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Abstract

Background: Berberine (BBR) is always used in combination with florfenicol for treat-
ing avian in China.

Objective: This study aims to investigate the effects of BBR on the pharmacokinetics
of florfenicol in broilers.

Methods: Male broilers were randomly divided into the control group and the BBR
group (BG). Note that 50 mg/kg BBR or sterile water was orally administrated to broil-
ers. On the 8th day, florfenicol [30 mg/kg body weight (BW)] was orally administered
to broilers in both groups. The plasma concentrations of florfenicol were determined
by ultra-high-performance liquid chromatography (UHPLC). The levels of cytochrome
P450 (CYP) 3A37, multidrug resistance 1 (MDR1), and chicken xenobiotic-sensing
orphan nuclear receptor (CXR) mRNA expression in the liver and jejunum were deter-
mined by the real-time PCR.

Results: The results showed that the C,.,, t1/2,, MRT (o), and AUCq_ of florfenicol
in BG were significantly increased (by 55.71%, 28.32%, 35.19%, and 55.62%, respec-
tively), while the T, and CLz/F of florfenicol were significantly decreased (by 52.13%
and 35.82%, respectively). In BG, the levels of CYP3A37, MDR1, and CXR mRNA
expression in the liver were significantly decreased to 0.72-fold, 0.67-fold, and 0.59-
fold, respectively, and the corresponding mRNA expression in the jejunum were signif-
icantly decreased to 0.66-fold, 0.55-fold, and 0.64-fold levels, respectively, relative to
their levels in the control group.

Conclusions: BBR altered the pharmacokinetics of florfenicol, probably related to its
inhibition of CYP3A37, MDR1, and CXR mRNA expression in the jejunum and liver.
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FIGURE 1 Chemical structure of berberine

1 | INTRODUCTION

Berberine (BBR) (Figure 1) is a bioactive herbal ingredient isolated
from many herb families, such as Berberis aristata and Coptis chinensis. It
has a variety of pharmaceutical effects, including effects on gastroen-
teritis and secretory diarrhoea, and is safe for use in humans (Luo et al.,
2013). BBR also has a good inhibitory effect on drug-resistant strains.
X. Li et al. (2021) reported that BBR hydrochloride could reverse the
resistance of multidrug-resistant Acinetobacter baumannii to tigecy-
cline, sulbactam, meropenem, and ciprofloxacin. Shi et al. (2018) indi-
cated that the combination of BBR and ciprofloxacin has a synergis-
tic antibiofilm effect on multi-resistant Salmonella via inhibiting the
mMRNA expressions of luxS, rpoE, and ompR. In Chinese veterinary clin-
ics, it is commonly used to prevent and treat diarrhoea in chickens
(Shen et al., 2010). Previous studies showed that BBR can decrease
human cytochrome P450 (CYP) 3A (Guo et al., 2012) and P-gp activ-
ity (Zhang et al., 2019), and modulate the metabolism of midazolam
and rhodamine 123 in rats (Xin et al., 2016). Therefore, it is neces-
sary to be concerned about drug-drug interactions that might occur
between BBR and drugs metabolized by cytochrome P450 enzymes
and/or efflux transporters.

Florfenicol is a broad-spectrum synthetic antibiotic commonly used
in veterinary practice to control various bacterial infections (Pérez
etal,, 2015; Sidhu et al., 2014; Wang et al., 2013). It has the same activ-
ity profile as chloramphenicol. However, it has less toxicity and bet-
ter antibacterial activity than chloramphenicol. Several reports have
described the possible metabolic pathways and mechanisms of florfeni-
col in vivo. N. Liu et al. (2012) reported that P-gp and/or CYP3A were
likely involved in the disposition of florfenicol in rabbits. Wang et al.
(2018) suggested that CYP3A may play a critical role in the metabolism
of florfenicol, and P-gp may be involved in the absorption of florfeni-
col in chickens. Therefore, if broilers are given both traditional Chi-
nese medicine (TCM) preparations containing BBR and florfenicol in
veterinary clinics during a specific treatment period, BBR might affect
the pharmacokinetics of florfenicol by modulating P-gp and/or CYP3A,
thereby leading to drug-drug interactions between BBR and florfeni-
col.

Here, we investigated the effects of BBR on the pharmacokinet-
ics of florfenicol in broilers. The plasma concentrations of florfenicol
in broilers with or without BBR pre-treatment were determined by

an ultra-high-performance liquid chromatography (UHPLC) method,

and values for pharmacokinetic parameters were calculated. In addi-
tion, the effects of BBR on CYP3A37, multidrug resistance 1 (MDR1),
and chicken xenobiotic-sensing orphan nuclear receptor (CXR) mRNA
expression in broilers were determined by real-time PCR. Our results
can be used to help predict the clinical effects or risks for BBR-

florfenicol interactions.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

BBR, florfenicol, and chloramphenicol analytical standards were
obtained from the National Institutes for Food and Drug Control (Bei-
jing, PR China). BBR for administration was dissolved in sterile water to
a concentration of 50 mg/ml. Florfenicol was supplied by Hubei Longxi-
ang Pharmaceutical Tech. Co., Ltd. (Huanggang, PR China) and subse-
quently dissolved in polyethylene glycol 400 (Kelilong, Chengdu, PR
China) to a concentration of 30 mg/ml. Acetonitrile and methanol ethyl
acetate (HPLC-grade) were purchased from Merck Chemicals Co., Ltd.,
Darmstadt, Germany. All other chemicals used for analysis were of ana-

lytical grade.

2.2 | Animals and treatment

A total of 24 healthy daheng broilers [male; 2.45 + 0.15 kg body weight
(BW)] were provided by Sichuan Daheng Poultry Breeding Co., Ltd.
(Chengdu, PR China). Only male broilers were used in the study to min-
imize the impact of hormones and other physiological factors on phar-
macokinetics. The broilers were allowed free access to water and a
standard diet that lacked any medicine supplements. All procedures
were performed in accordance with principles in the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.
The study protocol was approved by the Ethics Committee of Sichuan
Animal Science Academy (Approval No.: 2020-011). Broilers were ran-
domly divided into two groups: the control group and the BBR group
(BG) (n = 12 per group). Note that 50 mg/kg BBR was orally admin-
istrated directly into the crop of each animal in the BG group by tube
gavage during the morning of each day for 7 consecutive days, and the
equal amounts of sterile water were administrated by gavage to broil-
ers in the control group. On the 8th day, each group was divided into
two, of which six broilers were used in pharmacodynamic study, and the
other six were used to evaluate the levels of CYP3A37,MDR1, and CXR
mRNA expression. During the whole trial period, there was no signifi-
cant difference in feed intake, growth, and health status between the

BG group and the control group.

2.3 | Pharmacokinetic study

On the 8th day, after 12 h of fasting, florfenicol (30 mg/kg BW) was

orally administered into the crop of broilers in both groups. A blood
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sample (approximate 0.5 ml) was aseptically collected from the wing
vein of each animal into heparinized tubes at 0.25, 0.50, 0.75, 1, 2, 4,
6, 8, 10, 12, and 24 h after florfenicol administration. Plasma samples
were obtained after centrifugation at 4000 rpm for 5 min and stored
(—80°C) until analysis. Each plasma sample was prepared as previously
described (S. Li et al., 2019). UHPLC analyses were carried out using
an UltiMate 3000 HPLC system (Thermo Fisher Scientific Inc., Chelms-
ford, MA, USA), and the corresponding configuration of this system has
been described in our previous report (S. Li et al., 2017). A Diamonsil
C18 column (4.6 mm x 250 mm, 5 um; Thermo Fisher Scientific Inc.)
was used to simultaneously detect florfenicol and chloramphenicol at
a constant temperature of 40°C. The mobile phase was composed of
acetonitrile and water (27:73, v:v), the flow rate was 1.0 ml/min, and the
ultraviolet (UV) wavelength was 223 nm. The sample injection volume
was 20 ul, and the analysis time was 16 min. For florfenicol, the limit of
detection (LOD) and limit of quantification (LOQ) were detected based
on signal-to-noise ratios of 3 and 10, and they were validated at 0.05
and 0.02 ug/ml, respectively. The intra-day and inter-day assay preci-
sions for 3 days at three standard levels (0.1, 2.5, and 20 ug/ml) were
all less than 6.8%. The extraction recoveries of three concentrations
of florfenicol all exceeded 85.2%. The R? value of the calibration curve
was 0.9997.

24 | RNA extraction and real-time PCR

Onthe 8th day, after 12 h of fasting, the animals were sacrificed ina car-
bon dioxide asphyxiation machine. After opening the coelom, a sample
of tissue was quickly ectomized from each liver and jejunum, perfused
with chilled physiological saline solution to remove blood residue, and
blotted dry. Small piece of each sample (approximate 1 g) was collected
in a nuclease free cryogenic vial containing 1 ml of RNA-EZ reagents
(Sangon Biotech (Shanghai) Co., Ltd., Shanghai, P.R. China) and frozen
at —80°C. The total RNA was extracted from each sample by using
TRIzol reagent (Invitrogen Corporation and Applied Biosystems Inc.,
Carlsbad, CA, USA) according to the instructions provided in the user
manual. RNA concentration, purity, and integrity were measured in
accordance with our previous study (S. Li et al.,, 2017). RNA samples
(0.8 ug each) were reverse transcribed to cDNA using RevertAid Pre-
mium Reverse Transcriptase (Thermo Fisher Scientific Inc.) according
to the user manual. The cDNA products were frozen and stored at
—80°C.

Real-time PCR was carried out on an ABI StepOne RT-PCR instru-
ment (Applied Biosystems, Foster City, CA, USA) in a 20 ul final volume
that contained 10 ul High RoxSybrGreen qPCR Master Mix (Sangon
Biotech (Shanghai) Co., Ltd.), 2 ul cDNA, 0.4 ul of each oligonucleotide
primer (10 uM), and 7.2 ul diethyl pyrocarbonate-treated autoclaved
distilled water. Real-time PCR amplification was performed under the
following conditions: initial denaturation at 95°C for 3 min, followed by
45 cycles of denaturation at 95°C for 10 s, annealing at 57°C for 15s,
extension at 72°C for 20 s, and final extension at 60°C for 1 min. The 3-
actin house-keeping gene was used as the control. Real-time PCR data
were calculated by the 2-(AACt) method (Livak & Schmittgen, 2001).
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FIGURE 2 Mean plasma concentration-time profiles of
florfenicol in broilers after oral administration of florfenicol [30 mg/kg
body weight (BW)] with or without pre-treatment with berberine
(BBR) (50 mg/kg BW for 7 days). Each symbol with a bar represents
the mean value + SD for six broilers

The sequences of the forward and reverse primers are presented in
Table 1.

2.5 | Statistical analysis

Data Analysis System software (Version 3.0; Chinese Pharmacological
Society, Beijing, PR China) was used to calculate values for the pharma-
cokinetic parameters of florfenicol. A noncompartmental method was
used to determine the area under the concentration-time curve (AUC),
mean residence time (MRT), the elimination half-life (t,,5,), the plasma
clearance fraction of the dose absorbed (CLz/F) and the apparent vol-
ume of distribution fraction of the dose absorbed (Vz/F). The peak con-
centration (C,ax) and the time to reach peak concentration (T,,.x) were
directly obtained.

All data are presented as mean + SD. Statistically significant val-
ues were calculated by one-way analysis of variance (ANOVA), per-
formed using IBM SPSS Statistics for Windows, version 22.0 (IBM
Corp, Armonk, NY, USA). In all tests, a p-value < 0.05 was considered

to be statistically significant.

3 | RESULTS

3.1 | Effect of BBR on the pharmacokinetics of
florfenicol

The effects of BBR on the pharmacokinetics of florfenicol in broilers
are shown in Table 2 and Figure 2. After the broilers were pre-treated
with BBR for 7 consecutive days, the values for AUC .., as well as
the values for MRT g.q), t1/27, and Cryax Of florfenicol in the BG group
were significantly increased by 55.62%, 35.19%, 28.32%, and 55.71%,
respectively, when compared with their values in the control group.
However, the values for T,,,, and CLz/F were significantly decreased
by 52.13% and 35.82%, respectively, when compared with their values
in the control group. In addition, the values for Vz/F in the BG group

were not significantly different from those in the control group.
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TABLE 1 Sequences of the forward and reverse primers used for real-time polymerase chain reaction (RT-PCR)

Isozymes Accession number PCR efficiency (%) Forward
CXR NM_204702.1 100.792
MDRI XM_003641637.1 108.089
CYP3A37 NM_001001751.2 104.632
B-Actin NM_205518.1 104.719

5’-TCCCTTCGGCATCCCTGTC-3’
5'-GCTGTTGTATTTCCTGCTATGG-3'
5’-CGAATCCCAGAAATCAGA-3’
5'-ATGTGGATCAGCAAGCAGGAGTA-3’

Reverse
5-GGCGTTGGTCTCCTCGTTG-3'
5’-ACAAACAAGTGGGCTGCTG-3'
5’-AGCCAGGTAACCAAGTGT-3’
5'-TTTATGCGCATTTATGGGTTTTGT-3’

Abbreviations: CXR, chicken xenobiotic-sensing orphan nuclear receptor; MDRI, multidrug resistance 1.

TABLE 2 Pharmacokinetic characteristics of florfenicol in the
plasma of broilers with or without berberine (BBR) pre-treatment

Characteristic Control BG

AUC g.) (mg/Lx h) 46.85+11.89 7291+ 1533
MRT ) (h) 2.87 +0.35 3.88+0.57
ta/2, (h) 2.79+0.34 3.58+0.58
Trmax (h) 0.94+0.43 0.45+0.11°
Vz/F (L/kg) 238+ 124 242+1.96
CLz/F (L/h/kg) 0.67+0.14 0.43+0.11°
Crnax (mg/L) 18.58 +4.66 28.93+557

Note: Pharmacokinetic characteristics of florfenicol in the plasma of broilers
after oral administration of florfenicol (30 mg/kg BW) with or without BBR
(50 mg/kg BW for 7 days) pre-treatment (n = 6, mean + SD).

Abbreviation: BG, BBR group.

*Significantly different from the control group, p < 0.05.
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FIGURE 3 Effect of berberine [BBR; 50 mg/kg body weight (BW)
for 7 days] on CYP3A37, multidrug resistance 1 (MDR1), and chicken
xenobiotic-sensing orphan nuclear receptor (CXR) mRNA expression
inthe liver (n = 6). *Significantly different from the control group,
p<0.05

3.2 | Effect of BBR on CYP3A37, MDR1, and CXR
mRNA expression in the liver and jejunum

The effects of BBR on CYP3A37, MDR1, and CXR mRNA expression
in the liver are shown in Figure 3. After the broilers were pre-treated
with BBR for 7 consecutive days, the levels of CYP3A37, MDR1, and
CXR mRNA expression in the BG group were significantly decreased
to 0.72-fold, 0.67-fold, and 0.59-fold, respectively, relative to their lev-
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FIGURE 4 Effect of berberine [BBR; 50 mg/kg body weight (BW)
for 7 days] on CYP3A37, multidrug resistance 1 (MDR1), and chicken
xenobiotic-sensing orphan nuclear receptor (CXR) mRNA expression
in the jejunum (n = 6). *Significantly different from the control group,
p<0.05

els in the control group. The effects of BBR on CYP3A37, MDR1, and
CXR mRNA expression in the jejunum are shown in Figure 4. After the
broilers were pre-treated with BBR for 7 consecutive days, the levels of
CYP3A37,MDR1, and CXR mRNA in the BBR group were significantly
decreased to 0.66-fold, 0.55-fold, and 0.64-fold levels, respectively, rel-

ative to their levels in the control group.

4 | DISCUSSION

The veterinary clinical dose of BBR on broilers is about 30-
100 mg/kg/day, and the administration cycle is about 3-10 days. Thus,
in the present study, we chose 50 mg/kg BBR for 7 consecutive days
of treatment to investigate its effect on the pharmacokinetics of flor-
fenicol in broilers and the underlying mechanism for that effect in vivo.
Our results suggest that BBR alters the pharmacokinetics of florfeni-
col, resulting in higher plasma concentrations of florfenicol, and the
effect is probably related to CYP3A37, MDR1, and CXR expression in
the jejunum and liver.

In this study, 7 days of oral BBR administration increased the C,,.x
values of florfenicol in BBR-treated broilers and decreased the cor-
responding T, Values. We propose that these changes may result
from BBRincreasing the intestinal absorption of florfenicol. In addition,
the CLz/F values of florfenicol were significantly decreased after oral
administration of BBR, while the corresponding MRTq..,) and t1», val-
ues were significantly increased, indicating that florfenicol metabolism

in the liver was accelerated. We speculate that BBR decreased the
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elimination of florfenicol and increased its intestinal absorption, ulti-
mately leading to increased AUC .., values for florfenicol in the BG
group.

P-gp is an important transport protein encoded by the MDR gene 1.
It acts together with CYP3A to inhibit drug transport and absorption
in the intestine (Lo & Burckart, 1999; Pal & Mitra, 2006). In addition,
P-gp may also be involved in florfenicol absorption in chickens (Wang
et al,, 2018). In the liver, P-gp is mainly expressed on the canalicular
membrane of hepatocytes, where it facilitates the transport of endoge-
nous and exogenous substrates (Tian et al. 2007). CYP3A is a phase |
metabolic enzyme and may play a key role in the metabolism of flor-
fenicol in rabbits (N. Liu et al., 2012) and chickens (Wang et al., 2018).
As members of the CYP3A gene family, the CYP3A37 and CYP3A80
genes are expressed in birds (Watanabe et al., 2013), and CYP3A37
is thought to be the major enzyme in florfenicol metabolism (Wang,
2012). Therefore, we further studied the effects of BBR on MDR1
and CYP3A37 mRNA expression. We found that the mRNA levels for
jejunal MDR1 and CYP3A37 in the BBR-treated broilers were signifi-
cantly decreased, which may have reduced P-gp and CYP3A37 activity
and led to a decrease in florfenicol efflux and a corresponding increase
in florfenicol absorption. This notion is consistent with the changes
we observed in florfenicol pharmacokinetic properties. In addition,
after oral administration of BBR, the levels of hepatic CYP3A37 and
MDR1 mRNA expression were also significantly decreased, which may
have reduced the levels of CYP3A37 and P-gp activity, and thereby
inhibited the metabolism and efflux of florfenicol in the liver. Such
a reduction in florfenicol elimination would also be consistent with
our pharmacokinetic results, which showed that the values for CLz/F
were significantly decreased and the t,,, values for florfenicol were
significantly increased. However, the activities of the corresponding
drug-metabolizing enzyme and efflux transporter were not measured
in our current study, which makes it impossible to fully support the
above inference. Therefore, the validity of this inference requires
further investigation.

There are few reports concerning the effect of BBR on P-gp expres-
sion and activity in chickens. Zhang et al. (2019) reported that BBR
could increase the absorption of P-gp substrates by down-regulating
P-gp expression and activity in chicken tissues, and our study results
tended to agree with that finding. Previous reports speculated that
in addition to inhibiting P-gp mMRNA expression, BBR may also affect
P-gp ATPase activity, compete with other P-gp substrates, and thus
inhibit the transport function of P-gp (Hamabe et al., 2006; Zhang
et al,, 2019). These characteristics and effects may help to explain why
absorption of florfenicol in the jejunum of broilers was accelerated
after the birds had been pre-treated with BBR. To our knowledge, our
current study is the first to show that BBR down-regulated the lev-
els of CYP3A mRNA expression in chickens, and this finding is in par-
tial agreement with previous studies conducted in humans (Guo et al.,
2011), rats (Xin et al., 2004), and HepG2 cell (Tang, 2015). However,
a previous study conducted with HepG2 cells showed that BBR at a
concentration of 1000 ng/ml could increase the levels of CYP3A4 and
CYP1A2 mRNA and protein expression (Cui et al., 2014). The differ-
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ences in these results may be due to differences in dosages, durations
of exposure, and model species.

CXR, the main xenobiotic-sensing nuclear receptor in chickens, is
related to the pregnane X receptor (PXR) and constitutive androstane
receptor (CAR) in humans, and CYP450 and MDR1 are regulated by
CXR (Handschin et al., 2000, 2001). It has been reported that BBR
affects P-gp expression by regulating PXR/CAR expression (Slosky
et al., 2013). In this study, the decreases in the levels of MDR1 mRNA
expression in BBR-treated animals were correlated with the decrease
in CXR mRNA expression, which supports the above viewpoint.

The reported minimum inhibitory concentrations (MICs) of florfeni-
col for bacteria isolated from different animal species range from 0.4
to 8 ug/ml (Gharaibeh et al., 2010; Illambas et al., 2013; Lei et al., 2018;
Salmon & Watts, 2000), and those bacteria display sensitivity to antibi-
otics at an average blood concentration 2-4-fold their MIC (C. Liu et al.,
2015). Therefore, we speculated that the effective plasma concentra-
tion of florfenicol against various bacterial pathogens in vivo might be
in the range of 1-16 ug/ml. In this study, the mean plasma concentra-
tion of florfenicol in the BG group exceeded 1 ug/ml for approximately
12 h, while that time period in the control group was only approxi-
mately 7 h (Figure 2). This observation suggests that feeding of BBR
may increase the prophylactic or therapeutic effectiveness of florfeni-

col.

5 | CONCLUSIONS

In this study, BBR affected the pharmacokinetics of florfenicol in broil-
ers, probably related to its inhibition of CYP3A37, MDR1, and CXR
mRNA expression in the jejunum and liver. These findings indicate that
BBR may increase the bioavailability of florfenicol, and thus increase
the therapeutic effect of florfenicol. The results of these studies in
broilers should prompt additional studies on the effects of BBR when
used in conjunction with various other pharmaceutical agents in vet-

erinary medicine.
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