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Diabetes downregulates peptide transporter 1 in the rat
jejunum: possible involvement of cholate-induced FXR

activation

Li-min Liang', Jun-jie Zhou', Feng Xu', Pei-hua Liu', Lan Qin’, Li Liu' and Xiao-dong Liu'

Peptide transporter 1 (PepT1), highly expressed on the apical membrane of enterocytes, is involved in energy balance and mediates
intestinal absorption of peptidomimetic drugs. In this study, we investigated whether and how diabetes affected the function and
expression of intestinal PepT1. Diabetes was induced in rats by combination of high-fat diet and low dose streptozocin injection.
Pharmacokinetics study demonstrated that diabetes significantly decreased plasma exposures of cephalexin and acyclovir
following oral administration of cephalexin and valacyclovir, respectively. Single-pass intestinal perfusion analysis showed that
diabetes remarkably decreased cephalexin absorption, which was associated with decreased expression of intestinal PepT1 protein.
We assessed the levels of bile acids in intestine of diabetic rats, and found that diabetic rats exhibited significantly higher levels of
chenodeoxycholic acid (CDCA), cholic acid (CA) and glycocholic acid (GCA), and lower levels of lithocholic acid (LCA) and
hyodeoxycholic acid (HDCA) than control rats; intestinal deoxycholic acid (DCA) levels were unaltered. In Caco-2 cells, the 6 bile
acids remarkably decreased expression of PepT1 protein with CDCA causing the strongest inhibition, whereas TNF-a, LPS and
insulin little affected expression of PepT1 protein; short-chain fatty acids induced rather than decreased expression of PepT1
protein. Farnesoid X receptor (FXR) inhibitor glycine-B-muricholic acid or FXR knockdown reversed the downregulation of PepT1
expression by CDCA and GW4064 (another FXR agonist). In diabetic rats, the expression of intestinal FXR protein was markedly
increased. Oral administration of CDCA (90, 180 mg-kg~"-d ™", for 3 weeks) dose-dependently decreased the expression and
function of intestinal PepTT1 in rats. In conclusion, diabetes impairs the expression and function of intestinal PepT1 partly via CDCA-

mediated FXR activation.
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INTRODUCTION

Diabetes, a metabolic disease, is often accompanied by multi-
farious complications such as infection and hypertension.
Peptidomimetic drugs, including B-lactam antibiotics (such as
cephalexin, cefadroxil and ceftibuten) [1-4], antivirals (such as
oseltamivir and valacyclovir) [5-9], angiotensin-converting
enzyme inhibitors (such as quinapril, lisinopril, benazepril, and
enalapril) [10, 11], bestatin and other therapeutically active
molecules, may be applied to treat complications of diabetes.
Most peptidomimetic drugs are substrates of peptide transporter
1 (PepT1). The intestinal PepT1, a proton-coupled oligopeptide
transporter encoded by SLC15A1, is abundantly localized on the
apical membrane of enterocytes from the duodenum to ileum and
uses the proton (H") gradient across the membrane to cotran-
sport its substrates, inferring a pivotal role of PepT1 in intestinal
absorption of these peptidomimetic drugs. PepT1 is also
implicated in energy balance. PepT1 transports almost all
dipeptides and tripeptides resulting from dietary breakdown of
proteins [12] and is responsible for the absorption of 70% of the
dietary nitrogen supplied to the body [13]. PepT1~/~ mice showed
markedly lower weight gain and body fat stores and higher fecal

energy losses than wild-type mice when they were fed high-fat or
high-protein diets [12, 13]. PepT1 also mediates the transport of
bacterial peptidomimetics (such as muramyl dipeptide, N-formyl-
methionyl-leucyl-phenylalanine, L-alanyl-y-D-glutamyl-meso-dia-
minopimelic acid and y-D-glutamyl-meso-diaminopimelic acid),
which regulates intestinal inflammatory responses by mediating
the transport of these chemotactic peptides across intestinal
epithelial cells [14]. Moreover, proton-coupled electrogenic
dipeptide uptake via PepT1 also contributes significantly to
intestinal fluid transport [15]. The small intestinal protein-sensing
mechanisms mediated by PepT1 have beneficial effects on whole-
body glucose homeostasis [16, 17].

Animal experiments have demonstrated that a high-fat diet [18]
and diabetes [18-20] remarkably decreased the expression of
intestinal PepT1, leading to a decrease in the influx rate of the
PepT1 substrate glycylsarcosine across the intestinal wall [19, 20],
although a contradictory report was also found [21]. Similarly,
mice fed high-fat diets and diabetic mice also exhibited reduced
expression of intestinal PepT1 [22-24]. These findings may have
relevance to the modulation of dietary nitrogen supply and
PepT1 substrate bioavailability in obesity and diabetes. Several
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reports have shown that diabetes-induced decreases in the
expression and function of intestinal PepT1 may be reversed by
insulin treatment [19, 20]. In Caco-2 cells, leptin and insulin
increased the transport of the PepT1 substrates cephalexin and
glycylsarcosine, which was associated with increased membrane
PepT1 protein [3, 24, 25]. Ob/ob mice (leptin™’~ mice) showed
reduced expression and function of intestinal PepT1, which was
reversed by leptin treatment. Leptin treatment also increased the
expression and activity of intestinal PepT1 in rats [25]. All these
results indicate that leptin deficiency and insulin deficiency may
explain the downregulation of the expression and function of
intestinal PepT1. Importantly, diabetes and obesity also remarkably
alter the intestinal environment, such as increased levels of short-
chain fatty acids (SCFAs) [18] and dyshomeostasis of bile acid
composition [26-29]. Our preliminary data demonstrated that the
expression of PepT1 protein in Caco-2 cells was downregulated by
several bile acids, such as glycocholic acid (GCA), cholic acid (CA),
lithocholic acid (LCA), chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA) and hyodeoxycholic acid (HDCA), among which, CDCA
showed the strongest inhibitory effect. These results suggest that
abnormal alterations in bile acid compositions induced by diabetes
may impair the expression and function of intestinal PepT1. Bile
acids, natural ligands of the farnesoid X receptor (FXR), often show
their biological effect by activating FXR [30].

The aims of the study were to (1) further investigate whether
diabetes downregulated the expression and function of intestinal
PepT1 in diabetic rats and the possible mechanism—two
PepT1 substrates, cephalexin and valacyclovir, were selected to
document the function of intestinal PepT1 in rats; (2) explore
whether bile acids, especially CDCA, impaired the expression of
intestinal PepT1 and whether the downregulation of PepT1 by CDCA
was implicated in the activation of FXR using both an FXR antagonist
and FXR knockdown with FXR siRNA in Caco-2 cells; and (3) further
confirm the role of CDCA in the protein expression and function of
intestinal PepT1 in CDCA-treated rats. The results would aid in
understanding the clinical significance of alterations in the expres-
sion and function of intestinal Pept1 under diabetic conditions.

MATERIALS AND METHODS

Chemicals and materials

Valacyclovir, acyclovir, heparin, lithocholic acid (LCA), cholic acid
(CA), hyodeoxycholic acid (HDCA) and butyrate were obtained
from Aladdin (Shanghai, China). Cephalexin was purchased from
Ark Pharminc (Arlington Heights, IL, USA). Streptozotocin (STZ)
and lipopolysaccharide (LPS) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Chenodeoxycholic acid (CDCA) was
purchased from Macklin Biochemical (Shanghai, China). Deoxy-
cholic acid (DCA) was from Adamas-beta (Shanghai, China), and
glycocholic acid (GCA) was from Meilun Biological Technology
(Dalian, China). GW4064 was purchased from Selleck Chemicals
(Shanghai, China). Glycine-B-muricholic acid (MCA) was purchased
from Zixia Biotechnology (Shanghai, China). Tumor necrosis factor-
a (TNF-a) was purchased from ScienCell (San Diego, CA, USA).
Acetate and propionate were from Energy Chemical (Shanghai,
China). The BCA kit, RIPA lysis buffer and loading buffer were from
Beyotime Biotechnology (Nanjing, China). Activity assay kits for
triglyceride, total cholesterol and glucose were from Jiancheng
Bioengineering Institute (Nanjing, China). The monoclonal anti-
body for PepT1 was from Santa Cruz Biotechnology (Dallas, TX,
USA), the monoclonal antibody for FXR was from Merck (Kenil-
worth, NJ, USA), and the antibody for B-actin was from Bioworld
Technology (Bloomington, MN, USA). All other chemicals were
commercially available.

Animals

Male Sprague-Dawley rats weighing 100-120g were obtained
from Super-B&K Laboratory Animal Co. (Shanghai, China). Rats
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were kept in an air-conditioned (24 + 2 °C) room with a controlled
12h/12 h light-dark cycle and relative humidity (50% * 5%). Rats
were maintained on regular or high-fat chow with drinking water
available ad libitum. The animal studies were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health) and approved by the China
Pharmaceutical University Animal Ethics Committee (No.
20180006002928).

Development of diabetic rats

Diabetic rats were induced according to a previous protocol [18].
In brief, rats were assigned randomly to three groups: diabetic
(DM) rats, high-fat diet (HFD) rats and control (CON) rats. The CON
rats received regular chow, while both DM rats and HFD rats
received a high-fat diet consisting of 13% lard, 2% sesame oil, 20%
sucrose, 3% cholesterol, 5% peanut, 0.1% sodium cholate and 57%
normal chow (TROPHIC Animal Feed Co., Ltd, Nantong, China).
Following 6 weeks of feeding with a high-fat diet, DM rats were
intraperitoneally (ip) administered STZ (35mg/kg, in citrate-
buffered saline, pH 4.5), and both HFD rats and CON rats received
an equivalent volume of the vehicle. On the 7th day after STZ or
vehicle injection, fasting blood glucose (FBG), fasting plasma
insulin (FINS), total cholesterol (TC) and triglyceride (TG) were
measured. Only rats with FBG levels higher than 11 mM were
considered diabetic rats [18] and used for the following studies.

Pharmacokinetics of cephalexin and valacyclovir after oral
administration to experimental rats
On the 21st day after STZ or vehicle injection, the pharmacoki-
netics of cephalexin or valacyclovir in DM rats, HFD rats and CON
rats following oral administration were investigated. In brief, the
experimental rats were fasted overnight and orally administered
cephalexin (5mg/kg, dissolved in normal saline) or valacyclovir
(18.4 mg/kg, dissolved in normal saline). The dosages of cepha-
lexin and valacyclovir were designed based on previous reports
[4, 7]. Blood samples (~120puL) were collected into heparin-
pretreated microcentrifuge tubes at designated times (15, 30, 45,
60, 75, 90, 120, 180, 240 and 480 min for cephalexin; 5, 15, 30, 45,
60, 120, 180, 240 and 360 min for valacyclovir) after administration
via the oculi chorioideae vein under light ether anesthesia. After
each 4 samplings, a suitable amount of normal saline was
administered to the experimental rats via the tail vein to
compensate for blood loss. Plasma samples were obtained by
centrifugation. Plasma concentrations of acyclovir and cephalexin
were measured using HPLC and LC-MS methods, respectively.
On the 22nd day after STZ or vehicle injection, the rats, fasted
overnight, were sacrificed under diethyl ether anesthesia.
Intestinal tissues were quickly obtained for determining the
expression of target proteins. The small intestine contents were
also collected in 2mL of 0.9% saline for measuring levels of
bile acids.

Intestinal absorption of cephalexin in the jejunum of rats

The intestinal absorption of cephalexin in the jejunum was
evaluated by in situ single-pass perfusion according to a previous
protocol [31]. Briefly, the experimental rats, fasted overnight, were
anesthetized with pentobarbital (60 mg/kg, ip). The upper jejunum
segment (10 cm) was isolated, and two cannulas were inserted at
either end of the isolated jejunum. The isolated intestinal segment
was perfused with saline solution (37 °C) for 10 min, followed by
Krebs-Henseleit buffer containing cephalexin (40 uM) at 0.2 mL/
min for ~15 min (reaching steady state). Then, consecutive effluent
samples were collected every 15min for 120min via the
distal cannula. The concentration of cephalexin was designed
according to the preliminary data. At the end of perfusion, the
rats were sacrificed, and the area of perfused intestinal segments
A (cm? was measured. The apparent effective permeability
(P, cm/min) was estimated using the following equation, i.e.,
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Pett = —Q X In(Cout/Gin)/A, where G, (UM) and Q (mL/min) are the
cephalexin concentration in the inflow and the flow rate,
respectively. Co (UM) was the cephalexin concentration at the
outflow and was corrected by the weight calibration method.

Cell culture and drug treatment

Human epithelial colorectal adenocarcinoma cells (Caco-2 cells)
were provided by the Cell Bank of the Chinese Academy of
Science (Shanghai, China). Stable expression of PepT1 was
demonstrated by western blot. Cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum (Gibco Thermo Fisher Inc., Waltham, MA, USA),
penicillin (100 IU/mL), L-glutamine (2 mM), NaHCOs (3.7 mg/mL)
and nonessential amino acids and kept in a humidified incubator
with 5% CO, and 95% O, at 37 °C. Caco-2 cells were plated into
6-well plates at a density of 2x 10° cells/well. The medium was
changed every 2 days. After incubation for 7 days, cells were
incubated with culture medium containing CDCA (100 uM),
CA (100 uM), DCA (50 uM), HDCA (100 uM), GCA (100 uM), LCA
(12.5 uM) or vehicle for 48 h. The concentrations of bile acids were
designed according to preliminary experiments. Higher concen-
trations were not tested because of cytotoxicity or insolubility.
Concentration-dependent effects of CDCA (10 uM, 50 uM and
100 uM) on PepT1 levels were simultaneously measured.
The effects of other factors, including LPS (1 pg/mL) [32], TNF-a
(10 ng/mL) [33], insulin (5nM) [34], SCFAs (acetate: propionate:
butyrate = 10:1:1 mM) [18] and gemfibrozil (agonist of PPAR-q,
50 uM) [35] with or without CDCA (100 uM), on the expression of
PepT1 in Caco-2 cells were also documented. MTT assays
demonstrated that these reagents caused no damage to Caco-2
cells at the tested concentrations.

Role of FXR activation in CDCA-regulated expression of PepT1 in
Caco-2 cells

CDCA is considered a natural FXR agonist. MCA, an inhibitor of FXR
[36], was used to investigate whether CDCA affected the
expression of PepT1 by activating FXR. Caco-2 cells were seeded
in 6-well plates and exposed to CDCA (100 uM) or GW4064
(another FXR agonist, 1 uM) [37] with or without MCA (100 uM) for
48 h. The role of FXR activation was further confirmed via FXR
knockdown. FXR knockdown in Caco-2 cells was performed using
FXR siRNA (NRT1H4: 5-GUGGUACUCUCCUGGAAUATT-3’ and 5'-
UAUUCCAGGAGAGUACCACTT-3'), which was designed by Gene-
Pharma Technology (Shanghai, China), and Lipofectamine” 3000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. After 24 h, the cells were incubated for another 48 h
in culture medium containing CDCA (100 uM) or GW4064 (1 uM).
The expression of PepT1 protein was measured.

Effects of CDCA on the expression and function of intestinal PepT1
in rats

Eighteen rats weighing 190-210g were randomly divided into
three groups (n = 6), i.e,, rats treated with a low dose of CDCA (L-
CDCA), rats treated with a high dose of CDCA (H-CDCA) and
control (CON) rats. L-CDCA rats and H-CDCA rats orally received
CDCA (90 mg/kg, qd) and CDCA (180 mg/kg, qd, suspension in
0.5% CMC-Na) for 21 days, respectively. CON rats only received an
equivalent volume of vehicle. The CDCA dose was designed
according to previous reports [38, 39]. The function of intestinal
PepT1 in rats was assessed using oral pharmacokinetics of
cephalexin on the 14th day and the 21st day during CDCA
treatment. Expression of intestinal PepT1 protein in rats was
measured at 24 h after the last dose.

Western blot

The protein levels of PepT1 and FXR in rat jejunum and Caco-2
cells were measured by Western blot. The samples were obtained
by RIPA lysis buffer containing 1mM phenylmethyl
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sulfonylfluoride. Protein concentrations were determined by a
BCA protein assay kit. Sodium dodecyl sulfate-polyacrylamide gel
(8%) electrophoresis separated equal amounts of proteins that
were transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA). Protein was blocked in 5% skim milk
Tris-buffered saline containing 0.1% Tween 20 (TBST) for 2 h at
room temperature. The membranes were washed with TBST
and incubated overnight with primary antibodies against
PepT1 (1:1000 dilution), FXR (1:5000) and B-actin (1:3000 dilution)
at 4 °C. Following washing in TBST, the membranes were
incubated with a horseradish peroxidase-conjugated secondary
antibody (1:5000 dilution) (Bioworld Technology, Bloomington,
MN, USA) for 2 h. The protein levels were detected by Tanon high-
sig ECL Western blotting substrate (Thermo Fisher Scientific,
Waltham, MA, USA) using a gel imaging system (Tanon 5200 Multi
Chemiluminescent System, Shanghai, China). All protein levels
were normalized to B-actin.

Drug analysis

Concentrations of cephalexin in rat plasma and perfusate were
determined by LC-MS and HPLC, respectively [40]. The linear
ranges of cephalexin in plasma and perfusion buffer were
19.5-5000 ng/mL and 31.25-200 uM, respectively.

Concentrations of acyclovir in rat plasma were determined by a
validated HPLC-FLU method [7]. The wavelengths for fluorescence
detection were set at 270 nm (excitation wavelength) and 360 nm
(emission wavelength). The line range of acyclovir in plasma was
36.6-18750 ng/mL.

Concentrations of bile acids in the intestinal contents were
determined by LC-MS [41]. Standard curve linear ranges were
0.78-100 pg/mL for CA and GCA, 1.56-200 pg/mL for LCA,
3.15-200 pg/mL for HDCA, 7.8-1000pg/mL for CDCA and
15.6-2000 ug/mL for DCA. The samples beyond the range of the
standard curve were diluted.

Statistical analysis

All data are expressed as the mean + standard deviation (SD). The
pharmacokinetic parameters were estimated by Pheonix Winnon-
lin 8.1 (Pharsight, St Louis, MO, USA) using noncompartmental
analysis. Statistical analysis among groups was calculated using
one-way analysis of variance (ANOVA) followed by Tukey's post
hoc test. A P<0.05 was regarded as statistically significant.

RESULTS

Induction of diabetic rats

DM rats induced by the combination of a high-fat diet and a low
dose of STZ were confirmed by biochemical parameters on the
7th day after STZ injection (Table 1). The results showed that the
DM rats were characterized by polydipsia, polyphagia, polyuria,
lower weight gain, lower FINS and higher FGB, TC, TG, and HOMA-
IR levels and liver weight.

Pharmacokinetics of cephalexin and acyclovir in experimental rats
after oral administration

Plasma concentrations of cephalexin and acyclovir were deter-
mined following oral administration of cephalexin (Fig. 1a) and
valacyclovir (Fig. 1b) to experimental rats. Corresponding phar-
macokinetic parameters were estimated (Table 2). The results
showed that diabetes significantly decreased plasma concentra-
tions of cephalexin following oral administration, leading to
decreases in peak concentration (Cya) and area under curve
(AUCQ) by 20% and 16.4% of the control, respectively. In contrast to
plasma exposure, a longer half-life (t;;) of cephalexin was
observed in DM rats, indicating that elimination of cephalexin
was delayed and that the decrease in plasma exposure mainly
came from impairment of intestinal absorption. Valacyclovir, a
prodrug, is hydrolyzed to acyclovir. In line with the findings for
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Table 1. Physiological and biochemical parameters of DM, HFD and
CON rats at the 7th day following streptozotocin injection
Parameters DM HFD CON
Body weight 269.71+13.10 " 313.86+14.78" 287.29+12.96
(BW) (9)
Liver 6.93+0.52 "  528+030" 2.42+0.08
weight (% BW)
FGB (mM) 2494+1.61"*"*  553+0.33 5.79 +0.46
FINS (mIU/L) 3068+4.78""  4203+10.16  52.34+841
HOMA-IR 33.99+571° %  1043+3.03 13.56 +2.92
TC (mM) 544+183"*"  272+051" 1.19+0.14
TG (mM) 1.72+045"%  0.81+0.117" 0.51+0.10

Data are presented as mean +SD (n = 6)

CON control rats, DM diabetic rats, FGB fasting glucose in blood, FINS
fasting insulin level, HFD high-fat-diet rats, HOMA-IR homeostasis model
assessment-insulin  resistance, TC total cholesterol level, TG total
triglyceride level

"P<0.05 and P <0.01 vs CON rats, *P < 0.05 and **P < 0.01 vs HFD rats

cephalexin, DM rats showed lower plasma concentrations of
acyclovir accompanied by lower plasma exposure than CON rats.
Similarly, DM rats showed a longer t;,, of acyclovir, although no
significance was obtained. Feeding with high-fat diets only slightly
affected the oral pharmacokinetics of the two PepT1 substrates.

Intestinal absorption of cephalexin and expression of PepT1 in rats
The intestinal absorption of cephalexin in the jejunum was
measured to evaluate the function of intestinal PepT1 in DM rats,
CON rats and HFD rats (Fig. 1c¢). In line with the oral
pharmacokinetics of cephalexin, DM rats showed significantly
reduced intestinal absorption of cephalexin, evidenced by lower
Pesr, inferring the impaired function of intestinal PepT1. Consis-
tently, significantly reduced expression of intestinal PepT1 protein
was found in DM rats, whose expression was only 45% that of CON
rats (Fig. 1d). Feeding with a high-fat diet had little effect on the
expression and function of intestinal PepT1 protein.

Effects of bile acids on the expression of PepT1 in Caco-2 cells
The effects of six bile acids (DCA, CDCA, LCA, HDCA, CA and GCA)
on the expression of PepT1 in Caco-2 cells were investigated
(Fig. 2a). The results demonstrated that all of the tested bile acids
decreased the expression of PepT1 proteins, among which CDCA
showed the strongest inhibition, followed by HDCA and DCA. The
levels of DCA, CDCA, LCA, CA, HDCA and GCA in the small
intestines of rats were also measured (Fig. 1e). It was found that
alterations in these bile acids under diabetic conditions were
greatly different. Compared with CON rats, DM rats exhibited
remarkably higher levels of CDCA, CA and GCA but lower levels of
LCA and HDCA in the small intestine contents. The levels of DCA in
the small intestine contents of DM rats were comparable to those
in CON rats. Thus, CDCA was selected as a representative bile acid
to investigate the role of bile acids in the expression of intestinal
PepT1. CDCA concentration-dependent inhibition was observed
(Fig. 3a), and a significant decrease occurred at 50 uM and 100 uM
concentrations. A higher concentration of CDCA was not
documented due to its cytotoxicity.

The effects of other factors, including gemfibrozil, insulin, LPS,
SCFAs and TNF-g, on the expression of PepT1 protein were also
documented (Fig. 2b—f). The results showed that gemfibrozil (Fig. 2b),
insulin (Fig. 2¢), LPS (Fig. 2d) and TNF-a (Fig. 2f) had little effect on the
expression of PepT1 protein, while SCFAs increased the expression of
PepT1 protein (Fig. 2e). Importantly, CDCA still remarkably down-
regulated the expression of PepT1 protein in Caco-2 cells cotreated
with gemfibrozil, insulin, LPS, SCFAs and TNF-a.
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Involvement of FXR activation in CDCA-mediated suppression of
PepT1 protein in Caco-2 cells

The involvement of FXR activation in CDCA-mediated
PepT1 suppression in Caco-2 cells was documented using both
the FXR inhibitor MCA and siRNA targeting FXR. The results
showed that CDCA-mediated downregulation of PepT1 expression
in Caco-2 cells was remarkably reversed by MCA (Fig. 3b). GW4064,
another FXR agonist, also suppressed the expression of PepT1
protein, which was also attenuated by MCA (Fig. 3c). The role of
FXR in CDCA-mediated downregulation of PepT1 expression was
further confirmed using FXR knockdown with siRNA targeting FXR.
It was found that expression of FXR protein in Caco-2 cells
transfected with FXR siRNA was decreased to 20% of that of
control cells, inferring successful silencing of FXR (Fig. 3d). This
result was consistent with our expectation that the CDCA-induced
decrease in PepT1 protein was attenuated by FXR siRNA (Fig. 3e).
GW4064 no longer downregulated the expression of PepT1
protein in Caco-2 cells transfected with FXR siRNA (Fig. 3f).
Moreover, FXR knockdown with siRNA induced the expression of
PepT1 protein in Caco-2 cells (Fig. 3e, f). Furthermore, the
expression of intestinal FXR in DM rats was also measured. This
result was consistent with our expectations that DM significantly
induced the expression of intestinal FXR protein (Fig. 1f), which
was negatively associated with the expression of intestinal PepT1
protein.

Effect of CDCA on pharmacokinetics of cephalexin and expression
of PepT1 in rats

On the 14th day and the 21st day during CDCA treatment, plasma
concentrations of cephalexin (Fig. 4a, b) were determined
following oral administration of cephalexin to rats, and corre-
sponding pharmacokinetic parameters were estimated (Table 3).
The results showed that on the 14th day (Fig. 4a), compared with
the CON condition, treatment with a high dose of CDCA
significantly reduced C,.x and AUC values of cephalexin in rats.
The rats treated with a low dose of CDCA also showed trends in
Cmax and AUC, although no significance was found. On the 21st
day (Fig. 4b), rats treated with low dose or high dose of CDCA
showed sharp decreases in C,ax and AUC values of cephalexin,
but no dose dependence was observed. The levels of intestinal
PepT1 in rats were measured (Fig. 4c). Consistent with alterations
in the pharmacokinetics of cephalexin, treatment with CDCA
remarkably downregulated the expression of intestinal PepT1
protein in rats, but no dose-dependent inhibition was found.

DISCUSSION

Several studies have demonstrated that diabetes alters the
expression and function of intestinal PepT1 in rats [18-
21, 24, 42], although the results are often confusing. Moreover,
the real mechanisms resulting in alterations in the expression of
intestinal PepT1 are not clearly understood. The main aim of the
present study was to further investigate alterations in the
expression and function of intestinal PepT1 and the real
mechanisms underlying diabetic conditions using both diabetic
rats and Caco-2 cells. Diabetic rats were induced by a combination
of a high-fat diet and a low dose of STZ. The induced diabetic rats
were characterized by diabetic symptoms, such as hyperglycemia,
dyslipidemia, polyuria, polydipsia, lower FINS and higher liver
weight and levels of TC, TG and HOMA-IR, demonstrating
successful development of diabetic rats. Two widely used
PepT1 substrates, cephalexin [2, 4, 43] and valacyclovir
[7, 44, 45], were used to assess the function of intestinal PepT1
in rats. Compared with CON rats, DM rats showed lower plasma
exposure of cephalexin and acyclovir following oral administra-
tion. Moreover, the extent of the decreases in C,.x Was larger than
the extent of those in AUC, demonstrating impairment of intestinal
absorption. Data from in situ single-pass perfusion demonstrated
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that the P of cephalexin across the intestinal wall of diabetic rats
was significantly lower than that of CON rats, which was
associated with decreased expression of intestinal PepT1 protein.
Cephalexin and acyclovir are mainly eliminated via urinal
excretion, accounting for 80% to 93.5% [46] and 95% [47] of the
intravenous dose, respectively, indicating that the roles of
CYP450s in the disposition of cephalexin and acyclovir are minor
although the activities and expression of CYP450s are also altered
by diabetes. Renal PepT1/2 and organic anion transporter 1/3
(OAT1/3) mediate renal excretion of cephalexin. Renal multidrug

Acta Pharmacologica Sinica (2020) 41:1465 - 1475

resistance-associated protein 2 (MRP2) and OAT1/3 also mediate
renal excretion of acyclovir [14, 48]. Generally, OAT1/3, expressed
in the basolateral membrane of tubules, mediates secretion of
their substrates. PepT1/2 and MRP2 are located in the brush-
border membrane of tubules and mediate reabsorption and efflux
of their substrates, respectively [14]. Diabetes was also reported to
increase the expression of renal PepT1 [49] and MRP2 [50] but
downregulate the expression of renal OAT1/3 [51, 52]. The
downregulation of renal OAT1/3 and upregulation of renal PepT1
by diabetes may partly explain why DM rats showed a longer t;,,
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Table 2. Pharmacokinetic parameters of cephalexin and acyclovir following oral administration of cephalexin (5 mg/kg) and valacyclovir (18.4 mg/kg)
to rats

Cephalexin Acyclovir

DM HFD CON DM HFD CON
t1/2 (h) 253+0.77 1.92+0.41 1.47 £0.52 1.74£0.51 1.27 £0.46 1.30+£0.82
Trmax (h) 0.75+0.14 0.82+0.19 0.82+0.19 0.43+0.12 0.46 + 0.09 0.36+0.13
Crmax (ng/mL) 272+0177% 3.42+0.56 3.60+0.61 3.31£0.60"* 5.09+1.08 457+0.78
AUC,,; (h-pug/mL) 6.79+0.90"* 8.85+2.01 8.12+0.63 434+0.79 5.89+0.54" 4.89+0.04
MRT (h) 3.40+0.53" 2.77+0.56 231077 143+0.16"* 1.23£0.10 1.11£0.18
Data are presented as mean +SD (n = 6)
AUC area under concentration curve, Crax the maximal plasma concentration, CON control rats, DM diabetic rats, HFD high-fat-diet rats, MRT mean retention
time, ty/, half-life, T,.x the time at maximal plasma concentration
"P<0.05 and “P<0.01 vs CON rats, *P < 0.05 and #**P < 0.01 vs HFD rats

of cephalexin. Similarly, the longer t;,, of acyclovir in DM rats
seemed to be attributed to the downregulation of renal OAT1/3.
The above results indicated that the altered expression of renal
transporters by diabetes did not decrease plasma exposure to
cephalexin and acyclovir, further confirming that decreases in oral
plasma exposure to cephalexin and acyclovir under diabetic
conditions were mainly attributed to the downregulation of
intestinal PepT1. The present study confirmed remarkable down-
regulation of PepT1 expression and function in the intestine of DM
rats, which was consistent with previous reports [18-20, 24],
although two contrary reports were found [21, 42]. The
discrepancies seemed to result from the strain and sex of the
animals as well as the treatment. For example, in SD rats, it was
reported that STZ-induced diabetes decreased the expression and
function of intestinal PepT1 in male rats but increased it in female
rats [19]. In male Wistar rats, STZ-induced diabetes slightly
affected the expression and function of intestinal PepT1. However,
Zucker-fa/fa rats and male GK Jcl rats showed higher expression
and function of intestinal PepT1 than Wistar control rats [21].

Next, we investigated real mechanisms downregulating the
expression of intestinal PepT1 using Caco-2 cells, an in vitro model
of the intestinal system. A series of studies have demonstrated
that diabetes may alter the intestinal environment, such as
increases in the levels of SCFAs [18], dyshomeostasis of bile acids
[26-29] and alterations in the gut microbiome [53]. The effects of
these factors, such as bile acids (GCA, CA, LCA, CDCA, DCA and
HDCA), SCFAs, LPS, TNF-a and insulin, on the expression of PepT1
protein were investigated. The findings was in contrast to our
expectation that LPS, TNF-a and insulin could not affect the
expression of PepT1. SCFAs induced rather than decreased
expression of PepT1 protein, which was reversed by CDCA. All
these findings at least partly excluded contributions of the three
factors (LPS, TNF-a and SCFAs) from downregulation of intestinal
PepT1 by diabetes. However, reports about the role of insulin in
the regulation of PepT1 expression are confusing. In Caco-2 cells, it
was reported that short-term insulin treatment enhanced the
expression of PepT1 protein on the apical membrane and its
function without affecting the level of PepT1 mRNA [25, 34].
Insulin decreased the expression of intestinal PepT1 mRNA and
protein in nondiabetic male rats [19] but increased the expression
of intestinal PepT1 in diabetic male rats [19, 51]. Importantly, the
insulin-induced alterations in female rats were in contrast to those
in male rats [19]. Thus, the role of insulin in the expression of
intestinal PepT1 needs further investigation.

All six of the tested bile acids decreased the expression of
PepT1 protein, and CDCA showed the strongest inhibition. High
levels of CDCA, CA, GCA and DCA were also detected in the
intestinal contents of rats. Moreover, diabetes increased the levels
of intestinal CDCA, CA and GCA. The extent of increase in CDCA
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level was also the highest among the three bile acids. Thus, CDCA
was selected to further document the role of bile acids in the
downregulation of PepT1 expression.

Bile acids, including CDCA, are natural ligands of FXR and
achieve their effects by activating FXR [30]. A series of experiments
were designed to investigate whether CDCA downregulated
PepT1 by activating FXR. The result was consistent with our
expectation that two FXR agonists, CDCA and GW4064, decreased
the expression of PepT1 protein in Caco-2 cells, which could be
reversed by the FXR inhibitor MCA and FXR siRNA. In addition,
knockdown of FXR itself induced expression of the PepT1 protein.
All these results inferred that CDCA downregulated the expression
of PepT1 protein by activating FXR. A mouse experiment showed
that feeding with 0.5% CA for 5 days did not affect the mRNA
level of intestinal PepT1, but the expression of intestinal PepT1 in
FXR™~ mice was higher than that in wild-type mice [54]. These
results support the involvement of FXR activation in the altered
expression of intestinal PepT1 by bile acids. Data in vivo also
showed a negative association of intestinal Peptl1 protein and
expression of intestinal FXR, and it was considered that activation
of FXR suppresses expression of intestinal CYP7A1 via FXR-FGF15
signaling [55]. Noticeable activation of FXR-FFG15 signaling by
diabetes was observed in the ileum of mice [56], which inferred
that downregulation of Peptl protein expression by CDCA may
also be involved in FXR-FFG15 signaling, which requires further
investigation. In addition, PepT1 is considered a typical target
gene of peroxisome proliferator-activated receptor a (PPARa)
[57, 58]. Both in vivo and in vitro data demonstrated that the
PPARa ligand WY-14643 induced the expression of PepT1 [57, 58].
In Caco-2 cells, CA concentration-dependently inhibited WY-
14643-induced expression of PepT1, and significant inhibition
occurred at 500 uM CA, which led to the conclusion that CA
downregulated PepT1 expression by inhibiting PPARa [57].
However, the role of PPARa in the expression of PepT1 has not
been replicated in other studies [22, 59, 60]. Our results showed
that the PPARa ligand gemfibrozil slightly reversed the CDCA-
induced downregulation of PepT1 expression. Whether CDCA
downregulated PepT1 expression by inhibiting PPARa requires
further investigation.

The role of CDCA in the regulation of intestinal PepT1
expression in vivo was assessed using the pharmacokinetics of
cephalexin following oral administration of cephalexin to rats
treated with CDCA. CDCA treatment significantly reduced oral
plasma exposure to cephalexin, especially the C.x and AUC,
which were accompanied by a significant decrease in the
expression of PepT1 protein, demonstrating CDCA-mediated
downregulation of intestinal PepT1. Significantly increased CDCA
levels were also observed in the intestinal contents of diabetic
rats, which indicated that the downregulation of intestinal PepT1
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P<0.01 vs CDCA, GW4064 or siFXR. **P < 0.01 vs CDCA or GW4064
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Table 3. Pharmacokinetic parameters of cephalexin following oral administration of cephalexin (5 mg/kg) to rats on the 14th day and 21st day
during CDCA treatment

14th day 21st day

H-CDCA L-CDCA CON H-CDCA L-CDCA CON
t12 (h) 0.90+0.18 0.83+0.14 0.92+0.22 1.40+0.27 1.28+0.35 1.44+0.26
Trmax (M) 0.71£0.10 0.63+0.14 0.63+0.14 0.9+0.14 0.79+0.19 0.75+0.22
Crmax (ng/mL) 2.72+0.38" 3.30+0.37 3.71+0.71 1.92+0.20™ 2.02+0.39" 2.88+0.38
AUC, 5 (Min-pg/mL) 4.61+0.22"# 5.52+0.68 5.93+0.87 433+043 434+0.89" 592+ 1.26
MRT (min) 1.30+0.18 1.26 +0.05 1.27+0.14 1.65 + 0.09 1.56 + 0.09 1.56+0.14

Data are presented as mean +SD (n = 6)

AUC area under concentration curve, Cnax the maximal plasma concentration, CON control rats, H-CDCA rats treated with high dose of CDCA, L-CDCA rats
treated with low dose of CDCA, MRT mean retention time, t;/, half-life, T, the time at maximal plasma concentration

" P<0.05 and “P<0.01 vs CON rats. *P < 0.05 vs L-CDCA rats

in diabetic rats was partly attributed to the increased levels of intestinal CDCA. CDCA impaired PepT1 protein expression partly
intestinal CDCA. In line with the findings in rats, a clinical trial also by activating FXR.
showed lower levels of ampicillin in diabetic patients [61]. In
addition to peptidomimetic drugs, intestinal PepT1 also mediates ACKNOWLEDGEMENTS
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