.40 1.98 ± 0.25 7.19 ± 0.04 6.36 ± 0.21  2.57  0.448  0.005 
AUC (0− 24) (µg.hr/ml) 64.95 ± 32.66 0.01 ± 0.00 2353.55 ± 194.14 1.50 ± 0.04  2.57  0.002  0.000 
Cl(mg/kg)/(μg/ml) 

/h 
0.42 ± 0.44 462.77 ± 43.18 0.03 ± 0.02 3.08 ± 0.03  2.57  0.259  0.019 

Vd(mg/kg)/ 
(μg/ml) 

4.40 ± 0.48 1323.49 ± 241.23 0.14 ± 0.01 29.95 ± 0.51  2.57  0.004  0.019 

*p < 0.05 indicates significant differences between the test and the control. 
**Cmax, maximum plasma concentration; Tmax, time to Cmax; t1/2, half-life; AUC0–24, Area under the curve from zero to 24 h; Cl, total body clearance; Vd, volume of 
distribution. 
***Mixture of co-administrated drugs (30 mg/kg AZM, 5 mg/kg APX, 8 mg/kg DEX and 300 mg/kg FAV). 

Table 8 
Pharmacokinetic parameters of dexamethasone (8 mg/kg) and favipiravir (300 mg/kg) after oral administration alone and with co-administered drugs (n = 6).  

Parameter Control group (n = 6) 
(mean ± SD) 

Test group (mixture of co-administrated drugs) 
(n = 6) (mean ± SD) 

Unpaired student 
t-test 

Calculated p-value 

DEX FAV DEX FAV DEX FAV 

Cmax (µg/ml) 0.78 ± 0.25 59.14 ± 19.58 4.98 ± 0.25 65.71 ± 0.48  2.57  0.000  0.620 
Tmax (hr) 0.50 ± 0.00 0.50 ± 0.00 4.00 ± 0.00 2.00 ± 0.00  2.57  0.049  0.000 
t ½ (hr) 4.16 ± 0.50 3.24 ± 3.05 6.43 ± 0.28 5.23 ± 0.08  2.57  0.006  0.377 
AUC (0− 24) (µg.hr/ml) 2.59 ± 2.22 99.94 ± 50.47 17.70 ± 0.01 156.82 ± 0.87  2.57  0.007  0.190 
Cl (mg/kg)/(μg/ml)/h 4.24 ± 2.63 3.34 ± 1.50 0.38 ± 0.03 1.53 ± 0.38  2.57  0.126  0.180 
Vd (mg/kg)/(μg/ml) 25.67 ± 17.72 12.36 ± 7.17 3.88 ± 0.02 14.58 ± 0.02  2.57  0.167  0.645 

*p < 0.05 indicates significant differences between the test and the control. 
**Cmax, maximum plasma concentration; Tmax, time to Cmax; t1/2, half-life; AUC0–24, Area under the curve from zero to 24 h; Cl, total body clearance; Vd, volume of 
distribution. 
***Mixture of co-administrated drugs (30 mg/kg AZM, 5 mg/kg APX, 8 mg/kg DEX and 300 mg/kg FAV). 
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3.2.6. Accuracy and precision 
Both accuracy % and CV % were calculated for each drug using the 4 

QC levels to represent the accuracy and the precision of the method, 
respectively. Within-run and between-run accuracy and precision results 
are presented in Tables 3 and 4. 

3.2.7. Dilution integrity 
The measured concentrations of each drug in rat plasma following 

the dilution integrity test either 2-fold or 10-fold dilutions were within 
satisfactory results, Tables 3 and 4. 

3.2.8. Stability 
All drugs were found to be stable in rat plasma matrix concerning the 

selected storage conditions: short-term, long-term, auto-sampler, and 
freeze and thaw stability. Accuracy % results of stability samples are 
presented in Tables 3 and 4. For, stock solution stability, CV % and 
stability % of the 4 drugs and the 2 IS were calculated and presented in 
Tables 3 and 4. 

3.2.9. Carry-over 
No significant peak ≥20 % of the LLOQ or 5 % of the IS was observed 

in blank plasma samples injected after the ULOQ samples. 

3.3. Application of the proposed method in in vivo pharmacokinetic 
interaction study 

The developed UPLC–MS/MS method was used to determine the 
plasma concentration in the study of the in vivo PK of AZM, APX, DEX, 
and FAV after their oral administration either in case of concomitant 
consumption of GFJ or in case of their co-administration in Spra-
gue–Dawley rats. Plasma samples of DEX and FAV with high concen-
tration (above the ULOQ) were subjected to dilution using blank plasma 
to make the concentration within the selected linearity range. It’s worth 
mentioning that there was no interference arousing from the compo-
nents from GFJ at the retention times of the selected drugs or the 2 IS. 

The results of the effects of GFJ consumption on the PK parameters of 
AZM, APX, DEX, and FAV are presented in Tables 5 and 6. As shown in 
Table 5 and 6, the concomitant consumption of GFJ caused a significant 
increase in the mean Cmax and the mean AUC (0− 24) of AZM and DEX and 
the mean Cmax of APX indicating an increase in their absorption through 
GIT while FAV was almost unaffected by GFJ consumption. 

The results revealed a significant increase in the mean Cmax and the 
mean AUC (0 − 2 4) for AZM (3 folds increase and 10 folds increase, 
respectively), while there was a significant decrease in the mean Vd for 
AZM (13 folds decrease). For APX, a significant increase of the mean 
Cmax (32 folds increase) was observed, along with a significant decrease 
in Cl (4 folds decrease). For DEX, a 10 folds increase and 21 folds in-
crease were observed in the mean Cmax and the mean AUC (0− 24), 
respectively. The significant increase in the mean Cmax and the mean 
AUC with a nonsignificant change in Tmax and t1/2 indicate an inhibition 
of intestinal CYP3A4 rather than hepatic CYP3A4 enzymes. 

These findings are consistent with the fact that GFJ inhibit the ac-
tivity of intestinal CYP3A4 and P-gp in the brush border of the intestinal 
walls, increasing the systemic exposure by increasing the extent of ab-
sorption of AZM, APX, and DEX which are metabolized by CYP3A4 
enzyme and are substrates of P-gp [88–98]. 

While FAV is neither a substrate of P-gp nor a substrate of CYP3A4, it 
is metabolized by aldehyde oxidase enzyme and CYP2C8 enzyme [99]. 
As a result, its PK parameters were not affected by the concomitant 
consumption of GFJ. 

The overlain plasma concentration -time profile of each drug alone 
and with GFJ juice was constructed by plotting the plasma concentration 
in µg/mL vs time in hours proving the aforementioned findings, Fig. 4. 

Based on the above findings, the concomitant use of GFJ with AZM, 
APX, and DEX for the treatment of COVID-19 or any other illness should 
be avoided or used with caution to avoid this potential food-drug 
interaction as it may increase their systemic plasma exposure resulting 
in an increased risk of causing adverse effects. 

Furthermore, co-administration of the selected drugs caused signif-
icant changes in the PK parameters of AZM, APX, and DEX, Tables 7 and 
8. 

Table 7 shows a significant increase in the mean Cmax, and the mean 
AUC (0− 24) (16 folds increase and 36 folds increase, respectively), with a 
significant increase in the mean Tmax (4 folds increase while a significant 
decrease was observed in the mean Vd (31 folds decrease) for AZM. For 
APX, a significant increase in the mean Cmax (28 folds increase), the 
mean AUC (0− 24) (150 folds increase), the mean Tmax (8 folds increase) 

Fig. 5. The mean plasma concentration–time plot after oral administration of 
A) AZM, B) APX, C) DEX, D) FAV (dose 30, 5, 8, and 300 mg/kg, respectively) 
alone or in combination with each other’s in rats. 
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and the mean t1/2 (3 folds increase) while there was a significant 
decrease in the mean Cl (150 folds decrease) and the mean Vd (44 folds 
decrease). Table 8 shows a significant increase in the mean Cmax and the 
mean AUC (0− 24) (6 folds increase and 7 folds increase, respectively) 
with a significant increase in the mean Tmax and t1/2 (8 folds increase 
and 1.5 folds increase, respectively) for DEX. 

From the obtained PK results, it is shown that the co-administration 
of the cited dugs resulted in a statistically significant changes in their PK 
parameters in rats suggesting potential drug-drug interactions requiring 
dose adjustment to avoid any possible side effects. 

Fig. 5 shows the overlain plasma concentration -time profile of each 
drug alone and when the 4 drugs were co-administered. 

The possible consequences of these changes in the PK of the cited 
drugs either upon co-administration or upon concomitant consumption 
of GFJ need to be furtherly investigated in humans to assess their clinical 
significance. 

4. Conclusion 

A fast, accurate, and selective UPLC–MS/MS method was developed 
for determination of four drugs commonly used in the treatment of 
COVID-19 namely, azithromycin, apixaban, dexamethasone, and favi-
piravir in rat plasma using LLE. The developed method was fully vali-
dated according to US-FDA and EMA guidelines. The method was 
successfully applied to study the effect of concomitant administration of 
grapefruit juice on the pharmacokinetics of the cited drugs in Spra-
gue–Dawley rats. In addition, the method was applied to study the effect 
of co-administration of those 4 drugs on the pharmacokinetics of each 
other. The results of the study suggest that the concomitant adminis-
tration of grapefruit juice with the selected drugs could significantly 
increase the systemic exposure of AZM, APX, and DEX by increasing the 
extent of their absorption suggesting a potential food-drug interaction. 
Also, co-administration of those drugs could significantly increase their 
systemic exposure suggesting a potential drug-drug interaction. 
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