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Short-chain fatty acids exert opposite effects on the expression
and function of p-glycoprotein and breast cancer resistance

protein in rat intestine

Qiu-shi Xie', Jia-xin Zhang', Ming Liu', Pei-hua Liu', Zhong-jian Wang’', Liang Zhu', Ling Jiang', Meng-meng Jin', Xiao-nan Liu’,

Li Liu" and Xiao-dong Liu'

P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) are involved in intestinal barrier. Short-chain fatty acids (SCFAs)
play important roles in maintaining intestinal barrier. In this study we explored how SCFAs affected the expression and function of
intestinal P-gp and BCRP in rats. Rats received 150 mM acetate, propionate or butyrate in drinking water for 4 weeks. In SCFA-
treated rats, the expression and function of intestinal P-gp were decreased, but those of intestinal BCRP were increased; intestinal p-
p65 was also decreased, which was positively related to P-gp protein expression. Among the three SCFAs tested, butyrate exhibited
the strongest induction or inhibitory effect, followed by propionate and acetate. Similar results were observed in mouse primary
enterocytes and Caco-2 cells treated with acetate (5 mM), propionate (2 mM), or butyrate (1 mM). In Caco-2 cells, addition of
butyrate, vorinostat, and valproate (two classic HDAC inhibitors), Bay117082 (selective inhibitor of NF-kB activation) or NF-«kB
p65 silencing significantly decreased the expression of P-gp and the level of phosphorylated p65 (p-p65). Furthermore, butyrate
attenuated the expression of P-gp and p-p65 induced by TNF-a (NF-kB activator) and theophylline (HDAC activator). However,
vorinostat, valproate, Bay117082, TNF-a or p65 silencing hardly affected BCRP protein expression. But GW9662 (selective PPARy
antagonist) or PPARYy silencing abolished BCRP induction by butyrate and troglitazone (PPARy agonist). SCFAs-treated rats showed
higher intestinal protein expression of PPARy, which was positively related to BCRP protein expression. Butyrate increased plasma
exposure of fexofenadine but decreased that of rosuvastatin following oral dose to rats. In conclusion, SCFAs exert opposite effects
on the expression and function of intestinal P-gp and BCRP; butyrate downregulated P-gp expression and function possibly via
inhibiting HDAC/NF-kB pathways; butyrate induced BCRP expression and function partly via PPARy activation.
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INTRODUCTION

P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP),
two key ATP-binding cassette (ABC) efflux transporters expressed
in intestinal epithelial cells, participate in the construction of the
intestinal barrier. Both P-gp and BCRP extrude their substrates
back into the intestinal lumen, maintaining low systemic exposure
to many oral drugs by limiting their absorption. Factors such as
food, comedication, and physical condition affect the expression
and function of the two transporters. Food and beverages can
influence the absorption of coadministered drugs by modulating
intestinal transporters, among which the inhibitory effects of
grapefruit juice on P-gp has been well described [1]. The gut
mucosa of patients with ulcerative colitis has significantly lower
expression of BCRP and P-gp [2], but P-gp expression in the
colonic mucosa of patients with steroid-refractory ulcerative colitis
is significantly higher [3]. The higher dose requirement of
tacrolimus in active Crohn’s disease may be related to the high
expression of intestinal P-gp [4]. Our previous studies have
illustrated that diabetes impairs the functions and expression
levels of intestinal P-gp [5, 6] and BCRP [6, 7], altering the plasma

exposure of protoberberine alkaloids, glibenclamide, and atorvas-
tatin following oral dosing. Moreover, P-gp has been reported to
reduce the adhesion of some bacteria to enterocytes, contributing
to the resistance of potential bacterial toxicity and reducing the
risk of gastrointestinal disorder [8].

Short-chain fatty acids (SCFAs), mainly including acetate,
propionate, and butyrate, are bacterial fermentation products
derived from soluble dietary fiber in the colon. A growing body of
evidence has demonstrated key roles of SCFAs in maintaining the
intestinal barrier by stabilizing specific transcription factors,
facilitating tight junction assembly and mucin secretion [9-11].
The amount and abundance of fecal SCFAs vary with several
factors, such as dietary habits, composition of gut microbes, and
health status. High fiber diets are often characterized by increased
amounts of fecal SCFAs [12]. Clinical trials have revealed that
obesity is associated with increased amounts of total fecal SCFAs
[13-15]. The influence of diabetes on intestinal SCFA levels is still
controversial. Fecal SCFA levels in type 1 diabetic (T1D) patients
have been reported to be comparable to those in healthy subjects
[16, 17]. In another study, T1D subjects showed lower fecal
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propionate and butyrate levels as well as total SCFA levels
compared with healthy controls [18]. We recently reported that
diabetic rats induced by a combination of a high-fat diet and a low
dose of streptozocin exhibited higher concentrations of intestinal
SCFAs than control rats [19].

SCFAs, acting as histone deacetylase (HDAC) inhibitors, also
show anti-intestinal inflammatory effects, partly by inhibiting
nuclear factor kB (NF-kB) [20]. NF-kB is considered to be a crucial
modulator of P-gp expression [21], indicating that SCFAs may
regulate P-gp by inhibiting the NF-kB pathway or HDACs. We also
reported that SCFAs, especially butyrate, impaired the function
and expression of intestinal monocarboxylate transporter 6 by
activating peroxisome proliferator-activated receptor gamma
(PPARy) [19]. Moreover, the PPARy agonists pioglitazone and
rosiglitazone have been reported to induce the expression of
BCRP [22, 23]. These results indicate that SCFAs, which are
modulated by dietary habits and health status, may regulate the
expression/function of intestinal P-gp and BCRP, leading to
alterations in the pharmacokinetics, efficacy, and toxic effects of
their substrate drugs.

The aims of the study were: (1) to investigate alterations in the
functions and expression levels of intestinal P-gp and BCRP by
administration of SCFAs; (2) to explore whether these alterations
were associated with inhibition of the NF-kB pathway or activation
of the PPARy pathway; and (3) to document the impact of these
alterations on the pharmacokinetics of substrate drugs of P-gp
and BCRP following oral dosing.

MATERIALS AND METHODS

Chemicals and reagents

Rhodamine 123 (Rho123), fexofenadine hydrochloride, and
prazosin hydrochloride were purchased from J&K Scientific Ltd.
(Shanghai, China). Rosuvastatin calcium, troglitazone, and vorino-
stat were obtained from Aladdin Co. Ltd. (Shanghai, China).
GW9662, Bay117082, and valproate sodium were from MedChem-
Express (New Jersey, USA). Recombinant human tumor necrosis
factor alpha (TNF-a) was obtained from R&D Systems (Minnesota,
USA). Reagents for cell culture fetal bovine serum (FBS),
Dulbecco’s modified Eagle's medium (DMEM), insulin-transferrin-
selenium (ITS), and nonessential amino acids (NEAAs) were from
Gibco (Thermo Fisher Scientific, USA). RIPA lysis buffer and BCA
protein assay kits were from Beyotime Institute of Biotechnology
(Nanjing, China). Antibodies specific for ABCB1 (P-gp), ABCG2
(BCRP), NF-kB p65, and p-NF-kB p65 were purchased from Cell
Signaling Technology (Danvers, USA). Antibodies against IkBa, p-
IkBa, and PPARy were obtained from Wanlei Biotechnology
(Shenyang, China). Antibodies against B-actin and lamin B1 as
well as anti-rabbit and anti-mouse IgG-conjugated horseradish
peroxidase were purchased from Bioworld (Louis Park, USA). All
other agents were of commercial grade.

Animals and treatments
Male Sprague-Dawley rats, body weight 160-180g, and male
BALB/c mice (8-12 weeks) were obtained from Sino-British SIPPR/
BK Lab Animal Ltd. (Shanghai, China). Animals were housed in a
controlled environment (ambient temperature of 24+1°C
relative humidity of 50% + 5%) under a 12 h light-dark cycle with
commercial standard rodent chow. The animal experiments were
carried out in accordance with the guidelines on the Care and Use
of Animals developed by the National Advisory Committee for
Laboratory Animal Research. All animal experiments were
approved by the Animal Ethics Committee of China Pharmaceu-
tical University.

Rats acclimated for 3 days and were randomly divided into four
groups: control rats, acetate rats, propionate rats and butyrate rats.
They received ordinary water or water containing 150 mM sodium
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acetate, sodium propionate, or sodium butyrate, respectively. The
concentrations of SCFAs in drinking water were determined from
previous reports [19, 24]. Following 4 weeks of treatment, the
experimental rats were used for the subsequent experiments.

Effects of SCFAs on the functions of intestinal P-gp and BCRP in

rats

In situ single-pass perfusion was performed to evaluate the
functions of intestinal P-gp and BCRP using intestinal excretion of
Rho123 (a P-gp substrate) and prazosin (a BCRP substrate)
according to methods described previously [25, 26]. In brief, the
experimental rats, fasted overnight, were anaesthetized by
pentobarbital sodium (60 mg/kg in 0.9% saline, ip). The jejunum
(~10 cm) was isolated and cannulas were inserted into both ends.
The isolated intestinal segment was perfused with
Krebs—Henseleit buffer with a constant infusion pump at a rate
of 0.2 mL/min. Then, the rats intravenously received Rho123 (0.2
mg/kg) and prazosin (0.5 mg/kg) via the tail vein. Effluent samples
were collected at 30-min intervals via the distal cannula for 120
min. Blood samples were simultaneously collected into hepar-
inized microtubes via the suborbital vein at 2, 5, 15, 30, 60, and
120 min after dosing. The rats were sacrificed at the end of the
perfusion, and the areas (A) of the perfused intestinal segments
were measured. The jejunum was quickly collected to measure the
expression of the indicated proteins. The concentrations of
Rho123 and prazosin in the perfusates and plasma samples were
measured by high-performance liquid chromatography (HPLC).
The intestinal excretion clearance (P.s) was calculated as follows.
Pett = M/(AUC; 9 X A), where M is the total amount excreted via
the intestinal wall and AUC;,, is the area under plasma
concentration-time curve from 0 to 120min following the
intravenous dosing.

Isolation and culture of primary intestinal epithelial cells from mice
Intestinal epithelial cells from mice were isolated according to a
previous method [27]. The isolated cells were resuspended in
DMEM and seeded at a density of 1x10° cells/well in 24-well
culture plates precoated with rat tail collagen. Following a 12-h
incubation in DMEM supplemented with 1% nonessential
amino acids, ITS and 20% FBS in a humidified incubator of 5%
CO, at 37°C, the medium was replaced with fresh medium
containing sodium acetate (5 mM), propionate (2 mM), or butyrate
(1 mM) and maintained for another 48 h. The concentrations of
SCFAs in the cell experiment were determined according to
previous reports [19, 28] and preliminary data. The MTT assay
showed that these agents had no impact on cell viability at the
tested concentrations.

Caco-2 cell culture and drug treatment

Human epithelial colorectal adenocarcinoma cells (Caco-2 cells)
were obtained from Cell Bank, Chinese Academy of Sciences
(Shanghai, China). Cells were seeded in 24-well plates at a density
of 2x10° cells/well in DMEM supplemented with 20% FBS, 1%
nonessential amino acids and antibiotics, and cultured in a
humidified incubator of 5% CO, at 37 °C. The cells were incubated
with different concentrations of sodium acetate (0.5, 1.0, 2.0, 5.0,
and 10.0 mM), propionate (0.2, 0.5, 1.0, 2.0, and 5.0mM) or
butyrate (0.1, 0.2, 0.5, 1.0, and 2.0 mM) for 48 h. Expression of P-gp
and BCRP in Caco-2 cells was documented following
treatment with the NF-kB inhibitor Bay117082 (2 uM), the HDAC
inhibitor valproate sodium (5 mM), vorinostat (1 uM), or the PPARy
agonist troglitazone (5 pM). Caco-2 cells were also incubated
with butyrate (1 mM) in the presence of the HDAC activator
theophylline (5 uM), the NF-kB activator TNF-a (10 ng/mL), or the
selective PPARy antagonist GW9662 (5puM). The MTT assay
demonstrated that these agents had no cytotoxicity at the tested
concentrations.
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P-gp and BCRP functions in cells

The functions of P-gp and BCRP were documented using the cellular
uptake of P-gp and BCRP substrates. The cultured cells were washed
twice with warm Hank’s balanced salt solution (HBSS, pH 7.4) and
preincubated in 0.5 mL of HBSS (pH 7.4) at 37°C for 5min. The
uptake reactions were initiated by adding 0.5 mL of HBSS containing
Rho123 (100 nM for Caco-2 cells and 200 nM for primarily cultured
intestinal epithelial cells) or prazosin (200 nM). Following 120 min of
incubation at 37 °C, uptake reactions were terminated by removing
HBSS and washing the cells three times with ice-cold HBSS. Further,
120-min uptake experiments with quinidine (a P-gp substrate) or
rosuvastatin (@ BCRP substrate) were performed to confirm the
altered functions of P-gp and BCRP in Caco-2 cells. The intracellular
amounts of Rho123, quinidine, and prazosin were measured by
HPLC. The intracellular amount of rosuvastatin was measured
by high-performance liquid chromatography-mass spectrometry
(HPLC-MS).

Small interfering RNA-mediated knockdown in Caco-2 cells
Caco-2 cells were transfected with siRNA specific for NF-kB p65 or
PPARy using Lipofectamine 3000 according to the manufacturer’s
instructions. After incubation for 12 h, the transfection medium
was replaced. Cells transfected with p65 siRNA were cultured for
another 36 h. Cells transfected with PPARy siRNA were further
exposed to butyrate (1 mM) or troglitazone (5 uM) for 48 h. The
siRNA sequences for NF-kB p65 were 5'-CCUGAGCACCAUCAACU
AU-3" (forward) and 5-AUAGUUGAUGGUGCUCAGG-3’ (reverse).
The siRNA sequences for PPARy were 5-CCAAGUUUGAGUUUGCU
GU-3’ (forward) and 5-ACAGCAAACUCAAACUUGG-3’ (reverse).
Knockdown efficiencies of the NF-kB p65 and PPARy proteins were
confirmed by Western blot.

Western blot analysis and PCR analysis

The protein levels of the indicated proteins in rat jejunum and
cells were measured by Western blot analysis. Briefly, samples
from the jejunum and cells were lysed in RIPA lysis buffer
containing 1 mM PMSF in an appropriate proportion. The nuclear
proteins from rat intestines and Caco-2 cells were extracted to
determine NF-kB nuclear translocation by a nuclear extract kit
(KeyGen Biotech, Nanjing) according to the manufacturer’s
instructions. The protein concentrations of tissue and cell lysates
were measured by a BCA protein assay kit. Equal amounts of
proteins were subjected to SDS-PAGE and transferred to
nitrocellulose membranes (Pall Life Sciences, USA). Blots were
blocked in 5% nonfat dry milk dissolved in Tris-buffered saline-
0.1% Tween 20 (TBST) for 90 min. The membranes were then
incubated with primary antibodies overnight at 4 °C, washed and
then incubated with horseradish peroxidase-conjugated second-
ary anti-rabbit antibody for 90 min. The membranes were washed
three times with TBST, and then the protein bands were visualized
by incubating the membranes with a chemiluminescence (ECL)
reagent prior to exposure to the gel imaging system (Tanon
Science & Technology Co. Ltd., Shanghai). The densitometry was
analyzed by a gel imaging system (Tanon 5200 Multi). The primary
antibodies used were antibodies against P-gp (1:1000 dilution),
BCRP (1:1000 dilution), PPARy (1:500 dilution), NF-kB p65 (1:1000
dilution), p-NF-kB p65 (1:1000 dilution), IkBa (1:1000 dilution), p-
IkBa (1:500 dilution), 3-actin (1:3000 dilution) and lamin B1 (1:1000
dilution).

The mRNA levels of P-gp and BCRP in Caco-2 cells were
assessed using gPCR according to our previous method [19]. Total
mRNA was extracted using RNAiso Plus (Takara, Shiga, Japan).
ReverTra Ace® master mix (Toyobo, Osaka, Japan) was used for the
synthesis of cDNA. qPCR was performed on Roche lightcycler 96
(Penzberg, Germany) using Toyobo Thunderbird® SYBR mix.
Primers used for targeted genes were ABCB1 (P-gp), 5'-
ACAGAGGGGATGGTCAGTGT-3' (forward) and 5'-TCACGGCCATA
GCGAATGTT-3’ (reverse); ABCG2 (BCRP), 5'-AACCTGGTCTCAACGCC
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ATC-3/ (forward) and 5'-GTCGCGGTGCTCCATTTATC-3’ (reverse); -
actin, 5’-AAGAGCTACGAGCTGCCTGAC-3' (forward) and 5-TCCT
GCTTGCTGATCCACAT-3’ (reverse). RNA expression levels of the
targeted genes were calculated using the 222" method and
normalized to the expression of 3-actin.

Effects of butyrate on the pharmacokinetics of fexofenadine and
rosuvastatin following oral administration

The clinical significance of the altered P-gp and BCRP by SCFAs
was investigated by documenting the pharmacokinetics of their
substrates fexofenadine and rosuvastatin following oral adminis-
tration to rats. Rats were randomly divided into a control group
and a butyrate group. They received ordinary water or water
containing 150 mM butyrate sodium for 4 weeks. Then, the
experimental rats (weighing ~350 g) were fasted overnight and
orally received fexofenadine (10 mg/kg) and rosuvastatin (5 mg/
kg). Blood samples (250 yL) were collected under light ether
anesthesia at 5, 10, 20, 30, 45, 60, 120, 240, 480, and 720 min after
dosing. Plasma samples were obtained by centrifugation and
stored at —80°C until analysis. Plasma concentrations of
fexofenadine and rosuvastatin were measured using a validated
HPLC-MS method. Pharmacokinetic parameters were individually
estimated using noncompartmental analysis on Phoenix WinNon-
lin 8.1 (Pharsight, St Louis, MO, USA).

Drug assays
Quantification of Rho123 and prazosin was performed using an
HPLC system (Shimadzu, Japan) with terazosin serving as the
internal standard following liquid-liquid extraction with ethyl
acetate. Chromatographic separation was performed on a YMC-
Triart C18 column at a flow rate of 1.0 mL/min. The mobile phases
were 10mM ammonium acetate-0.9% acetic acid aqueous
solution and acetonitrile. The wavelength was set to excitation
at 485 nm and emission at 546 nm for Rho123 and excitation at
250nm and emission at 390 nm for prazosin. The ranges of
calibration curves were 0.78-100.00 ng/mL for Rho123 and
3.12-400.00 ng/mL for prazosin in biological samples.
Quantification of fexofenadine and rosuvastatin was per-
formed using an HPLC-MS system (Shimadzu, Japan) with
phenacetin as an internal standard following liquid-liquid
extraction with ethyl acetate acidified with formic acid.
Chromatographic separation was performed on a YMC-Triart
C18 column at a flow rate of 0.2 mL/min. The mobile phases
were 0.1% formic acid in water and acetonitrile. The mass
spectrometer was operated in positive mode to detect the
respective [M + H]" ions; m/z 502.4 for fexofenadine, 482.3 for
rosuvastatin and 180.3 for phenacetin. The ranges of calibration
curves were 1.95-250.00 ng/mL for fexofenadine in plasma and
rosuvastatin in plasma and cells.

Statistical analysis

Data are presented as means + S.D. (standard deviation). One-way
ANOVA was used for multiple group comparisons followed by
Bonferroni’s post hoc test. Statistical significance was considered
at the level of P <0.05.

RESULTS

Effects of SCFAs on the protein expression levels and functions of
intestinal P-gp and BCRP in rats

The protein expression levels and functions of intestinal P-gp and
BCRP were measured in SCFA-treated rats. The results showed that
SCFAs oppositely regulated the protein expression of intestinal P-
gp and BCRP, significantly decreasing P-gp but inducing BCRP
protein expression in the intestines of rats (Fig. 1a). In accordance
with the altered expression of proteins, SCFAs significantly
attenuated intestinal excretion of Rho123 but increased that of
prazosin following intravenous dosing (Fig. 1b). The areas under
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Fig. 1

Effects of acetate (Ac), propionate (Pro), and butyrate (But) on the protein expression and function of P-gp and BCRP in the

intestines of rats. SCFA-treated rats drank water containing 150 mM sodium acetate, sodium propionate or sodium butyrate for 4 weeks.
a Levels of P-gp and BCRP proteins in the intestines of rats; b Intestinal excretion of Rho123 (iv 0.2 mg/kg) and prazosin (iv 0.5 mg/kg);
¢ Plasma concentration-time profiles of Rho123 (iv 0.2 mg/kg); d Plasma concentration-time profiles of prazosin (iv 0.5 mg/kg); e Area under
the plasma concentration-time curve values (AUCs) of Rho123 and prazosin in rats. Protein expression of (f) NF-kB p65 and phosphorylated
p65, g IkBa and phosphorylated 1kBa, and h nuclear NF-kB p65 in the intestines of SCFA-treated rats. Data are expressed as means = S.D. (n =

5). *P < 0.05, **P < 0.01 vs control (Con) rats.

the plasma concentration-time curves (AUCs) of both Rho123 and
prazosin were not affected (Fig. 1c—e). These results indicated that
SCFAs impaired the function of P-gp and enhanced the function of
BCRP in the intestines of rats. Among the three tested SCFAs,
butyrate exhibited the strongest induction or inhibitory effect,
followed by propionate and acetate.

Effects of SCFAs on the protein expression and function of P-gp
and BCRP in primarily cultured mouse intestinal epithelial cells

The effects of SCFAs on the protein expression levels and
functions of P-gp and BCRP were also documented using primarily
cultured intestinal epithelial cells from mice. In line with the
in vivo results, 48 h of incubation with SCFAs decreased P-gp
protein expression and increased BCRP protein expression (Fig. 2a).
The strongest inhibition or induction was observed in cells treated
with butyrate. The expression of P-gp protein in cells incubated
with butyrate decreased to ~40% that of the control cells, while
the level of BCRP protein more than doubled. The functions of P-
gp and BCRP were characterized by uptake of their substrates
Rho123 and prazosin, respectively (Fig. 2b). Consistent with the
altered protein expression of P-gp and BCRP, 48 h of incubation
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with butyrate or propionate remarkably enhanced the cellular
uptake of Rho123 and decreased the cellular uptake of prazosin.
Incubation with acetate showed a similar trend, but the result was
not significant.

Effects of SCFAs on the expression and function of P-gp and BCRP
in Caco-2 cells

The functions of P-gp and BCRP in Caco-2 cells treated with
acetate (5mM), propionate (2mM) or butyrate (1 mM) were
evaluated using the cellular uptake of two specific substrates
(Rho123 and quinidine for P-gp; prazosin and rosuvastatin for
BCRP). In agreement with the findings in the primarily cultured
intestinal epithelial cells of mice, SCFAs increased the uptake of
both Rho123 and quinidine but decreased the uptake of both
prazosin and rosuvastatin in Caco-2 cells (Fig. 2¢, d), demonstrat-
ing the impairment of P-gp function and enhancement of BCRP
function. Consistently, SCFAs reduced the mRNA levels of P-gp but
increased the mRNA levels of BCRP (Fig. 2e). Concentration-
dependent inhibition and induction of the targeted proteins were
observed (Fig. 2f-h). Butyrate showed the strongest induction or
inhibitory effect.
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Fig. 2 Effects of acetate (Ac), propionate (Pro), and butyrate (But) on the expression levels and functions of P-gp and BCRP proteins in
primarily cultured intestinal epithelial cells of mice and Caco-2 cells. SCFAs (acetate 5 mM, propionate 2 mM, or butyrate 1 mM) were
administered to primary intestinal epithelial cells for 48 h and Caco-2 cells for 72 h. a Levels of P-gp and BCRP proteins in primary intestinal
epithelial cells incubated with SCFAs; b Uptake of the P-gp substrate Rho123 and the BCRP substrate prazosin in primary intestinal epithelial
cells incubated with SCFAs; ¢ Uptake of P-gp substrates (Rho123 and quinidine) and (d) BCRP substrates (prazosin and rosuvastatin) in Caco-2
cells incubated with SCFAs; e Relative mRNA expression of P-gp and BCRP in Caco-2 cells; Levels of P-gp and BCRP proteins in Caco-2 cells
incubated with (f) Ac, (g) Pro, and (h) But. Data are expressed as means £ S.D. (n = 6). *P < 0.05, **P < 0.01 vs control (Con) group.

Butyrate impaired the protein expression of P-gp by inhibiting
histone deacetylase

Butyrate was selected for further investigation of the pathways
involved in alterations in the functions and expression of P-gp and
BCRP by SCFAs. As butyrate is a typical HDAC inhibitor [29], the
roles of HDAC inhibition were investigated. Two additional classic
HDAC inhibitors, vorinostat and valproate, were employed to
mimic the effects of butyrate [30]. The results showed that
butyrate, vorinostat, and valproic acid inhibited the expression of
the P-gp protein (Fig. 3a). However, unlike butyrate, vorinostat and
valproic acid had no impact on the expression of the BCRP
protein. The protein expression levels of total NF-kB p65,
phosphorylated NF-kB p65 (p-p65), inhibitor of nuclear factor
kappa B alpha (IkBa), and phosphorylated IkBa (p-IkBa) were
simultaneously measured. The results demonstrated that the three
tested HDAC inhibitors significantly inhibited the phosphorylation
of IkBa (Fig. 3c) and decreased the levels of both p65 and p-p65
(Fig. 3b), but the ratio of p-p65 to p65 remained unaltered. The
roles of HDAC inhibition in butyrate-mediated impairment of P-gp
protein expression were further documented using the HDAC
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activator theophylline [31, 32]. The results showed that theophyl-
line induced the expression of the P-gp protein, accompanied by
increases in the levels of NF-kB p65, p-65, and p-IkBa (Fig. 3d-f).
The theophylline-mediated inductions were almost reversed by
butyrate.

Butyrate impaired the protein expression of P-gp by inhibiting the
NF-kB pathway

NF-kB is considered to be a transcriptional factor of P-gp [33, 34].
Bay117082 (a selective inhibitor of NF-kB activation) [35] and NF-
KB p65 silencing were used to investigate the roles of the NF-«kB
pathway in the expression of P-gp and BCRP proteins. The results
showed that Bay117082 and NF-kB p65 silencing markedly
decreased the protein expression of P-gp without affecting the
protein expression of BCRP (Fig. 4a, e), demonstrating that
inhibition of the NF-kB pathway downregulated the protein
expression of P-gp. Further study showed that Bay117082
prevented the phosphorylation of p65, leading to a decrease in
the level of p-p65 without affecting the expression of total NF-kB
p65 protein (Fig. 4b), resulting in a low ratio of p-p65 to total p65.
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Unlike Bay117082, butyrate decreased the expression of total NF-
KB p65 protein and p-p65 protein (Fig. 4b) without altering the
ratio of p-p65 to NF-kB p65. Moreover, Bay117082 and butyrate
significantly lowered the level of nuclear p65 protein (Fig. 4d),
inferring impairment of NF-kB nuclear translocation. Butyrate also
significantly reduced the level of p-IkBa but did not affect the total
protein level of IkBa (Fig. 4c).

The role of the NF-kB pathway in the impaired expression of
P-gp protein by butyrate was further investigated in Caco-2 cells
using TNF-a as an NF-kB activator [36]. As expected, TNF-a
activated the NF-kB pathway and significantly induced the
protein expression of P-gp (Fig. 4a), which was reflected by
increases in p-p65, p65 and p-lkBa levels (Fig. 4b, c). Butyrate
attenuated the increased levels of P-gp, p-p65, p65, and p-IkBa
induced by TNF-a. Treatment with Bay117082 (Fig. 4a-c)
reversed the increases in the levels of P-gp, p-p65, and p-lkBa
induced by TNF-a.

The levels of p65, p-p65, IkBa, and p-IkBa in the intestines of
SCFA-treated rats were also measured. In line with the in vitro
findings, SCFAs decreased the protein expression levels of p-IkBa,
p-p65, p65, and nuclear p65 (Fig. 1f-h), which paralleled the
decreased expression of P-gp. Correlation analysis showed a
positive correlation between NF-kB activation and P-gp expression
(Fig. 4g, h).
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BCRP expression was not affected by Bay117082, vorinostat,
valproic acid, TNF-a, or NF-kB p65 silencing (Figs. 3a and 4a, e),
suggesting that SCFA-mediated upregulation of BCRP was
independent of histone deacetylase inhibition and the NF-kB
pathway.

Butyrate increased BCRP protein expression in a PPARy-dependent
manner

The roles of PPARy on the induction of BCRP by butyrate were
investigated in Caco-2 cells treated with the PPARy agonist
troglitazone and the selective PPARy antagonist GW9662. The
results showed that butyrate and troglitazone increased the
expression of the BCRP protein, which was attenuated by GW9662
(Fig. 5a). Further study showed that butyrate itself induced the
expression of the PPARy protein in a concentration-dependent
manner (Fig. 5b). The roles of PPARy in the induction of BCRP by
butyrate were verified using silencing PPARy with siRNA transfec-
tion. The expression of PPARy in silenced cells successfully
decreased (Fig. 5f) and the protein level was only 38.4% that of
negative cells. Silencing PPARy almost abolished the upregulation
of the BCRP protein by butyrate and troglitazone (Fig. 5d).
Consistent with the in vitro results, acetate, propionate, and
butyrate also induced PPARy expression in the intestines of rats
(Fig. 5¢). Obvious positive correlations were found between BCRP
protein levels and PPARy protein levels in both butyrate-treated
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Caco-2 cells and the intestines of SCFA-treated rats (Fig. 5g, h),
confirming the involvement of PPARy in the induction of BCRP
protein by butyrate.

Troglitazone slightly decreased the expression of the P-gp
protein, but GW9662 could not restore the impaired expression of
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the P-gp protein by butyrate or troglitazone (Fig. 5a). In addition,
PPARYy silencing had no impact on the decreased expression of P-
gp by butyrate or troglitazone (Fig. 5e), inferring that butyrate and
troglitazone inhibited the expression of P-gp via pathways
independent of PPARy.
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group in negative control silenced cells.

Effects of butyrate on the pharmacokinetics of fexofenadine and
rosuvastatin in rats

To study the clinical significance of the alterations in intestinal P-
gp and BCRP, the pharmacokinetic behaviors of two clinical
substrates recommended by the FDA (fexofenadine for P-gp and
rosuvastatin for BCRP) were documented after oral administration
to butyrate-treated rats (Fig. 6). Consistent with previous reports
[37, 38], a double peak of fexofenadine in the plasma of rats was
observed following oral administration, and the first peak (Crax1)
and the secondary peak (Cnax2) Occurred at ~15 and 240 min,
respectively. In line with the altered expression levels and
functions of intestinal P-gp and BCRP, butyrate increased plasma
exposure to fexofenadine in rats. The estimated AUCy_;,, and
Cmax1 Of fexofenadine in butyrate-treated rats were 215.0 +22.0
h-ng/mL and 48.7 +3.5 ng/mL, respectively, which were signifi-
cantly higher (P < 0.05) than these parameters (180.0 + 18.4 h-ng/
mL for AUCq_1pn and 40.8 3.6 ng/mL for Craxi) in control rats.
Compared with control rats (23.5 + 3.6 ng/mL), the Cyax2 (263 =

Acta Pharmacologica Sinica (2021) 42:470 - 481

3.4 ng/mL) for fexofenadine in butyrate-treated rats showed an
increasing trend, but no significance was observed. In contrast,
butyrate significantly decreased oral plasma exposure to rosuvas-
tatin in rats. The AUCq_;,p, (57.1 £7.0 h-ng/mL) and Cp,ax (299 £ 4.4
ng/mL) in butyrate-treated rats were significantly (P < 0.05)
decreased to 62.3% and 72.6% of those (91.6 + 14.5 h-ng/mL for
AUCqo_15n and 41.2£6.2 ng/mL for Cay) in control rats, respec-
tively. No significant differences were found for the T, and t;,,
values between the two groups following oral administration of
both fexofenadine and rosuvastatin to rats. These alterations in
the pharmacokinetic profiles may largely result from the altered
oral absorption affected by P-gp and BCRP in the intestine.

DISCUSSION

The main findings were that the SCFAs oppositely regulated
expression levels and functions of P-gp and BCRP. SCFAs down-
regulated the expression of P-gp protein but increased the
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expression of BCRP protein in the intestines of rats. In line with
altered protein expression, SCFAs decreased intestinal efflux of
Rho123 and increased that of prazosin following intravenous
dosing without altering their plasma exposure. Butyrate showed the
strongest inhibitory or induction potency, followed by propionate
and acetate. These findings were confirmed in primary mouse
epithelial cells and Caco-2 cells. In line with protein expression,
the three SCFAs also induced mRNA expression of BCRP but
downregulated mRNA expression of P-gp, implying that SCFAs
oppositely affected the transcriptional activity of P-gp and BCRP.

The mechanisms by which SCFAs lead to opposite alterations in
expression levels and functions of intestinal P-gp and BCRP were
investigated using butyrate as the representative SCFA in Caco-2
cells. Biological responses of butyrate on host cells generally result
from inhibition of HDACs [39] or activation of G protein-coupled
receptors (GPCRs, such as GPR41 and GPR43) [39, 40]. GPR43 has
been identified in the rat and human colon [41] as well as in Caco-
2 cells [42]. First, we determined the contributions of GPR43 to
butyrate-induced alterations in the expression of P-gp and BCRP
using GLPG0974, an antagonist of GPR43 [43, 44]. In contrast to
our expectations, GLPG0974 could not attenuate butyrate-induced
alterations in the expression of P-gp and BCRP (data not shown),
suggesting that these alterations were independent of GPR43.
Then, we investigated whether butyrate altered the expression of
P-gp and BCRP by inhibiting HDACs in Caco-2 cells. We found that
all three HDAC inhibitors (butyrate, valproate, and vorinostat)
significantly decreased P-gp expression. Butyrate almost abolished
the induction of P-gp expression by the HDAC activator theophyl-
line. These results suggested that HDACs possibly participate in
the regulation of P-gp expression.

The NF-xB family is a critical nuclear factor that regulates a
variety of genes, including P-gp [34]. In the inactive form, NF-kB
dimers combine with inhibitory molecules referred to as IkB
proteins such as IkBa. Once phosphorylated, the IkB protein is
ubiquitinated and degraded from the complex, allowing NF-kB to
translocate into the nucleus and bind with DNA sequences of
target genes [45]. Several reports have shown that HDAC activity
and expression are associated with NF-kB activation [46, 47].
Therefore, we hypothesized that butyrate inhibited P-gp expres-
sion via the HDAC/NF-kB pathway. It was observed that the
expression of NF-kB p65 was downregulated by HDAC inhibitors
but upregulated by theophylline. Although total expression of
IkBa remained unchanged, the p-IkBa level was reduced by HDAC
inhibitors but elevated by theophylline. We deduced that
butyrate, acting as an HDAC inhibitor, inhibited the activation of
NF-kB. The roles of the NF-kB pathway in P-gp expression were
further investigated. Bay117082 (an inhibitor of IkBa phosphoryla-
tion) was used as a positive control, and TNF-a was used as an NF-
KB activator. As expected, butyrate and Bay117082 significantly
attenuated both basal and TNF-o-induced activation of NF-kB,
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accompanied by decreased protein expression of P-gp. In vivo
data also showed that the expression of the P-gp protein was
positively related to the level of p-p65. Moreover, NF-kB
p65 silencing markedly diminished the protein expression of P-
gp in Caco-2 cells. It has been reported that NF-kB transactivates
an mdr1 reporter plasmid in HCT15 cells [34]. Two NF-kB binding
sites, (a) CCTTTCGGGG located in the first intron of the MDR1
promoter [34] and (b) “®°®>GGGAATTCT located upstream from
the MDR1 transcription start site [21], were identified separately by
two research teams. These results further confirmed that the
inhibition of the HDAC/NF-kB pathways was involved in the
downregulation of intestinal P-gp expression by butyrate. Acetate
and propionate, although to a lesser degree, have also been
reported to be HDAC inhibitors [48-50] and NF-kB inhibitors
[51, 52].

Although the results from several reports [53-55] were contrary
to ours, some reports supported our findings. For example,
Encarnacao et al. reported that butyrate impaired the expression
of P-gp in the LS1034 cell line [56]. Cummins et al reported that
butyrate did not affect the expression and function of P-gp in
Caco-2 cells [57]. Among 4 colon carcinoma cell lines (SW620,
HCT-15, DLD-1, and LS180), a major increase in MDR1T mRNA and
P-gp protein expression by butyrate was only observed in SW620
cells [58]. Butyrate and trichostatin A (TSA, another HDAC
inhibitor) were reported to induce P-gp expression in small-cell
lung carcinoma drug-sensitive cells but strongly decrease P-gp
expression in etoposide-resistant cells [59]. Similarly, TSA
increased the expression and function of P-gp in K562 cells but
showed a decrease in K562/ADR cells [60]. These results indicated
that the discrepancies in the effects of butyrate on P-gp
expression seemed to result from basal levels of P-gp, cell type
and incubation time, which require further investigation.

Notably, vorinostat, valproic acid, Bay117082, TNF-a, and NF-kB
silencing did not affect the expression of BCRP, suggesting that
butyrate-mediated induction of BCRP was independent of HDAC
inhibition or NF-kB pathway inhibition. The PPARy agonists
pioglitazone and rosiglitazone have been reported to induce the
expression of BCRP [22, 23]. Butyrate has been reported to activate
PPARYy [61, 62]. These results suggested that butyrate induced the
expression of BCRP possibly by activating PPARy. A series of studies
were designed to confirm this deduction. In line with previous
reports, butyrate concentration-dependently induced the expres-
sion of the PPARYy protein [19, 63]. Although a report showed that
propionate did not affect PPARy expression [63], propionate and
acetate at higher concentrations have been reported to stimulate
PPARy activation [62, 64]. The induction of BCRP protein expression
by butyrate or troglitazone was attenuated by the PPARy antagonist
GW9662 and PPARy silencing. In vivo data demonstrated that
acetate, propionate, and butyrate-induced PPARy expression in the
intestines of rats, which was positively correlated with the protein
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expression of intestinal BCRP. PPARy has been reported to directly
regulate the transcription of BCRP. A conserved enhancer region
containing three functional PPAR response elements (PPAREs) was
identified upstream from the human ABCG2 gene [65]. All these
results demonstrated that butyrate-induced BCRP expression by
activating the PPARy pathway. Neither GW9662 nor PPARY silencing
restored the impairment of P-gp expression, further confirming that
the regulation of P-gp expression by butyrate was independent of
the PPARy pathway. Surprisingly, troglitazone also decreased the
expression of the P-gp protein, which could not be restored by
GW9662 and PPARYy silencing. Troglitazone has been reported to
inhibit HDACs [66] or the NF-kB pathway [67, 68], which may partly
explain the above finding.

To evaluate the clinical significance of butyrate-induced
alterations in the expression and function of intestinal P-gp and
BCRP, pharmacokinetic profiles of both the P-gp substrate
fexofenadine and the BCRP substrate rosuvastatin were docu-
mented following oral administration to butyrate-treated rats.
Butyrate treatment significantly increased oral plasma exposure to
fexofenadine and decreased that of rosuvastatin, which was
consistent with the alterations in the expression levels and
functions of intestinal P-gp and BCRP. The results indicated that
the SCFA-induced alterations in expression levels and functions of
intestinal P-gp and BCRP affected the pharmacokinetics of oral
drugs. Butyrate was reported to enhance the anticancer effects of
the P-gp substrate irinotecan, accompanied by decreased P-gp
expression [56]. In vivo data also demonstrated the therapeutic
potential for the use of butyrate in combination with irinotecan in
chemoresistant tumors [56]. Dietary fiber generally increases the
amounts of intestinal SCFAs [12], indicating that food-drug
interactions should be cautioned due to SCFA-mediated altera-
tions in expression levels and functions of intestinal P-gp and
BCRP. Moreover, intestinal excretion of uric acid is mainly
mediated by BCRP [69]. Dietary fibers suppress the elevation of
serum uric acid induced by dietary RNA and increase its excretion
in the feces of rats [70]. A clinical report also showed that the
intake of dietary fiber was inversely associated with the risk of
hyperuricemia [71]. In addition, health status may alter the
expression of intestinal P-gp and BCRP, which may be attributed
to alterations in the intestinal contents of SCFAs. For instance, we
once reported that diabetes significantly increased SCFA contents
in the intestines of rats [19]. This may be a reason that diabetes
impairs the function and expression of P-gp but induces the
function and expression of BCRP in the intestines of rats, leading
to remarkably decreased plasma exposure of atorvastatin follow-
ing oral dosing to rats [6]. Another example is obesity, which is
characterized by increased fecal SCFAs [13-15], decreases
intestinal P-gp expression and increases the oral bioavailability
of P-gp substrate drugs [72]. Our study provides new insight into
the relationship between bacterial metabolite SCFAs and trans-
porters and suggests that SCFA-mediated dosage adjustment
should be considered in specific populations. The clinical
significance of SCFA-induced alterations in the expression and
function of intestinal P-gp and BCRP requires further investigation.

In conclusion, SCFAs oppositely regulated the expression levels
and functions of intestinal P-gp and BCRP via different mechan-
isms. Inhibition of the HDAC/NF-kB pathways was involved in
butyrate-induced downregulation of P-gp expression. Butyrate
induced the expression and function of BCRP partly through
PPARy activation. These findings would aid in understanding the
effects of intestinal SCFAs on the pharmacokinetics of oral drugs.
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