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ABSTRACT

1.

The aim of the present study was to investigate the effect of naringenin (4,5,7-trihydroxy flavo-
none) on the pharmacokinetics of metoprolol, a substrate of Cytochrome P-450 3A4 (CYP3A4),
CYP2C9, and CYP2D6 in rats.

were determined using Reverse Phase-High

2. Male Wistar rats were treated orally with metoprolol (30 mg/kg) alone and in combination with
naringenin (25, 50, and 100 mg/kg) once daily for 15 consecutive days.

3. The plasma concentrations of metoprolol
Performance Liquid Chromatography (RP-HPLC) on the 1st day in single-dose pharmacokinetic
(PK) study (SDS) and on the 15th day in multiple dosing PK studies (MDS).

4. Compared to the metoprolol control group, the C.., AUC, and half-life (T;,) of metoprolol
increased in rats pre-treated with naringenin, while there was no significant change in Tynax There
is a significant decrease in clearance and volume of distribution.

5. The present study results revealed that naringenin significantly enhanced the C,,,, AUC, MRT, t;,

2 and decreased the clearance of metoprolol possibly through the inhibition of CYP enzymes
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involved in the metabolism of metoprolol.

Introduction

Globally, hypertension is the single most important risk fac-
tor for mortality and the third highest cause of morbidity
(Ezzati et al. 2002). Hypertension is a major risk factor for cor-
onary heart disease and stroke in the Indian population
(Gupta et al. 2008). Metoprolol, a B;-selective (cardioselec-
tive) adrenoceptor antagonist, is widely used in the treat-
ment of mild to moderate hypertension and angina pectoris.
Blockade of the B; receptor reduces heart rate, myocardial
contractility, and cardiac output. It also reduces plasma renin
activity (Benfield et al. 1986; Kendall et al. 1991). Intestinal
absorption of metoprolol is rapid and almost complete and a
significant beta-blockade effect occurs within 60 min of
administration. However, due to extensive first-pass metabol-
ism, the bioavailability of metoprolol is only approximately
50%. It is metabolized predominantly by CYP2D6 but that
CYP3A4, CYP2B6, and CYP2C9 are also involved in the three
major pathways of metoprolol metabolism. CYP3A4, 2B6, and
2C9 catalyse a-hydroxylation, O-demethylation, and N-dealky-
lation of metoprolol metabolism, respectively (Benjamin et al.
2018). These enzymes can be inhibited by several drugs or
compounds. Therefore, concomitant use of CYP3A4, CYP2B6,
CYP2C9, and CYP2D6 inhibitors will increase blood levels of
metoprolol several-folds.

Flavonoids are polyphenolic plant secondary metabolites
ubiquitous in foods of plant origin. They occur naturally as
glycosides and consist of flavones, flavonols, flavanones, and
isoflavones (Rice et al. 1996). Naringenin (4,5,7-trihydroxy fla-
vonone) is a plant bioflavonoid found in grape fruit, tomato,
and citrus fruits. It has been pharmacologically evaluated as
neuroprotective (Raza et al. 2013), hepatoprotective
(Renugadevi et al. 2010), antiatherogenic (Lee et al. 2001),
nephroprotective (Badary et al. 2005), antioxidant (Ting et al.
2011), anticancer (Gao et al. 2006), and hypocholesterolemic
(Jeon et al. 2007) activities. Worldwide, naringenin is widely
used in medicine, food and other fields. Several previous
experiments (Burkina et al. 2016; Liu et al. 2019) have indi-
cated that naringenin is an inhibitor of CYP3A4 and CYP2C9.

Drug-drug interactions (DDIs), which can produce unre-
lated, synergistic, additive, and antagonistic results, are
increasingly recognized as important clinical events (Zhang
et al. 2016; Zhou et al. 2019). However, people are becoming
increasingly aware of the importance of DDlIs. In the last few
years, several studies on the interactions between flavonoids
and drugs have been reported (Alnageeb et al. 2019; Zhao
et al. 2019). Recently, naringenin was reported as antihyper-
tensive through down regulation of kidney injury molecule
1, mineralocorticoid receptor and angiotensin converting
enzyme (Ademola et al. 2020). Given the potential
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antihypertensive effect of naringenin, it is often used
together with metoprolol for the treatment of hypertension.
However, the herb-drug interaction between naringenin and
metoprolol is still unknown. The aim of the present study
was to investigate the effects of naringenin on the pharma-
cokinetics of metoprolol in Wistar rats. The pharmacokinetic
parameters of metoprolol in rats with or without naringenin
pre-treatment were analysed using a sensitive and reliable
reverse phase-high-performance liquid chromatography (RP-
HPLC) system.

Materials and methods
Drugs and chemicals

Naringenin was purchased from Sigma Chemical Co. (St.
Louis, MO). Metoprolol and quinidine were obtained as gift
samples from Orchid Health Care, Chennai, India, and Sipra
Labs Ltd., Hyderabad, India, respectively. HPLC-grade aceto-
nitrile, water, sodium carboxymethyl cellulose (SCMC), and
dimethyl sulphoxide purchased from Finar chemicals Ltd.,
Ahmadabad, India. Distilled water prepared from deionized
water, was used throughout the study. All other chemicals
and reagents used were of analytical grade.

Experimental animals

Animal experiments were performed according to the institu-
tional guidelines for the care and use of laboratory animals,
and approved by the animal ethics committee of KVSR
Siddhartha College of Pharmaceutical Sciences, Vijayawada,
Andhra Pradesh, India (993/a/06/CPCSEA). Male Wistar rats
(180-220g) were procured from Mahaveer Enterprises,
Hyderabad, India. Animals were housed, six per cage, and
given free access to food (Hindustan Lever, Mumbai, India)
and water in an animal house at the KVSR Siddhartha
College of Pharmaceutical Sciences. Before starting the
experiments, animals were kept under standard laboratory
conditions (12/12 h light/darkness, 20°C, and 50-60% humid-
ity) for at least 1 week.

Study design

This study consisted of two experiments (i.e. single-dose
pharmacokinetic study and multiple-dose pharmacokinetic
study) as it has been described previously by Challa et al.,
(2013). Ingestion of 150-900 mg doses of naringenin is safe
in healthy adults (Candida et al. 2020). The maximum dose
of metoprolol is 50-400 mg/day. The following formula was
used to calculate the doses of metoprolol and naringenin.

HED (T—;) = Animal dose (T—gg)x Animal Km/Human Km

Single-dose pharmacokinetic (PK) study

In the single-dose PK study (SDS), Wistar rats were randomly
divided into four groups of six animals in each group.
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Metoprolol and naringenin was individually suspended in 1%
SCMC for their administration to rats orally.
Group I: treated with metoprolol (30 mg/kg)

Group II: naringenin  (25mg/kg) and metoprolol
(30 mg/kg)
Group lll: naringenin  (50mg/kg) and metoprolol
(30 mg/kg)
Group IV: naringenin  (100mg/kg) and metoprolol
(30 mg/kg).

After administration, 100 uL blood samples were collected
from retro-orbital plexus at different times (0.16, 0.33, 0.50, 1,
2, 3, 4, 8, 12, and 24 h) under slight ether anaesthesia. The
plasma samples were separated by centrifugation (Remi, R4C
Compact model, Mumbai, India) at 6000 rpm for 6 min and
stored at —20°C until analysis.

Multiple dosing PK study in rats

In the multiple dosing PK study (MDS), the rats were treated
with same drugs once daily for 15 consecutive days. After
administration, 100 uL blood samples were collected from
retro-orbital plexus at different times (0.16, 0.33, 0.50, 1, 2, 3,
4, 8, 12, and 24 h) under slight ether anaesthesia on the 15th
day. The plasma samples were separated by centrifugation
(Remi, R-4C Compact model) at 6000rpm for 6min and
stored at —20°C until analysis.

Analytical methods

The plasma concentrations of metoprolol were quantitated
using a previously described method by Kallem et al. (2013)
with modifications. A Shimadzu HPLC system (Shimadzu,
Tokyo, Japan) consisted of a pump (LC-20AT VP), C18 column
(Kromasil, (Brewster, NY) 1504.6 mm, 5m particle size) and a
dual wavelength ultraviolet (UV)-visible detector (SPD-10A
VP). LC solution software (Tokyo, Japan) was used to collect
and process the data. The mobile phase consisted of 0.2%
formic acid in acetonitrile and water (80:20 v/v). The pre-
pared mobile phase was filtered through 0.45 mm membrane
filter and ultrasonically degassed before use. The injection
volume was 20 uL, and the effluent was monitored at 222 nm
with a UV detector at a flow rate of 1 mL/min. The total chro-
matographic run time was 5.0 min, and the elution of meto-
prolol was occurred at 3.35min (Figure 1). The analysis was
carried out at ambient temperature.

Extraction of metoprolol from plasma

Liquid-liquid extraction method was used to extract the
metoprolol from rat plasma (Kallem et al. 2013). To an ali-
quot of 50puL plasma, 1.2mL tert-butyl methyl ether was
added, vortex mixed for 5min and centrifuged at 6000 rpm
for 5min. The supernatant (1 mL) was dried under gentle
stream of nitrogen at 40°C. The dried residue was reconsti-
tuted with 200 uL of mobile phase and 20 uL was injected
into RP-HPLC system for analysis.
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Figure 1. Representative chromatograms of (A) blank plasma; (B) metoprolol succinate (4 pg/mL); (C) plasma + metoprolol succinate (4 ug/mL). X-axis is the time

(min) and Y-axis is the intensity of absorbance (mV).

Linearity

Six calibration samples (1, 2, 4, 6, 8, and 10 ug/mL) were prepared
by spiking metoprolol with appropriate volumes of the working
solutions. The calibration curve was constructed by plotting a
graph of peak mean area versus concentration. The linearity of
calibration curve was evaluated using linear regression analysis.

Precision

Intra-day precision was defined by the percentage of relative
standard deviation (RSD) of six standards at six different con-
centrations analysed on the same day. Inter-day precision was
estimated from the analysis of the six standards on six separate
days during method validation. The RSD values for intra- and

inter-day assays of calibration samples did not exceed 2%, thus,
indicating the good precision of the method.

Accuracy

The accuracy of method was assessed by recovery studies on
calibration samples. The percent recovery by the assay of
calibration samples ranged from 97.21% to 102.36%. The
good recovery values for accuracy study ascertain that
method is accurate.

Calculation of PK parameters

The plasma concentrations versus time data obtained from
each rat were submitted to a non-compartmental PK analysis
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Figure 2. Mean plasma concentration-time curves of metoprolol following an
oral administration of metoprolol (30 mg/kg) to rats with or without naringenin
(A) on day 1; (B) on day 15. (@) MTL (30 mg/kg), (M) with 25 mg/kg NRG, (A)
with 50mg/kg NRG, (V) with 100mg/kg NRG. MTL, Metoprolol; NRG,
Naringenin. *p < 0.001 compared to Metoprolol alone group (two-way ANOVA
followed by Bonferroni post-tests to compare to each column to column). Each
point represents the mean +S.D. of 6 rats.

using Thermo Kinetica (Version 5.1, Thermo Electron
Corporation, Waltham, MA). The maximum plasma concentra-
tions (Cnax) and times to achieve maximum plasma concen-
trations (Tma) Wwere obtained directly from the individual
plasma concentration-time curves. Other PK parameters
were calculated using Thermo Kinetica.

Data analysis

All statistics were calculated using GraphPad Prism 5.0 software
(San Diego, CA). PK parameter values for groups were com-
pared using one-way analysis of variance (ANOVA) followed by
Tukey—Kramer post-test for multiple comparisons. Plasma con-
centrations of metoprolol analysed using two-way ANOVA fol-
lowed by Bonferroni post-tests to compare to each column to
column. The p value less than 0.05 were considered significant.

Results
Effect of naringenin on the PK of metoprolol in SDS

Figure 2 shows metoprolol plasma concentrations versus
time curves after oral administration of metoprolol alone and
in combination with naringenin 25, 50, and 100 mg/kg in
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Figure 3. Log plasma concentration—time curves of metoprolol following an oral
administration of metoprolol (30 mg/kg) to rats with or without naringenin (A) on
day 1; (B) on day 15. (@) MTL (30 mg/kg), (M) with 25 mg/kg NRG, (A) with 50 mg/
kg NRG, (V) with 100 mg/kg NRG. MTL: Metoprolol; NRG: Naringenin.

SDS and MDS. Log plasma concentration-time curves of
metoprolol following an oral administration of metoprolol
(30 mg/kg) to rats with or without naringenin are shown in
Figure 3. PK parameters except T,ax were logarithmically
transformed and compared by one-way ANOVA followed by
Dunnett’s test for multiple comparisons. Mean plasma PK
parameters are summarized in Tables 1 and 2. In both stud-
ies, naringenin significantly (p <0.001) increased the Cyax
and AUCy_,, of metoprolol in dose-dependent manner. The
Cnax Of metoprolol was increased 1.30-folds (at 50 mg/kg),
and 2.422-folds at 100 mg/kg of naringenin. The AUCq_,,4 of
metoprolol was increased 1.37-folds (at 50 mg/kg), and 2.91-
folds at 100 mg/kg of naringenin. The AUCa of metoprolol
was increased 1.90-folds (at 50mg/kg), and 4.0-folds at
100 mg/kg of naringenin. The t;,, of metoprolol was signifi-
cantly increased 1.21-folds (at 50 mg/kg), and 1.55-folds at
100 mg/kg of naringenin. The MRT of metoprolol was signifi-
cantly increased 2.03-folds at (50 mg/kg), and 1.74-folds at
100 mg/kg of naringenin. The CL/F of metoprolol was signifi-
cantly decreased 1.19-folds (at 25mg/kg), 1.85-folds (at
50mg/kg), and 1.94-folds at 100mg/kg of naringenin. The
V,/F of metoprolol was significantly decreased 1.69-folds (at
50 mg/kg), and 02.52-folds at 100 mg/kg of naringenin.

Effect of naringenin on the PK of metoprolol in MDS

The Ciax of metoprolol was significantly increased 1.74-folds
(at 50 mg/kg), and 1.95-folds at 100 mg/kg of naringenin. The
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Table 1. Pharmacokinetic parameters of metoprolol succinate after the oral administration of metoprolol succinate (30 mg/kg) to rats in the presence or absence
of naringenin (25, 50, and 100 mg/kg) on the 1st day (n =6).

Parameter Metoprolol (30 mg/kg)  Metoprolol + Naringenin (25 mg/kg)  Metoprolol + Naringenin (50 mg/kg) ~ Metoprolol + Naringenin (100 mg/kg)
Conax (ng/mL) 39+1.0 39+13 5.1+ 1.8%%% 9.4 4 2.1%%*
AUCy_24 279+35 30.0+4.6 38.2+4.6%* 81.2 £ 6.6%**
(ng /mL/h)
AUCy_o (png/mL/h) 35643 41.8+3.2 67.6+5.4%* 142.2 +8.2%%*
t12 (h) 121+2.2 13.7+15 14.7+25 18.8+2.3*
Trmax (h) 0.5+0.1 1.0+0.2 0.5+0.1 0.5+0.1
MRT (h) 151+£28 20.6+2.1 30.7 £3.3%* 26.4+3.7%
CL/F (L/h/Kg) 0.190+0.05 0.160 +0.05 0.103 +0.05* 0.098 +0.05**
V,/F (L/Kg) 0.300+0.04 0.234 +0.05** 0.182 +£0.02** 0.119+0.05

AUCy_,4: area under the plasma concentration-time curve from 0h to 24 h; AUC,_..: area under the plasma concentration-time curve from 0h to infinity; Cyax:
peak plasma concentration; Ty.x: time to reach peak plasma concentration; t;,: terminal half-life; MRT: mean residence time; CL/F: apparent total body clearance
or oral clearance; V,/F: apparent volume of distribution. All values are mean+SD. ***p < 0.001, **p <0.01, *p < 0.05 when compared to metoprolol alone
group (one-way ANOVA followed by the Tukey—Kramer post-test to compare to each column to column).

Table 2. Pharmacokinetic parameters of metoprolol succinate after the oral administration of metoprolol succinate (30 mg/kg) to rats in the presence or absence
of naringenin (25, 50, and 100 mg/kg) on the 15th day (n=6).

PK Metoprolol + Naringenin Metoprolol 4- Naringenin Metoprolol 4- Naringenin
parameter Metoprolol (30 mg/kg) (25 mg/kg) (50 mg/kg) (100 mg/kg)
Crax (Hg/mL) 56+1.6 63+14 9.1 £ 2, 1%¥* 10.9 £ 2,1+
AUCo_»4 555+6.4 68.4 +4.2% 86.7 + 5.7%%* 120.9 £ 6.9%**
(1ug /mL/h)
AUCy_o (png/mL/h) 81.7+7.6 99.7 + 6.4* 1322 +£10.6%** 221.7 £15.6%%*
t1/2 (h) 13.3+3.6 145+3.5 15.7+3.1 19.3+£2.9%
Tonax (h) 1.0£0.0 1.0£0.0 1.0£0.0 1.0+0.0
MRT (h) 205+1.2 21.8+35 224+26 28.9+3.8%*
CL/F (L/h/Kg) 0.564+0.3 0.508 0.2 0.393+0.1* 0.315+0.1
V,/F (L/Kg) 0.483 0.1 0.329 +0.06* 0.285 +0.05** 0.221+0.04**

AUCy_,4: area under the plasma concentration—time curve from Oh to 24 h; AUC,_..: area under the plasma concentration-time curve from 0h to infinity; Cyax:
peak plasma concentration; T, time to reach peak plasma concentration; t;/,: terminal half-life; MRT: mean residence time; CL/F: apparent total body clearance
or oral clearance; V,/F: apparent volume of distribution. All values are mean+SD. ***p < 0.001, **p < 0.01, *p < 0.05 when compared to metoprolol alone

group (one-way ANOVA followed by the Tukey—Kramer post-test to compare to each column to column).

AUCy_,, of metoprolol was significantly increased 1.56-folds
(at 50 mg/kg), and 2.18-folds at 100 mg/kg of naringenin. The
AUC;oia1 of metoprolol was increased 1.62-folds (at 50 mg/kg),
and 2.71-folds at 100 mg/kg of naringenin. The t;,, of meto-
prolol was increased 1.45-folds at 100 mg/kg of naringenin.
The Tmax of metoprolol is remained constant for 25, 50, and
100mg/kg doses of naringenin. The MRT of metoprolol was
increased 1.42-folds at 100 mg/kg of naringenin. The CL/F of
metoprolol was decreased 1.44-folds at (50 mg/kg), and 1.79-
folds at 100 mg/kg of naringenin. The V,/F of metoprolol was
increased 1.69-folds (at 50 mg/kg), and 2.18-folds at 100 mg/
kg of naringenin.

Discussion

The results of this study indicated that naringenin inhibited the
metabolism of metoprolol in rats. When orally administered,
naringenin significantly increased the Cay AUC, prolong the t;,
», and decreased the CL/F of metoprolol. Several previous stud-
ies reported that naringenin was a potent inhibitor of CYP
enzymes including CYP3A4 and CYP2C9 (Wenjie et al. 2011;
Burkina et al. 2016; Liu et al. 2019). The present study results
are consistent with these previous studies.

Ravindra et al. (2016) reported that naringenin is the
inhibitor of CYP enzymes, thereby increased the C,ax Of rasa-
giline from 8.25+2.33 to 15.81+3.01ng/mL (at 12.5 mg/kg)
and 23.55+6.12ng/mL (at 25mg/kg) in rats. The AUCy_,, of
rasagiline also increased from 26.23+4.22 to 63.10+7.58 (at
12.5mg/kg) and 140.08 + 25.74ng h/mL (at 25 mg/kg) in rats.

The t;, of rasagiline was increased from 2+0.45 to
3.47£1.55 and 10.13+3.46 h at the dose of 12.5 and 25mg/
kg of naringenin, respectively. In addition, naringenin
decreased the CL/F and V,/F of rasagiline in rats.

In another study by Keech et al. (1986), verapamil signifi-
cantly increased the C,x and AUC of metoprolol in patients
with coronary artery disease due to inhibition of CYP
enzymes. Similarly Ibrutinib is an inhibitor of Bruton’s tyro-
sine kinase, which is prescribed to treat chronic lymphocytic
leukaemia and was mainly metabolized by CYP3A4.
Naringenin significantly affected the pharmacokinetics of
ibrutinib, including prolonging its half-life, increase the area
under the concentration-time curve and reducing its clear-
ance time due to inhibition of CYP3A4 (Liu et al. 2019). Surya
et al’s study shows that at a dose of naringenin at 100 mg/
kg increased the P.K. properties of felodipine like Chax
AUC ot increased significantly in both SDS and MDSy,
respectively, due to P-gp and CYP3A4 inhibition
by naringenin.

Combination use of Naringenin and tofacitinib for the
treatment of rheumatoid arthritis is practiced in Chinese clin-
ics. Wang et al. (2020) reported that due to the inhibition
CYP3A4 by naringenine the AUC,_,, of tofacitinib increased
from 1222.81+222.07 to 2016.27 £481.62 ng/mL/h, the T ax
increased from 0.75+0.29 to 3.00+£0.00h (p <0.05), and the
MRT(0-24) w increased from 4.90+0.51 to 6.57+0.66h
(p <0.05), but the clearance was decreased from 4.10+0.72
to 242+0.70L/h/kg (p<0.05) in rats due to inhibition
of CYP3A4.



In addition to the above studies conducted by different
groups, the current shows the inhibitory effect of naringenin
on the metabolism by CYP3A4 enzymes. The current study
focus on and improving the bioavailability of metoprolol by
inhibiting the CYP3A4 enzymes using a flavonoid naringenin.
A SDS study and MDS conducted to identify the short term
and long term effects of naringenin on the PK parameters
of metaprolol.

In SDS and MDS studies of metoprolol in combination
with naringenin significantly (p < 0.001) increased several PK
parameters of metoprolol in a dose-dependent manner from
25, 50, and 100mg/kg of naringenin. These parameter
include the C.x AUCo 24, AUCotal, t1/2, Tmaxe and MRT. The
CL/F and V,/F decreased in a dose dependent manner in
both the studies. All the observed parameters indicate that
the availability of the metoprolol increased with the combin-
ation treatment of naringenin. It indeed indicates that narin-
genin acts as a potent inhibitor of metaprolol metabolising
enzymes namely CYP3A4 and CYP2C9 in this study.

Conclusion

The present study results revealed that naringenin signifi-
cantly enhanced the C,,x, AUC, MRT, and prolonged t;,, and
decreased the clearance of metoprolol in rats, possibly
through the inhibition of CYP enzymes involved the metab-
olism of metoprolol. The liver participates in the first-pass
metabolism of metoprolol, leading to significantly reduced
bioavailability. Such interaction would increase the bioavail-
ability of naringenin, and metoprolol was concomitantly
administered. It is suggested that concurrent use of naringe-
nin or naringenin glycoside-containing herbs or dietary sup-
plements  with metoprolol increases  metoprolol’s
pharmacological actions or serious adverse effects. The dose
of metoprolol might be adjusted. We conclude that naringe-
nin significantly affects the metabolism of metoprolol by
inhibiting CYPs involved in its metabolism. However, further

studies are required to confirm this interaction more
specifically.
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