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Original Article

Acute liver failure enhances oral plasma exposure
of zidovudine in rats by downregulation of hepatic
UGT2B7 and intestinal P-gp
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HIV infection is often associated with liver failure, which alters the pharmacokinetics of many drugs. In this study we investigated
whether acute liver failure (ALF) altered the pharmacokinetics of the first-line anti-HIV agent zidovudine (AZT), a P-gp/BCRP substrate, in
rats. ALF was induced in rats by injecting thioacetamide (TAA, 300 mg-kg™*-d™?, ip) for 2 days. On the second day after the last injection
of TAA, the pharmacokinetics of AZT was investigated following both oral (20 mg/kg) and intravenous (10 mg/kg) administration. ALF
significantly increased the plasma concentrations of AZT after both oral and intravenous doses of AZT, but without affecting the urinary
excretion of AZT. AZT metabolism was studied in rat hepatic microsomes in vitro, which revealed that hepatic UGT2B7 was the main
enzyme responsible for the formation of AZT O-glucuronide (GAZT); ALF markedly impaired AZT metabolism in hepatic microsomes,
which was associated with the significantly decreased hepatic UGT2B7 expression. Intestinal absorption of AZT was further studied in
rats via in situ single-pass intestinal perfusion. Intestinal P-gp function and intestinal integrity were assessed with rhodamine 123 and
FD-70, respectively. We found that ALF significantly downregulated intestinal P-gp expression, and had a smaller effect on intestinal
BCRP. Further studies showed that ALF significantly increased the intestinal absorption of both rhodamine 123 and AZT without altering
intestinal integrity, thus confirming an impairment of intestinal P-gp function. In conclusion, ALF significantly increases the oral plasma

exposure of AZT in rats, a result partly attributed to the impaired function and expression of hepatic UGT2B7 and intestinal P-gp.
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Introduction

Liver disease is caused by various pathological factors such
as hepatic viruses, chemical hepatotoxins, fatty liver and
autoimmune hepatitis and is a widespread pathology that
in most cases leads to the down-regulation of multiple drug
M Cirrhosis, for example, results in
decreased total content and catalytic activity of cytochrome

metabolizing enzymes

P4507. Chronic liver disease may also affect the various CYP
isoforms. Using liver microsomes, George et al have found a
decreased expression of CYP3A, 2E1, and 1A2 in severe chronic
liver disease and correspondingly attenuated activities of tes-
tosterone 63-hydroxylation (CYP3A), N,N-dimethylnitrosamine
N-demethylation (CYP2E1) and ethoxyresorufin O-demeth-
ylation (CYP1A2), respectively™. Beyond the effects on these
CYP isoforms, the activities and expression of several phase II

*To whom correspondence should be addressed.

E-mail liulee@cpu.edu.cn (Li LIU);
xdliu@cpu.edu.cn (Xiao-dong LIU)

Received 2017-01-10 Accepted 2017-04-05

metabolic enzymes and transporters are altered by liver disease.
A recent study has shown a clear decrease in sulfotransferase
1A1, 1A3 and 1E1 activity and protein expression correlated
to the extent of fatty liver disease!”. The mRNA and protein
expression of MRP2 (ABCC2) are decreased, whereas those of
BCRP (ABCG2) are increased in human livers with alcoholic
Bl These findings suggest that the pharmacokinetic
behaviors of multiple therapeutic drugs may change in liver

cirrhosis

disease. Indeed, a study of antiretroviral drugs has found that
the oral plasma exposure of several HIV protease inhibitors
such as indinavir, lopinavir, ritonavir, amprenavir, and atazana-
vir is significantly higher in patients with hepatic disease!’.
Zidovudine (AZT), belonging to the dideoxynucleoside fam-
ily of nucleoside reverse transcriptase inhibitors (NRTIs), has
served as a “backbone” agent for anti-HIV therapy for over
30 years!!
alternative NRTI regimen in adult HIV-infected individuals

. Several guidelines also recommend its use as an

who are unable to receive abacavir or tenofovir, HIV-positive
pregnant women during labor, and children under 12 years
of age®™". Like other NRTIs, AZT competitively inhibits HIV



reverse transcriptase or incorporates into the viral genome and
terminates DNA chain expansion!". AZT is rapidly absorbed

[12]

after oral administration"~. It then undergoes three different

types of metabolism: glucuronidation, phosphorylation, and

13]

reduction™. Glucuronidation is the major metabolic path-

way for AZT, accounting for 60%-70% of drug clearance ",
UDP-glucuronosyltransferase (UGT) 2B7 is probably the sole
enzyme responsible for AZT glucuronidation™. In fact, the
formation of AZT O-glucuronidation (GAZT) from AZT has
been widely used as a specific probe reaction for UGT2B7 in
glucuronidation studies™.

A series of clinical trials with a population in liver failure
have revealed the remarkable effect of hepatic dysfunction on
the pharmacokinetics of AZT. Patients with hepatic dysfunc-
tion in a single-dose pharmacokinetic study of AZT showed an
elevated area under the curve (AUC) and an earlier maximum
plasma concentration (Cp,,) of AZT'®. In a study of 14 HIV-
negative subjects, those with cirrhosis had a marked decrease
in oral clearance and an increase in the C,,,,, half-life (t;,,) and
mean residence time (MRT)""; HIV-infected individuals with
mild liver disease, compared with healthy subjects, have been
reported to have a relatively smaller decrease in the oral clear-
ance of AZT"™. The increased plasma exposure of AZT after
oral administration in patients with hepatic dysfunction has
been identified from the decreased glucuronidation of AZT in
subjects with liver disease"”. However, the mechanism under-
lying the altered pharmacokinetics of AZT under liver failure
remains unclear. For example, accumulating data show that
AZT is a substrate for ATP-binding cassette drug transport-
ers, including P-glycoprotein (P-gp) and breast cancer resis-
tance protein (BCRP)***, which are widely distributed on
the apical membranes of cells in the intestinal epithelia, liver,
and blood-brain barrier. These membranes act as defenders
against numerous exogenous and endogenous substances.
Our previous study has also indicated that acute liver failure
(ALF) impairs the function and expression of P-gp and BCRP
at the blood-brain barrier in rats, thus resulting in increased
brain distributions of rhodamine 123 and prazosin® !, How-
ever, information on intestinal P-gp and BCRP functions and
expression under liver failure status is lacking. These changes
may also contribute to the altered pharmacokinetics of AZT
during liver failure. The aim of this study was to investigate
the effects of ALF on the pharmacokinetics of AZT and to
explore the possible underlying mechanisms.

Materials and methods

Chemicals

Thioacetamide (TAA) was purchased from J&K Scientific Ltd
(Beijing, China). Zidovudine (AZT), and AZT O-glucuronide
(GAZT) were purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA, USA). Fluorescein isothiocyanate-conjugated
(FITC) dextran 70 kDa (FD-70), rhodamine 123 and prazosin
were purchased from Sigma Aldrich (St Louis, MO, USA).
Kits for the activity assays of alanine amino transferase (ALT),
aspartate amino transferase (AST), alkaline phosphatase
(ALP), superoxide dismutase (SOD), catalase (CAT) and glu-
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tathione peroxidase (GSH-Px) and for the content determina-
tions of total bilirubin, conjugated bilirubin, ammonia, tumor
necrosis factor alpha (TNF-a), malondialdehyde (MDA),
creatinine and urea nitrogen were purchased from Jiancheng
Bioengineering Institute (Nanjing, China). A bicinchoninic
acid (BCA) kit for protein quantitation was purchased from
the Beyotime Institute of Biotechnology (Haimen, China).
Mouse monoclonal antibodies specific to P-gp (clone C219)
were purchased from Calbiochem-Novabiochem (Seattle, WA,
USA), and antibodies to BCRP and p-actin were purchased
from Abcam (Cambridge, UK). Mouse monoclonal antibodies
to UGT2B7 were purchased from Novus Biologicals (Littleton,
CO, USA). Water was purified using a Milli-Q system (Milli-
pore, Bedford, USA). All other chemicals used were commer-
cially available and of analytical grade.

Animals

Male Sprague-Dawley (SD) rats weighing 180-220 g were
purchased from Sino-British Sipper & BK Lab Animal Co.,
Ltd (Shanghai, China). The rats were housed in a controlled
environment (temperature of 23+1°C and relative humidity of
50%=%10% with a 12-h light/darkness cycle) and were allowed
free access to water and food. The animals were acclimated to
the facilities for 5 days and fasted and given free access to water
for 12 h prior to the experiment. All experiments were carried
out according to the Institutional Guidelines for the Care and
Use of Laboratory Animals and were approved by the Animal
Ethics Committee of China Pharmaceutical University.

Induction of ALF in rats

ALF in rats was induced with thioacetamide (TAA) accord-
ing to a previously established method™ *!. Briefly, male SD
rats, weighing 260-280 g, were intraperitoneally administered
injections of TAA (300 mg/kg) for two successive days with a
24-h interval. Control rats received only physiological saline
(vehicle). To minimize hypoglycemia and electrolyte imbal-
ances, drinking water containing 5% dextrose, 0.45% NaCl and
0.149% KCl was provided to all rats as supportive therapy®.
All experiments were performed 24 h after the last injection of
TAA or vehicle.

Pharmacokinetics of AZT in ALF and control rats after oral and
intravenous administration

On the second day after the last injection of TAA, ALF and
age-matched control rats were orally administered 20 mg/kg
AZT. The dose of zidovudine for oral administration was
based on a previous study™™.
0.2 mL) were collected under light ether anesthesia via the

Blood samples (approximately

postorbital venous plexus veins into heparinized tubes at 5,
10, 20, 30, 45, 60, 120, 240, 360, 480 and 600 min after the oral
dose of AZT. After 3 or 4 samplings, the equivalent amount of
normal saline was administered to the rats via the tail vein to
compensate for the blood loss. After blood was centrifuged at
5000 r/min for 5 min, the plasma samples were obtained and
frozen at -20°C until analysis.

For intravenous administration, AZT (10 mg/kg) was
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administered to ALF and control rats via the caudal vein. The
dose of zidovudine for intravenous administration (10 mg/kg)
was based on several published studies™ *!. Blood samples
(approximately 0.2 mL) were collected at 5, 10, 15, 30, 45, 60,
120, 180, 300 and 420 min after administration of the intrave-
nous dose under light ether anesthesia. The collection and the
treatment of blood samples were performed by using the same

method as described for oral administration.

Effect of ALF on the urinary excretion of AZT

For urinary excretion, ALF and age-matched control rats were
housed individually in metabolic cages before the study.
After a 24-h adaptation period, rats received an intravenous
administration of AZT (10 mg/kg). Urine samples were col-
lected before dosing and at intervals of 0-3 h, 3-6 h, 6-9 h,
9-12 h, and 12-24 h after dosing. Aliquots of urine samples
were stored at -80 °C until analysis.

Determination of biochemical and physiological parameters

The experimental rats, fasted overnight, were sacrificed under
light ether anesthesia. Blood and tissues (liver and intestine)
were immediately collected for the determination of biochemi-
cal parameters, histological analysis and Western blotting.
Parts of the liver were used for preparing hepatic microsomes.
Body and liver weights were measured to verify the induction
of ALF. The levels of ALT, AST, AKP, total bilirubin, conju-
gated bilirubin, TNF-a, ammonia, creatinine and urea nitro-
gen in serum, as well as the levels of GSH-Px, CAT, SOD and
MDA in liver, were measured using commercial reagent kits
following the manufacturer’s instructions.

Histological analysis of liver and intestine

The same parts of the liver and intestine were excised from
ALF and control rats, sliced into -0.3 to -0.5 cm sections and
immersed in a 10% formalin solution for fixation. After dehy-
dration with alcohol, the tissue specimens were embedded in
paraffin. After the solidification, specimens were cut into 4-um
slices, stained with hematoxylin-eosin (H&E) and observed by
light microscopy.

The preparation of hepatic microsomes and the metabolism of
AZT in hepatic microsomes

Hepatic microsomes were freshly prepared from the ALF
and control rats mentioned above according to previously
described methods™.

ether anesthesia, and their livers were quickly harvested. The

The rats were sacrificed under light

microsomal pellets were resuspended in 0.1 mol/L phosphate-
buffered saline (pH 7.4) containing 30% glycerol and were
stored at -80°C. The protein concentrations were measured
with a BCA protein assay kit.

AZT metabolism in the hepatic microsomes of rats was
assessed by measuring the formation of GAZT. Briefly, hepatic
microsomes (1 mg/mL) were incubated for 30 min at 37°C
with AZT (0.5, 1 and 2 mmol/L) and an UDPGA-generating
system (5 mmol/L UDPGA, 5 mmol/L saccharolactone, 80
pg/mL Triton-X 100, and 10 mmol/L MgCl,) in a final volume
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of 100 pL. The AZT concentration (2 mmol/L) was below its
K, value (9.1 mmol/L)P". The reaction was terminated by
addition of 100 pL of ice-cold acetonitrile containing 0.2% for-
mic acid. All incubations were performed in triplicate. The
amount of GAZT formed in the reaction mixture was deter-
mined.

In human hepatic microsomes, the formation of GAZT
was considered to be mediated by UGT2B7"%. To investi-
gate whether UGT2B7 was also the main enzyme responsible
for AZT metabolism in rats, the effect of an anti-UGT2B7
polyclonal antibody on the formation of GAZT was also
documented. Briefly, the rabbit anti-rat UGT2B7 polyclonal
antibody was preincubated with rat hepatic microsomes for
20 min at room temperature, and AZT (2 mmol/L) was then
added. The mixture was prepared, and the process was per-
formed according to the methods described above.

Western blot analysis

The protein levels of liver UGT2B7 and intestinal P-gp and
BCRP were assessed by Western blotting™ *. Briefly, the
livers and intestines were homogenized in RIPA lysis buffer
(containing 1 mmol/L phenylmethylsulfonyl fluoride, PMSF)
and diluted with loading buffer as previously described.
Seventy micrograms of protein was loaded into each lane of
the sodium dodecyl sulfate-polyacrylamide gel, separated by
electrophoresis and transferred to polyvinylidene fluoride
membranes (Millipore Corporation, Billerica, MA, USA). Blots
were blocked in 5% skimmed milk-TBST (Tris buffer saline-
Tween 20) for 2 h at room temperature and then washed.
After incubation with primary antibodies overnight at 4°C,
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 2 h. The immunoreactiv-
ity was detected using a chemiluminescent substrate (Thermo
Fisher Scientific Inc, Rockford, IL, USA) and a gel imaging sys-
tem (Tanon 5200 multi system, Shanghai, China). The levels
of the target proteins were normalized to levels of 3-actin as a
reference. The primary antibodies used were to BCRP (1:200
dilution), P-gp (1:50 dilution), UGT2B7 (1:500 dilution) and
B-actin (1:5000 dilution).

Effects of ALF on the absorption of AZT and rhodamine 123

The effects of ALF on AZT absorption were evaluated by in
situ single-pass perfusion as previously described™!. Briefly,
rats were fasted overnight and anesthetized with 60 mg/kg
pentobarbital (ip). After the isolation of 20 cm of jejunum,
two cannulas were inserted into either end (input and output).
The isolated jejunum was flushed with blank Krebs-Henseleit
buffer (37°C) at a fast rate for 10 min, then with Krebs-
Henseleit buffer containing 10 umol/L AZT or 0.5 pmol/L
rhodamine 123 at a 0.2 mL/min flow rate until equilibrium
was reached. The total perfusion period was 120 min, and
efflux samples were collected every 15 min from the output
cannula. Rats were sacrificed at the end of the perfusion, and
the perfused segments were removed for measurements of the
absorption areas. The apparent effective permeability (P,
cm/min) was calculated with the following equation: P.y=-Q -



In (Cou/Cin)/ A, where Q is the entering intestinal perfusion
flow rate, C;, and C,, are the concentration of AZT or rhoda-
mine 123 in the inlet and outlet perfusates and A represents
the absorption areas of the isolated jejunum. A deviation
in C,, caused by water absorption was corrected by using a
gravimetric method ™.

Intestinal integrity in ALF and control rats

In vivo intestinal integrity was measured using a previously
described method™. Rats received oral gavages of fluorescein
isothiocyanate (FITC)-labeled 70-kDa dextran (FD-70) at 50
mg/kg body weight in phosphate-buffered saline (PBS, pH
7.4). After 1 and 4 h, 100 pL of blood were collected from the
postorbital venous plexus veins. Plasma was obtained by the
addition of 10 pg/mL heparin and centrifugation at 5000xg
for 5 min at 4°C. Plasma (50 pL) was mixed with an equal
volume of PBS (pH 7.4) and added to a 96-well microplate.
The concentration of fluorescein was determined by spectro-
photometry (Varioskan Flash, Thermo Scientific, USA) with an
excitation wavelength of 485 nm and an emission wavelength
of 525 nm, using a calibration curve.

Analytical procedures

The concentrations of AZT and GAZT in plasma or urine
were determined using liquid chromatography tandem mass
spectrometry (LC-MS) according to a previously described
method™!. The linear ranges of AZT and GAZT in plasma
were 0.05-10 pg/mL and 0.025-2 pg/mL, and the lowest lim-
its of quantification of AZT and GAZT were 50 ng/mL and 25
ng/mL, respectively. The linear ranges of AZT and GAZT in
urine were 0.05-10 pg/mL and 0.025-5 pg/mL, and the lowest
limits of quantification of AZT and GAZT were 50 ng/mL and
25 ng/mL, respectively. The recoveries were higher than 80%,
and the relative standard deviations of the intra- and inter-
assays were lower than 10%.

Measurement of GAZT in the incubation mixtures was
performed according to a previously reported method””,
with slight modification. Briefly, 10 pL of terazosin (internal
standard, 25 pg/mL) was added to 200 pL of the microsomal
incubation mixture, and the mixture was centrifuged at 20000
xg for 10 min. The supernatant was injected into an LC-MS
system. The mobile phase consisted of acetonitrile and water
(17:83, v/v). Detection was performed on a triple quadrupole
tandem mass spectrometer equipped with an electrospray ion-
ization source operated in selected reaction monitoring mode
(m/z 442.00—125.00 for GAZT and my/z 388.15—290.20 for the IS
terazosin). The detection limit for GAZT was 0.02 umol/L, and
the recoveries were greater than 75%. The intra-day and inter-
day coefficients of variation for the assay were less than 10%.

The concentrations of AZT and rhodamine 123 in the intes-
tinal eluate samples were determined using ultraviolet and
fluorescence HPLC detectors, respectively, according to pre-
viously described methods™”*!. The lowest limits of quan-
tification of AZT and rhodamine 123 in the intestinal eluate
samples were 0.5 and 0.02 umol/L, respectively. The linear
ranges of AZT and rhodamine 123 in intestinal eluate samples
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were 0.5-40 pmol/L and 0.02-1 pumol/L, respectively. The
recoveries of AZT and rhodamine were higher than 85%, and
the relative standard deviations of the intra-day and inter-day
levels in the samples were lower than 10%.

Statistical analysis

The pharmacokinetic parameters were estimated using a non-
compartmental analysis (Pheonix Winnonlin 6.4, Pharsight, St
Louis, MO, USA). If the data fit a normal distribution, a stan-
dard analysis of variance was used. The significance of dif-
ferences between two groups was determined with Student’s
t-test. If the data were not normally distributed, a Mann-Whit-
ney U test was used for a comparison between two groups. All
results are expressed as the meantstandard deviation (SD).

Results

Alterations of biochemical parameters and histopathological
characteristics in ALF rats

ALF induced by thioacetamide was confirmed on the basis of
the physiological and biochemical parameters listed in Table 1.
The increased levels of ALT and AST were used as markers
to ascertain liver failure. In the sera of the TAA-treated rats,
compared with the control rats, an 8-fold increase in AST
and a 9-fold increase in ALT were observed. Along with the
increased ALT and AST levels, the serum AKP, total bilirubin,
conjugated bilirubin and TNF-a levels in ALF rats were also
significantly elevated compared with the levels in the control
rats. However, the serum ammonia, creatinine and urea nitro-
gen levels were not affected by TAA-induced ALF.

The GSH-Px, MDA, SOD and CAT levels in the livers were
also measured (Table 1) as indicators of oxidative stress. No dif-
ferences in the liver SOD levels were found between the groups.
However, in the ALF rats, compared with the control rats, sig-
nificantly decreased levels of GSH-Px and CAT but increased
levels of MDA were observed in the liver, thus indicating that
oxidative stress was induced in the livers of ALF rats.

The histopathological characteristics of the liver and intes-
tine were assessed by light microscopic examination (Figure
1). The livers from ALF rats showed severe vacuolation and
inflammatory infiltration. The results of the biochemical
parameters and histopathological studies suggested that the
rat liver function was impaired by piecemeal necrosis after
TAA administration. However, histopathological evaluation
of the jejunum revealed no overt differences between ALF and
control rats.

Effects of ALF on the pharmacokinetics of AZT in rats

The plasma concentration of AZT after oral administration
of 20 mg/kg AZT to rats is shown in Figure 2A, and the esti-
mated pharmacokinetic parameters of AZT are listed in Table
2. Higher concentrations of AZT were found in ALF rats. The
mean AUC o, in ALF rats was significantly higher than
that in the control rats (16.14+2.52 pg-h/mL in ALF rats vs
10.74£1.28 pg- h/mL in control rats). This result indicated
that ALF may increase the plasma exposure of AZT after oral
administration.
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Table 1. Physiological and biochemical parameters of the acute liver
failure (ALF) rats and age-matched control (CON) rats. Data are expressed
as mean+SD. n=6. "P<0.05, "P<0.01 vs CON rats.

CON-liver

ALF-liver

Parameters

CON

ALF

Physiological parameters
Body weight (BW) (g)

252.63+12.70

232.70+£11.94"

Liver weight (% BW) 2.99+0.42 4.47+0.26"

Serum

ALT (IU/L) 27.39+4.15 250.08+47.44™"

AST (IU/L) 46.03+15.01 377.03+85.29"

AKP (1U/L) 165.83+45.60 316.03+82.37"

Total bilirubin (umol/L) 3.39+1.25 6.13+2.48"

Conjugated bilirubin (umol/L) 1.59+1.48 4.09+2.87"

TNF-o (pg/mL) 7.69+3.10 130.88+40.90"

Ammonia (umol/L) 76.85+18.78 88.53+21.33

Creatinine (umol/L) 44.83+15.15 47171763 Figure 1. Histological analyses of liver (A) and jejunum (B) from acute
Urea nitrogen (mmol/L) 4.89+1.18 5.38+1.05

Liver liver failure (ALF) rats and age-matched control (CON) rats. All sections
GSH-Px (units/mg protein) 183.97+41.75 122.28+24.20" were stained with hematoxylin-eosin (magnification, 200x for jejunum
CAT (units/mg protein) 25.75+7.21 16.62+4.43" and 100x for liver). Scale bar represented 100 um for liver and 50 um for
SOD (units/mg protein) 42.66+7.46 41.02+6.91 jejunum, respectively. Arrows indicate vacuolation and inflammatory cell
MDA (nmol/mg protein) 2.87+0.72 4.21+0.80" infiltration.

To investigate whether the higher oral exposure of AZT in
ALF rats resulted from decreased system clearance, the phar-
macokinetics of AZT and its main metabolite, GAZT, were also
studied in ALF and control rats after intravenous administra-

Table 2. Pharmacokinetic parameters of zidovudine (AZT) after oral
administration of 20 mg/kg AZT or intravenous administration of 10
mg/kg AZT to acute liver failure (ALF) rats and age-matched control (CON)
rats. Data are expressed as mean+SD. n=6. "P<0.05, “P<0.01 vs CON

rats.

Group CON ALF

Oral administration

k (1/h) 0.65+0.08 0.37+0.04"
ti2 (h) 1.07+£0.15 1.91+0.22"
Tonax (D) 0.71+0.10 0.54+0.10"
Crnax (Hg/ML) 5.72+0.70 7.76+0.88"
AUC,, (ug-h-mL%) 10.74+£1.28 16.14+2.52""
AUC,.. (ug-h-mL?) 10.82+1.29 16.53+2.52""
V,/F (L/kg) 2.89+0.44 3.43+0.89
CL/F (L-h?) 1.87+0.23 1.23+0.19™
MRT (h) 1.83+0.19 2.55+0.11""
Intravenous administration

k (1/h) 1.57+0.13 0.88+0.13™
tio (h) 0.44+0.04 0.80+0.13™
Co (Ug/mML) 14.15+2.52 17.74+3.83"
AUC,, (ug-h-mL%) 8.09+1.42 12.39+1.28™
AUC,.. (ug-h-mL%) 8.17+1.43 12.57+1.34™
V, (L/kg) 0.76+0.16 0.75+0.06
CL(L-hY) 1.25+0.20 0.80+0.08""
MRT (h) 0.61+0.07 0.94+0.08"
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tion of AZT (10 mg/kg) (Figure 2B and 2C). Similarly to the
results after oral administration, higher plasma exposure of
AZT was found in ALF rats. The AUC,., of AZT in ALF rats
was 1.5-fold of that in the control rats, and the half-life (¢,/,) of
AZT in ALF rats was much longer than that in the control rats.
However, the plasma concentrations and AUC of GAZT were
markedly decreased in ALF rats compared with the control
rats (0.43+£0.06 pg-h/mL in ALF rats vs 0.69+0.14 pg-h/mL in
the control rats). These results indicated that AZT was more
slowly metabolized and eliminated in ALF rats than in the con-
trol rats and was accompanied by lower system clearance.

Effects of ALF on the urinary excretion of AZT and GAZT in rats
Previous studies have demonstrated that urinary excretion
of the parent drug (approximately 70% of the oral or intra-
venous dose) is the primary excretive pathway of AZT in
rats">*l. Thus, urinary excretion of AZT and GAZT after
intravenous administration was determined, to investigate
whether the increased exposure of AZT in ALF rats resulted
from decreased urinary excretion of AZT. The results showed
that trace amounts of GAZT were excreted in the urine (Fig-
ure 2E), whereas a large amount of AZT was detected, which
accounted for approximately 55%-60% of the intravenous
dose (Figure 2D). The contribution of the urinary excretion
of GAZT to the overall AZT elimination was limited (only 2%
of the intravenous dose), and ALF did not affect the urinary
excretion of either AZT or GAZT.

Metabolism of AZT in the hepatic microsomes of ALF rats

AZT is a classic UGT substrate and is metabolized to an inac-
tive compound, GAZT, by hepatic UGT enzymes, primarily
UGT2B7 in humans. To verify whether UGT2B7 contributed
to AZT metabolism in rats, the formation rates of GAZT in
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Figure 2. Plasma concentration-time profiles of zidovudine (AZT) and AZT O-glucuronide (GAZT) following oral administration of 20 mg/kg of AZT (A)

or intravenous administration of 10 mg/kg of AZT (B, C) to acute liver failure (ALF) rats (®) and age-matched control (CON) rats (o).

The accumulative

excretion of AZT (D) and GAZT (E) via urine following intravenous AZT (10 mg/kg) in ALF rats (shaded bar) and CON rats (white bar). Data are expressed

as mean+SD. n=6. "P<0.05, "P<0.01 vs CON rats.

rat hepatic microsomes were investigated in the presence or
absence of an anti-UGT2B7 antibody (Figure 3A). The results
showed that an antibody against UGT2B7 inhibited AZT
metabolism. The formation rate of GAZT in the presence of
the antibody against UGT2B7 (20 pL/mg microsomal protein)
was 19.3+4.2 pmol-min™-mg™ protein, a value significantly
lower than that in the absence of the anti-UGT2B7 antibody
(40.1+4.8 pmol'min™-mg" protein). The results indicated that

in rats, similarly to humans, UGT2B7 was responsible for the
formation of GAZT.

To investigate whether the increased plasma concentration
of AZT in ALF rats resulted from impaired UGT2B7 activity,
the UGT2B7 activity in the hepatic microsomes of ALF rats
was determined by measuring the formation of GAZT from
AZT, a specific in vitro probe. As shown in Figure 3B, com-
pared with those in the control rats, the hepatic microsomes

Acta Pharmacologica Sinica



www.nature.com/aps

1560 Wang F et al
A B
0 O CON
—_— ~ 504 - ALF
L3 1 2
§ 2 404 58 40
§ = § 2
B o 301 *k 5 o 301 *
£ E € E
St 20; Se 20
£ 2 o
< © 104 S 4 *k
o g g 1
~ Q.
0 ~ 0
uGT2B7 = + 0.5 1 2
antibody
Concentration of AZT (mmol/L)
C D
CON ALF
. & 15- 3 CON
HEPT | o e am——— o— — N - ALF
UGT2B7 - - 5]
=)
B-actin %._g 1.0 I
g5
c ©
‘s G *k
— T
S5 0.5
o=
c
5
g 0.0
o

UGT2B7

Figure 3. Effect of acute liver failure (ALF) on zidovudine (AZT) metabolism and UGT2B7 expression in hepatic microsomes. (A) The effects of an
antibody to UGT2B7 on the formation of GAZT in the hepatic microsomes of CON rats. (B) The formation of zidovudine O-glucuronide (GAZT) in the
hepatic microsomes of ALF rats (shaded bar) and age-matched control (CON) rats (white bar). The relative protein expressions (C) and the corresponding
quantitative results (D) of hepatic UGT2B7 in ALF rats (shaded bar) and CON rats (white bar). Data are expressed as mean+SD. n=4. "P<0.05, “P<0.01

vs CON rats.

of ALF rats showed significant decreases in the formation of
GAZT, thus suggesting impairment of the hepatic UGT2B7
activity. Western blotting also demonstrated that the protein
expression of hepatic UGT2B7 in ALF rats was significantly
decreased to only 35% of that in the control rats (Figure 3C
and 3D). The decreased expression of UGT2B7 in the hepatic
microsomes of ALF rats was consistent with the attenuation of
GAZT production, thus indicating that the increased plasma
exposure of AZT might partly result from the decreased activ-
ity and expression of hepatic UGT2B7 in ALF rats.

Effects of ALF on the expression of intestinal P-gp and BCRP
AZT is a substrate of both P-gp and BCRP. To investigate the
contributions of intestinal BCRP and P-gp to the enhanced
oral absorption of AZT in ALF rats, the levels of the intestinal
P-gp and BCRP proteins in ALF and age-matched control rats
were compared by western blot analysis. The intestinal P-gp
expression in ALF rats significantly decreased, to 35% of that
in the control rats. In contrast, the BCRP expression in ALF
rats showed a slight increase but no significant difference com-
pared with that in the control rats (Figure 4).

Effects of ALF on the intestinal absorption of AZT and rhodamine
123
We further investigated whether the higher exposure of AZT
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Figure 5. The effects of acute liver failure (ALF) on intestinal permeability and the absorption of zidovudine (AZT) and rhodamine 123 in the jejunum of
rats. Plasma fluorescein isothiocyanate-conjugated (FITC) dextran 70 kDa (FD-70) levels (A) and the corresponding AUC of FD-70 (B) were measured 1
and 4 h after oral administration of FD-70 (50 mg/kg) in ALF rats (e, shaded bar) and age-matched control (CON) rats (g, white bar). The accumulative
absorption of AZT (C) and rhodamine 123 (E), the corresponding P of AZT (D) and rhodamine 123 (F) were measured using an in situ single-pass
intestinal perfusion in ALF rats (e, shaded bar) and CON rats (o, white bar), respectively. Data are expressed as mean+SD. n=6. "P<0.05, "P<0.01 vs

CON rats.

in ALF rats after oral administration resulted from an increase
in AZT absorption across the intestine. Comparative studies
of the intestinal absorption of AZT in ALF and control rats
were performed by using in situ single-pass intestinal perfu-
sion (Figure 5C and 5D). The results showed that the intes-
tinal absorption of AZT in ALF rats was significantly higher

than that in the control rats. At 120 min, the accumulative
absorption of AZT in ALF rats reached 1.37-fold of that in the
control rats (1.82+0.126 nmol/cm” in ALF rats vs 1.32+0.052
nmol/cm? in control rats). The P values of AZT in ALF rats
were increased by approximately 47%, 44% and 25% at 60 min,
90 min and 120 min, respectively, relative to the control rats.
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This result indicated that the higher exposure of AZT after
oral administration resulted from increased oral absorption of
AZT across the intestine.

To examine whether the increased oral absorption of AZT
was caused by impairment of the intestinal barrier, the integ-
rity of the intestinal barrier was assessed by using FD-70, a
fluorescein-labelled dextran. The results showed that plasma
concentrations of FD-70 in ALF rats were comparable to those
of control rats (Figure 5A and 5B), a result consistent with the
histopathological results (Figure 1B), thus indicating that ALF
did not affect the integrity of the intestinal barrier and that the
increased oral absorption of AZT across the intestine did not
result from the damaged intestinal integrity.

It is generally accepted that AZT is a P-gp and BCRP sub-
strate. Data from the Western blots showed that ALF also
downregulated the expression of intestinal P-gp. Rhodamine
123, a classical P-gp substrate, was used to evaluate the func-
tion of P-gp. As shown in Figure 5E and 5F, the accumula-
tive absorption and P values of rhodamine 123 in the ALF
rats were significantly increased compared with those in the
control rats. This result was consistent with the decreases in
expression of the intestinal P-gp protein and indicated that the
increased absorption of rhodamine 123 and AZT in ALF rats
was attributable to the impaired function and expression of
intestinal P-gp.

Discussion

The TAA-induced ALF rat model was used in this study. This
model has been widely used and is well established for liver
function assessments, because it resembles several patho-
physiological and clinical features of ALF in humans™. As
expected, TAA treatment was accompanied by liver failure, as
indicated by increased serum levels of liver enzymes (AST and
ALT), AKP, TNF-a and total bilirubin, though serum ammonia
levels were not changed by ALF. In addition, oxidative stress
was observed in the livers of hepatotoxic rats, as evidenced by
increased MDA levels and decreased GSH-Px and CAT levels
in liver tissue homogenates. On the basis of the unchanged
creatinine and urea nitrogen levels in the serum, renal func-
tion might not have been influenced by ALF.

This study showed that the oral AUC of AZT in ALF rats
was significantly higher than that in control rats, a result con-
sistent with the AZT pharmacokinetics reported in patients
with liver disease”. To investigate whether the higher oral
AUC in ALF rats was a consequence of decreased systemic
clearance, the AUC of AZT and its metabolite GAZT were
estimated after intravenous administration of AZT. In accor-
dance with our hypothesis, an increased AUC of AZT and a
decreased AUC of GAZT were found in ALF rats after intra-
venous administration, thus indicating that the ALF condi-
tion decreased the systemic clearance of AZT. However, the
plasma concentrations and systemic exposure of GAZT were
significantly lower than those of AZT in both ALF and control
rats, results markedly different from the data in humans. The
pharmacokinetics of AZT and GAZT have been studied in
healthy volunteers and patients with liver cirrhosis or HIV-
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plasma levels of GAZT were between 2 and 5 times greater
than those of the parent drug. These results indicated that
the ability for the catalysis of AZT to GAZT in humans may
be distinct from that in rats.

To investigate whether the increased exposure of AZT in
ALF rats resulted from decreased urinary excretion of AZT,
the urinary excretion of AZT and GAZT after intravenous
administration of AZT was measured. The results also dif-
fered from those in humans. The percentage of the dose
recovered in human urine as AZT and GAZT is 10%-20% and
60%-70%, respectively, after oral or intravenous administra-
tion[46, 47,
(approximately 2% of the intravenous dose) were excreted in

1. However, in our study, only trace amounts of GAZT

the urine, whereas a large amount of the parent drug, AZT
(approximately 60% of the intravenous dose), was detected
in the urine samples of both ALF and control rats. A previ-
ous study has also found that urinary excretion of AZT, as
unchanged drug, in rats accounted for 70% of the intravenous
dose but that only 1% of the dose was recovered in the urine
as GAZT™, in agreement with our results. The urinary excre-
tion of AZT and GAZT was not influenced by ALF in rats.
These results were in accord with the findings that the plasma
exposure of GAZT was significantly lower than that of AZT.
The excretive experiment also revealed interspecies differences
in the metabolism and excretion of AZT between humans and
rats.

AZT undergoes glucuronidation to AZT O-glucuronidation
(GAZT) as the major metabolic pathway after absorption both
in humans and rats and is catalyzed mainly by UGT2B7 in
humans®. However, the UGT isoforms responsible for AZT
glucuronidation in rats have not been fully characterized. A
previous study has also authenticated UGT2B7 as the major
member of the UGT2B family in the rat liver™. Our study
showed that an anti-UGT2B7 antibody markedly inhibited
glucuronidation of AZT in rat hepatic microsomes. The esti-
mated contribution of UGT2B7 to total AZT glucuronidation
was approximately 52%, thus indicating that, as in humans,
UGT2B7 in rats is responsible for AZT glucuronidation.
Subsequently, the hepatic UGT2B7 activity in the hepatic
microsomes of ALF rats was measured on the basis of the
formation of GAZT. The measured UGT2B7 activity in ALF
rats was only approximately 70% of that in the control rats, in
agreement with the decrease in protein expression of hepatic
UGT2B7. These results were consistent with the findings in
patients with liver disease® *. The intestinal metabolism of
AZT was also taken into consideration because UGT2BY is also
expressed in the intestine®™, but the formation of GAZT in
intestinal microsomes was not detected. These results revealed
that the impaired hepatic UGT2B7 expression and activity
induced by ALF contributed to the increased exposure of AZT
after oral and intravenous administration.

The mechanism involved in the suppression of UGT2B7
expression during ALF is not fully understood. Several
reports have shown that proinflammatory and inflammatory
cytokines might down-regulate CYP450s, transporters and



UDP-glucuronosyltransferases®>*!

. A recent study has also
found that increases in a group of inflammatory cytokines
(interleukin-4, interleukin-5, and interleukin-13) are associ-
ated with a significant decline in the UGT1A1, UGT1A9, and
UGT2B5 mRNAs in the Schistosoma-infected mouse model®™,
thus indicating that the elevated inflammatory cytokines
induced by ALF may explain the suppressed UGT2B7 expres-
sion. This possibility was partly supported by the current
finding that TNF-a levels were significantly increased in ALF
rats. In addition, ALF is often associated with oxidative stress,
on the basis of the observation that decreased levels of GSH-
Px and CAT and increased levels of MDA were induced in
the livers of ALF rats. Moreover, oxidative stress has been
reported to inhibit the catalytic functions of UGT1A6 and
UGT1AY in rat astrocytes™!, thus suggesting a role of oxida-
tive stress in the suppression of hepatic UGT2B7 in ALF rats;
further investigation is needed.

Interestingly, ALF rats not only had a greater C,,., (7.76+0.88
pg/mL in ALF rats vs 5.72+0.70 pg/mL in control rats, P<0.01)
but also had a shorter T,,,,, (0.54+0.10 h in ALF rats vs 0.71+0.10
h in control rats, P<0.05) after oral administration of AZT, thus
suggesting enhancement of AZT absorption under the ALF
condition. Data from the in situ single-pass perfusion showed
that ALF significantly increased the oral absorption of AZT
across the intestinal wall. The histopathological assessment
demonstrated that the intestinal physiological structure and
integrity of the ALF rats remained intact, thus excluding the
possibility that damaged intestinal integrity might contribute
to the increased oral absorption of AZT across the intestine.

P-gp and BCRP are responsible for the efflux of AZT from
intestinal cells’™. P-gp has been reported to limit the absorp-
tion of multiple drugs, including AZT, through rat intestinal
segments®™®). An in vitro study using Caco-2 and MDCK-
MDRT1 cells has also demonstrated that AZT is a substrate of
P-gp®. In addition, CD4" and CD8" T cells from patients with
HIV-1 infections exhibit greater accumulation of AZT, accom-
panied by suppressed expression of P-gp®l. AZT is also a
substrate of BCRP, as evidenced by the decreased AZT uptake
reported in BCRP-overexpressing MDCK II cells®”l. Together,
these results indicate that the attenuated function and expres-
sion of P-gp and BCRP might contribute to the increased
oral absorption of AZT in ALF rats. However, data from the
Western blots clearly revealed that ALF decreased the expres-
sion of intestinal P-gp, not BCRP, a result consistent with the
impaired intestinal P-gp function (increased oral absorption
of rhodamine 123). Together, these results indicated that the
attenuated function and expression of P-gp, at least in part,
contributed to the enhanced oral absorption of AZT in ALF
rats.

Our previous studies have verified that hyperammonemia
increases the function and expression of P-gp at the blood-
brain barrier by activating the NF-«B pathway™ and that ALF
impairs the function and expression of BCRP at the blood-
brain barrier partly by activating the ammonia-ROS-ERK1/2

[23]

pathway'=". These results indicate tissue-specific alterations

in the expression and function of P-gp and BCRP in ALF rats.
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However, the underlying mechanisms remain obscure and
require further investigation.

In addition to hepatic UGT2B7, intestinal P-gp and BCRP
were found to be involved in the alteration of the pharmacoki-
netic behavior of AZT in ALF rats. Several other factors may
also result in a higher oral exposure of AZT under ALF. Pre-
vious studies have documented that organic anion transport-
ers (OATs) including OAT1, OAT2 and OAT3 participate in
the transport of AZT in the liver and kidney*”. The rat OAT1
protein is primarily expressed in the basolateral membrane
of renal proximal tubule cells and is responsible for trans-
ferring AZT from the blood into proximal tubule cells. Rat
OAT2, which is abundantly expressed in the liver, regulates
AZT uptake into hepatocytes'®. The rat OAT3 protein local-
ization was similar to that of OAT1 and facilitated uptake of
AZT from the blood into proximal tubule cells. However, in
a comparative study on murine OAT1 and OAT3, most anti-
viral agents including AZT have been found to have a higher
affinity for OAT1®, thus suggesting that OATS3 is of limited
importance in the renal secretion of AZT. Our results showed
that ALF did not alter urinary excretion of AZT or its metabo-
lite, GAZT, thus suggesting that the functions of OAT1 and
OATS3 in renal proximal tubule cells may not be changed by
ALF. Decreased hepatic OAT2 activity and expression may
also contribute to the higher oral exposure of AZT in ALF rats
observed in this study, as evidenced by the decrease in liver
OAT?2 expression found in chronic hepatitis C patients'®.

In conclusion, the oral plasma exposure of AZT was signifi-
cantly increased in TAA-induced ALF rats, possibly as a result
of the decreased function and expression of intestinal P-gp
and hepatic UGT2B7 under ALF conditions. Because AZT
displays mitochondrial toxicities in a wide array of organs and
tissues, more attention should be paid to the use of AZT in
patients with liver failure.
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