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ABSTRACT - Purpose: Methamphetamine (METH) abuse is associated with hepatic dysfunction related
comorbidities such as HIV, hepatitis C, and polysubstance abuse with acetaminophen-containing opioid
formulations. We aimed to develop a bile duct ligation (BDL)-induced hepatic dysfunction model for studying
both METH and experimental treatments for METH abuse in this comorbidity. Methods: Sham or BDL surgery
was performed in male Wistar rats on day 0. Liver function was measured throughout the study. On days 7 and
19, serum pharmacokinetics studies were performed with 1 mg/kg subcutaneous (sc) METH. On day 21, this dose
was repeated to determine 2 h post-METH brain concentrations. METH-induced open field behaviors were
measured every other day (days 12 - 16) with ascending sc doses (0.3 — 3 mg/kg). Results: BDL transiently
increased alanine aminotransferase levels and altered liver structure, which resulted in significantly greater METH
serum and brain exposure. In the BDL compared to sham group, there was a longer duration of METH-induced
locomotor activity (after 1 and 3 mg/kg) and stereotypy (after 3 mg/kg). Conclusions: In rats, liver dysfunction
reduced METH clearance, increased brain METH concentrations, and enhanced METH effects on locomotor
activity in a dose dependent manner. In addition, this model could be further developed to simulate the associated
hepatic dysfunction of key METH abuse comorbidities for preclinical testing of novel pharmacotherapies for
effectiveness and/or toxicity in vulnerable populations.

INTRODUCTION polysubstance use with acetaminophen containing
prescription opioid formulations (9). A common
While government action substantially reduced both characteristic of these comorbid conditions is hepatic
the number of clandestine methamphetamine dysfunction. While acetaminophen toxicity, alcohol
(METH) labs and METH use in the United States, abuse, and hepatitis C are expected causal factors in
METH-related deaths and DEA seizures are once this pathology, HIV viral proteins and antiretroviral
again on the rise (1). This rise is a concern as METH therapy can also result in cholestatic liver disease
use disorders are extremely difficult to treat; even (10) and hepatic fibrosis (11). Hepatitis C
keeping individuals enrolled in highly organized coinfection, which is associated with intravenous
clinical treatment trials is incredibly challenging (2). (iv) drug use (12), can worsen the damage (11).
In addition, there are currently no FDA-approved In the NIH-Wide Strategic Plan Fiscal Years
medications for this chronic illness. Small molecule 2016-2020, the institute encourages researchers to
and biologic therapies are in development for METH study the interaction between diseases and
use disorder (3, 4) and are being tested in human conditions and their potential synergistic effects on
trials (5, 6). Although preclinical studies have found the human body.

that small molecule and biologic therapies are
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The effects of METH are enhanced in rodent models
of HIV (13-15), and the combination of HIV
infection and METH use is associated with learning
impairments and neurotoxicity (16). HIV is also
known to have an effect on liver function in both
humans infected with HIV (11) and in rodent models
of HIV infection (17, 18). While the rodent HIV
model studies show evidence for central nervous
system based HIV-induced METH sensitization (13-
15), these studies do not account for any potential
mediating effects of HIV-induced hepatic
dysfunction. Additionally, there are no rodent
studies demonstrating enhanced METH effects due
to acetaminophen-, ethanol-, or hepatitis C-induced
liver injury.

The current studies focused on hepatic
dysfunction as it is a common feature of multiple
comorbidities associated with METH use. Bile duct
ligation (BDL) surgery was used to induce hepatic
dysfunction in a preclinical rat model. The BDL
surgery rapidly produces hepatic fibrosis (19) and is
known to impair the clearance of hepatically
eliminated drugs (20-22). In control animals, a sham
surgery was performed which involved bile duct
isolation without ligation. We hypothesized that
BDL-induced hepatic dysfunction, independent of
METH-induced toxicity, would both enhance
METH-induced open field behavior and alter METH
pharmacokinetics (PK) resulting in increased serum
and brain exposure to the drug.

METHODS

Drugs, chemicals, and supplies
(+)-Methamphetamine hydrochloride (METH) for
administration was obtained from the National
Institute on Drug Abuse. (£)-METH and (%)-
amphetamine (AMP) analytical standards in
methanol and internal standard (+)-1-phenyl-1,2-
dideutero-2-[trideuteromethyl Jaminopropane
(METH-Ds) in methanol were purchased from
Cerilliant (Round Rock, TX). All concentrations
were calculated as free base. Isoflurane solution,
injectable meloxicam (5 mg/mL) and gentamicin (40
mg/mlL) were purchased from the University of
Arkansas for Medical Sciences (UAMS) pharmacy
supply room. Other reagents and supplies were
purchased from Sigma Chemical Company or
Thermo-Fisher Scientific, unless otherwise stated.

Animals

Male Wistar rats (n=19) were purchased from
Charles River Laboratories (Wilmington, MA) and
arrived at the UAMS animal care facility at
approximately 8 weeks old and 278 + 16 g. Rats were
dual housed in a 22°C room with a 14/10-hour
light/dark cycle, provided water ad libitum, and fed
a sufficient amount (~20 g daily) of standard rat
chow to maintain a body weights less than 360 g over
the experiment. Animal bodyweight, food
consumption, appearance, and behavior were
monitored daily under the guidance of a veterinarian.
All experiments were conducted in accordance with
the National Research Council Guide for Care and
Use of Laboratory Animals, and the UAMS
Institutional Animal Care and Use Committee.

Animal experiment summary

Sham and BDL surgeries were performed on day 0.
Serum was collected for alanine aminotransferase
(ALT) determinations before surgery and 1, 4, 7, and
19 days afterward. PK studies were performed with
1 mg/kg sc METH on days 7 and 19. Saline open
field locomotor activity experiments were performed
on days 9 and 10. This was repeated with escalating
sc METH doses (0.3, 1, and 3 mg/kg) on days 12, 14,
and 16. On day 21, rats were euthanized under
isoflurane anesthesia by decapitation two h after
administration of a 1 mg/kg sc METH dose for
collection of whole brains for determination of
METH and AMP (metabolite) concentrations and
liver slices for histopathological analysis. Detailed
methods for each experiment are described below.

BDL surgery

Wistar rats received 1 mg/kg sc meloxicam and 2
mg/kg sc gentamicin immediately before sham or
BDL surgery in sterile conditions. Anesthesia was
induced with 5% inhaled isoflurane and maintained
with 1-3% isoflurane as needed with an O, flow rate
of 1.5 L/min. The abdomen of each rat was shaved
and aseptically prepared with chlorhexidine scrub
and sterile saline. A 6-8 cm midline laparotomy was
performed. The common bile duct was exposed by
blunt dissection. In sham control animals, no sutures
were placed and the bile duct was left intact. In the
bile duct ligation rats, one ligature was placed with
3-0 silk proximal to the junction of the hepatic bile
duct and the second was placed above the pancreatic
duct entrance similar to the method of Yang et al.
(23). Afterward, the ligatures were tightened, and the
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common bile duct was cut at the midpoint between
the two ligatures. The peritoneal cavity was washed
with warm sterile saline. The body wall was closed
with absorbable suture material, and the skin was
closed with stainless steel surgical clips. Each animal
was monitored on a circulating heating pad until
fully recovered. An autoclave was used to sterilize
surgical instruments before surgery and a
Germinator 500 (Roboz Surgical Instrument Co.,
Gaithersburg, MD) was used to sterilize the
instruments between animal surgeries. Rats received
post-operative analgesic (meloxicam 1 mg/kg) and
antibiotic (gentamicin 2 mg/kg) for 3 days to
minimize post-operative pain and risk of infection.

All sham rats (n=6) completed the experimental
protocol, but four rats in the BDL group were
euthanized due to poor health (determined by a
veterinarian) prior to the completion of the studies.
The percentage of rats surviving after the BDL
surgery in this study, however, was somewhat higher
than in Yang et al. study (69 vs 58%) (23).

Open field behavior studies

On experimental days, rats were placed into 60 x 45
x 70 cm open-top polyethylene chambers for one h
prior to sc saline or METH administration. Animals
remained in the chamber for six h after saline or
METH (0.3, 1, 3 mg/kg) administration.

Locomotor activity was measured as distance
traveled (cm) in four min bins using overhead
mounted cameras interfaced with Ethovision §
software (Noldus Information Technology, Inc.,
Sterling, VA). Duration of locomotor activity was
determined similarly to a previous study (24) using
the average saline value + 1 SD value as baseline.
After 3 mg/kg METH, the duration of stereotypy was
reported as the duration of post-injection inactivity
(less than animal baseline + 1 standard deviation
[SD]) prior to the delayed hyperlocomotor activity
phase.

PK and organ collection studies

PK studies were performed before and after METH-
induced open field behavior experiments. Collection
time points were determined based on previous sc
METH PK experiments in rats described by Gentry
et al. (25). After 1 mg/kg METH was administered,
~100 pl blood was collected from the tail vein at 30,
120, 210, and 300 min. Rats were briefly
anesthetized with isoflurane (5% at 5 L/min
induction and 2.5% at 1.5 L/min maintenance) for

blood collection. Collected blood was allowed to
clot, centrifuged for 7 min at 20,817 rcf for serum
collection, and stored at —80 °C.

For organ collection studies, rats were
administered 1 mg/kg sc METH. Two h later, the rats
were decapitated under isoflurane anesthesia
induced with 5% isoflurane at an O, flow rate of 5
L/min. Prior to processing of brain and liver tissue,
each brain, liver, heart, kidney, and spleen was
weighed. Brain tissues, for the determination of
METH and AMP concentrations, were quickly
removed and flash frozen in liquid nitrogen prior to
storage at -80°C. Liver samples, for histology, were
sliced into small rectangular sections and stored in
formalin.

METH and AMP quantitation

Prior to extraction, whole brains were thawed on ice,
diluted with 4 mL water per g of tissue, and
thoroughly homogenized. A previously described
extraction method for (3,4)-
methylenedioxypyrovalerone quantitation (26) was
adapted for the extraction of METH and AMP from
serum and brain tissue. Differences include the use
of METH-Ds internal standard in 0.1% formic acid
in acetonitrile, the adjustment of all volumes
proportionally to the increase from 20 to 25 pul
sample aliquot volume, and the use of 75 pl 0of 0.1%
formic acid for reconstitution prior to injection.

The extracted sample (65 ul) was transferred to
an autoinjector plate and 7.5 pl was injected onto an
Acquity UPLC BEH C18 1.7 um (2.1 i.d. x 100 mm)
column (Waters Corp, Milford, MA). The liquid
chromatography tandem mass spectrometry
(LC/MS-MS) system consisted of an Acquity Ultra
Performance Liquid Chromatography system
interfaced to a Quattro Premier XE mass
spectrometer (Waters Corp) with an electrospray ion
source operated in the positive ion mode.

Analysis of METH and AMP concentrations in
extracted samples was performed by a previously
described LC/MS-MS method (27). The lower and
upper limit of quantification for METH and AMP
was 1 and 1000 ng/mL, respectively. All predicted
values for calibration and quality control standards
were within + 15% of the nominal value (within +
20% for the LLOQ).

PK analysis
Serum METH and AMP concentration time curves
were analyzed by mnoncompartmental analysis

303



J Pharm Pharm Sci (www.cspsCanada.org) 22, 301 - 312, 2019

(accounting for extravascular sc administration)
using WinNonlin (V6.4, Certara USA, Princeton,
NJ). PK parameters including area under the
concentration time curve from time 0 to infinity
(AUCo.), terminal elimination half-life (ti»),
estimated clearance (Cl), and estimated volume of
distribution (Vd) were determined for METH in each
rat. The ti» values were determined using the slope
of the last three serum METH concentration values.
The Cl and Vd values were considered estimates
since AUCy.. was not determined after an iv dose in
the current study to determine bioavailability.

Because of insufficient sampling to determine
AMP tip, AUCo300 min for AMP metabolite was
determined and used to calculate the ratio of
AMP/METH AUCq.300 min. All PK parameters for
sham and BDL rats are reported as mean + SD except
for ti» which was reported as harmonic mean +
pseudo standard deviation (28).

Histology and ALT analysis

Serum samples for ALT determination were
collected before sham or BDL surgery and 1, 4, 7,
and 19 days after surgery. Day 7 samples were
collected just before the first PK study and day 19
samples were collected just before the second PK
study. Samples were collected as described in the PK
and terminal organ collection studies section, but
were clotted on ice and centrifuged at 4°C. ALT in
thawed serum was determined with an ALT (SGPT)
Liquid Reagent Kit (Pointe Scientific, Canton, MI)
at 37°C and 340 nm absorbance.

For histology, a portion of each liver was fixed
in 10% phosphate-buffered formalin. The fixed
tissues were then embedded in paraffin wax and 5
um sections were cut and dried on glass slides for
staining with hematoxylin and eosin (H&E). Images
were collected using a Nikon Eclipse microscope.
For each animal, bile duct-like structures were
counted in 4 to 5 random high power (400x) fields
(HPF). The number of bile duct-like structures per
field was averaged for each animal, and the means of
those averages were calculated for each group.

STATISTICAL ANALYSIS

Results from the open field locomotor activity
experiments were analyzed using a two-factor
mixed-model analysis of variance (ANOVA) with
sham or BDL surgery as the between-subjects factor
and dose as the within-subjects factor. Results from

the PK and ALT experiments were analyzed using a
two-factor mixed-model analysis of variance
(ANOVA) with sham or BDL surgery as the
between-subjects factor and experimental day as the
within-subjects factor. Following a statistically
significant ANOVA, Holm-Sidak  multiple
comparisons tests (or simple main effects tests in the
case of a statistically significant interaction) were
performed for all pairwise comparisons. Histology,
weight percentage of baseline AUC, organ weight,
brain concentration, and duration of 3 mg/kg METH
induced stereotypy duration were initially analyzed
for equal variances using an F-test. If an F-test
revealed a statistically significant inequality between
variances, an unpaired Welch’s t-test was performed.
In cases of equal variances, data were analyzed using
an unpaired t-test. To assess the magnitude of the
association between brain METH concentrations and
the duration of locomotor activity after 1 mg/kg sc
METH, a Pearson’s r correlation analysis was
performed on the pooled (sham and BDL) data.
Linear regression analysis was used to fit this data.
Statistical analysis and creation of figures was
performed with GraphPad Prism software (V7, La
Jolla, CA, USA). Statistical significance was
declared at p < .05. The detailed results of all
statistical analyses are included in the supplemental
section.

RESULTS

Holm-Sidak simple main effects tests were
performed when the two-factor mixed-model
ANOVA determined an interaction. Key findings of
the Holm-Sidak simple main effects tests and t-tests
are either marked in the corresponding figure or in
the results. Detailed statistical comparisons for these
and other experiments are included in the
supplemental file.

BDL-induced liver injury effects

Figure 1 shows the serum ALT values before surgery
(Pre); after surgery, but before METH (days 1 — 7),
and after multiple METH administrations (day 19).
For these values, there was a significant interaction
between intervention (sham vs BDL) and time [F(4,
52) = 58.79, p < .0001]. Figure 2 shows (A)
representative liver slices and (B) bile duct
proliferation.
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Figure 1. ALT on days after surgery. Mean ALT + SD
was stable in the sham group on all measurement days.
There was a significant elevation on days 1 and 4 in the
BDL compared to sham rats. Day 7 levels were measured
before any exposure to METH. ALT did not increase in
sham or BDL rats after METH exposure. The * denotes
significant difference between sham and BDL groups (p <
.05). The # denotes significant difference between the pre-
surgery (Pre) and post-surgery values in the BDL group (p
<.05). (n = 6 sham, n=9 BDL).

Hepatic dysfunction effects on METH-induced
open field behavior

Figure 3 shows the Saline and 0.3, 1, and 3 mg/kg
METH-induced locomotor activity (measured as
distance traveled in 4 min intervals) over time in min
in sham compared to BDL rats. Figure 4 includes
METH-induced (A) total distance traveled, (B)
duration of activity, and (C) duration of stereotypy.
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For the total distance traveled values (Figure 4A),
there was a significant interaction between
intervention (sham vs BDL) and time [F(2, 26) =
3.531, p = .044]. For the duration of locomotor
activity values (Figure 4B), there was a significant
interaction between intervention (sham vs BDL) and
time [F(2, 26) = 10.86, p = .0004]. In addition, the
simple main effects test showed differences in
activity duration between all doses within each
group. Figure 4C shows duration of stereotypy. Note
that stereotypy was not detected in sham or BDL rats
after 0.3 mg/kg METH and in sham rats after 1
mg/kg METH. One h of stereotypy was observed in
a single BDL rat after 1 mg/kg METH (not shown in
figure).

Hepatic dysfunction effects on METH and AMP
PK and brain disposition

Figure 5 shows serum METH and AMP (METH
metabolite) concentrations over time, and the PK
parameters in Table 1 were generated from these
data. There was a significant main effect of
intervention (sham vs BDL) for AUCy [F (1, 13) =
25.37, p =.0002], estimated CIl [F (1, 13) =31.5,p <
.0001], and percent ratio serum AMP:METH AUC,.
300 [F (1, 13) =7.942, p = .0145]. For t5, there was
a significant interaction between intervention (sham
vs BDL) and time [F(1, 13) = 7.1, p = .0195]. For
Vd, there was a significant interaction between
intervention (sham vs BDL) and time [F(1, 13) =
7.758, p = .0155].
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Figure 2. Histopathology of BDL. Liver tissue was harvested 21 days after sham or BDL surgery. Tissue was analyzed for
(A) H&E staining and (B) quantification of bile ducts per high power field (HPF). Arrowheads point to examples of bile duct-
like structures. Data are expressed as mean £ SD for n = 5. The * denotes significant difference between sham and BDL
groups (p < .05). Supplemental table S1 shows day 21 organ weights, and Figure S1 shows the percent body weight change

over time.
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Figure 3. Distance traveled over time after saline and (0.3, 1, and 3 mg/kg) METH administration. Data reported as average
activity + SD in 4 min bins in sham and BDL groups. Saline or METH was injected at 0 min. (n = 6 sham, n=9 BDL).
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Figure 4. Open field behavior after METH administration. Mean + SD total distance traveled in 6 h after 0.3, 1, and 3 mg/kg
METH (A), duration of locomotor activity after 0.3, 1, and 3 mg/kg METH (B), and duration of stereotypy episode after 3
mg/kg METH (C) were compared between sham and BDL groups. The * denotes significant difference between sham and
BDL groups (p <.05). (n = 6 sham, n=9 BDL).
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Figure 5. METH and AMP Serum concentration after 1 mg/kg METH administration before (day 7) and after (day 19) open
field experiments. Mean serum METH (black solid lines) and amphetamine (AMP) metabolite (blue dashed lines)
concentrations + SD are plotted for the sham (open circles) and BDL (closed circles) groups on day 7 (METH naive) and day
19 (post-METH exposure). (n = 6 sham, n=9 BDL).

Table 1. Mean METH PK parameters + SD after 1 mg/kg SC METH.

Day 7 (METH naive) Day 19 (post-METH exposure)
Sham (n=6) BDL (n=9) Sham (n=6) BDL (n=9)
METH AUCo-, 10744 + 883 16965 = 2831° 11537 + 889 16918 + 43728
(ng min/mL)
METH t 58+ 5 94+ 170 75+ 18 87+ 15
(min)
METH Cl . .
(mL/min kg)® 94 +7 60+9 87+7 64 +£20
METH Vd ¢ a
(mL/kg)" 7819 + 798 8366 + 1144 9939 + 2424 7881 £ 869
AMP/METH AUCy.300 (%) 31+4 25+ 52 32+4 27 +£42

a) significant difference between bile duct ligation (BDL) and sham groups (p < .05)
b) t12 values reported as harmonic mean + pseudo-standard deviation (28)

¢) significant differences between day 7 and 19 (p <.05)

d) estimated values due to sc rather than iv administration
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The day 21, two hours post-1 mg/kg sc METH
brain concentrations were significantly (p < .05)
elevated in BDL (501 £ 127 ng/g) compared to sham
(272 £ 51 ng/g) rats. The AMP brain concentrations
in BDL (234 + 65 ng/g) and sham (190 + 38 ng/g)
were not significantly different. The percent AMP to
METH ratio in the brain was significantly (p < .05)
reduced in the BDL (47 + 10%) compared to sham
(70 £ 9%) rats. Figure 6 shows the correlation
between duration of locomotor activity and brain
METH concentrations after 1 mg/kg sc METH.

=09

Duration of activity (min)
N
o
o

1004 O Sham
® BDL
O.
200 400 600

Brain concentration (ng/g)
Figure 6. Correlation between duration of locomotor
activity and brain METH concentrations after 1 mg/kg
METH administration. Each sham (open circles) and BDL
(closed circles) rat is plotted. The best-fit line equation
was y = 0.47x + 30.

DISCUSSION

The BDL surgery-induced liver dysfunction was
measured in several ways. ALT, a liver enzyme that
is released by liver damage and is a standard clinical
laboratory test for liver injury, was found to be
significantly elevated in BDL compared to sham rats
on day 1 and 4 after surgery (Figure 1). While this
biomarker recovered to some degree, it remained
significantly elevated compared to pre-METH
baseline values at all time points in the BDL rats.
This was consistent with what is known about the
time course of BDL-induced liver disease in rodents.
Others have reported that biliary infarcts develop,
with passive release of ALT from necrotic
hepatocytes, in the first 24-72 h post-BDL (29). At
later time points, compensatory and reparative
processes begin and the initial acute injury resolves.
However, this is followed by a long period of chronic

liver disease characterized by elevated bilirubin and
bile duct proliferation. Indeed, bile duct proliferation
was evident in our BDL animals on experimental day
21 by histopathology (Figure 2), and liver mass was
increased almost 2-fold compared to sham livers
(Table S1). Hepatomegaly is also common clinically
with HIV and hepatitis coinfection (30). A relevant
qualitative observation of the BDL-pathology was
the bright yellow color of the urine (bilirubinuria)
and serum (bilirubinemia) due to bilirubin elevation
in BDL animals that was not visible in the sham
animals. These data show that the damage induced
by the BDL surgery persisted for the entirety of the
study.

In addition, spleen weight was significantly
increased in the BDL group compared to the sham
group (Table S1). This was not surprising as
splenomegaly is associated with liver disease (31).
While average rat weight in the BDL group returned
to the pre-surgery baseline by approximately day 7,
the expected increase in rat weight lagged behind
that of the sham group (Figure S1). The increase over
time was, however, parallel between the two groups.

The hepatic dysfunction resulted in augmented
METH-induced behavior relative to sham control
rats. While open field locomotor activity data for
both sham and BDL rats after 0.3 mg/kg METH were
similar, the patterns of activity in BDL rats after 1
and 3 mg/kg METH were considerably different
from the patterns of activity in sham rats (Figure 3).
The similar locomotor responses between groups to
the 0.3 mg/kg METH may be due to the contributions
of the saturable renal component of METH
elimination (32). Considering total distance traveled,
it appears that the METH enhancing effect of hepatic
dysfunction decreased with the 3 mg/kg METH dose
(Figure 4A). This is due to a dose dependent increase
in the duration of the stereotypy phase of activity
(33). At higher doses, METH-induced open field
behavior becomes multiphasic; the stereotypy
initially suppresses horizontal movement and is
followed by a post-stereotypy elevated horizontal
movement phase (34). This was observed on average
in the period from approximately 30 min after the 3
mg/kg dose until 90 and 150 min in the sham and
BDL groups, respectively (Figure 3). Also in the
current study, the total distance traveled data at 3
mg/kg was misleading as many of the BDL rats were
still active at the 6 h experiment cutoff (Figure 3).
Therefore, the duration of METH-induced
locomotor activity is a more useful measurement for

308



J Pharm Pharm Sci (www.cspsCanada.org) 22, 301 - 312, 2019

determining differences in high-dose METH effects
produced by a condition or treatment. Indeed, there
were significant increases in the duration of METH-
induced locomotion compared to sham animals
following administration of 1 and 3 mg/kg (Figure
4B). At 3 mg/kg, duration of stereotypy was
significantly increased in BDL rats (Figure 4C). One
particularly sensitive animal in the BDL group
remained in stereotypy for the entire 6 h period.

To investigate contributions of serum PK to the
BDL enhancement of METH-induced activity, a 1
mg/kg METH PK study was performed before and
after METH exposure on day 7 and 19, respectively,
after sham or BDL surgery (Figure 5). The rat serum
METH concentrations were in the range of the
concentrations measured in humans after a 0.5 mg/kg
iv METH dose (35). Note that this human dose is
within the range of typical recreational doses (36),
and produces significant intoxication in humans
(35). The value for the AUCy.. was substantially
higher, estimated CI was significantly lower, and ti»
was significantly longer in the BDL compared to
sham rats (Table 1) on day 7. These data suggest
greater serum METH exposure in the BDL group.
The significant reduction in estimated Cl on both
days was possibly due to reduced metabolism (see
the reduction in AMP metabolite production in the
BDL compared to sham rats). This, however, does
not account for any potential changes in renal
metabolism.

On day 19, after exposure to four METH doses,
the values for METH AUC.., percent AMP to
METH AUCo300 min, and estimated Cl were still
significantly different in the BDL compared to the
sham group (Table 1). The PK parameters were
stable over time and after multiple METH
administrations in the BDL group. There were,
however, significant increases in METH estimated
Vd between day 7 and 19 in the sham group. Since
tiz is dependent on both Vd and Cl, (tir
=0.693xVd/Cl), the significantly increased Vd (27%
increase) and somewhat decreased Cl (7% decrease)
values on day 19 compared to day 7 resulted in a
significantly prolonged ti/; in the sham group on day
19 compared to day 7. This caused, on day 19, the
estimated METH Vd to be different between the
BDL and sham groups and the METH t;» to no
longer be different between the two groups. The
decrease in Cl and increase in ti» is expected as
repeated METH administration in healthy rats is
known to result in reduced METH elimination and a

longer t1/» through changes in renal elimination (37).
The METH Vd did not increase in the previous study
in the METH-sensitized compared to METH-naive
rats, but in that study these groups were age matched.
In our study, it is possible that the change in Vd in
sham rats over time was due to a change in protein
binding or total body fat. Regardless, the key
parameter, AUCo... (a measure of serum METH
exposure), did not significantly change over time in
the sham group. Most importantly, AUCy.. was
significantly elevated in the BDL compared to sham
group on both day 7 and 19 which showed that
hepatic dysfunction led to increased serum METH
exposure during the study period. Considering that
BDL group parameters were not affected by the
repeated METH administration, future studies may
be needed to assess unchanged renal clearance of
METH in the urine of control and BDL rats.

Although different rat strains (Wistar vs.
Sprague Dawley), collection methods (tail vein vs.
catheter), and numbers of serum collection time
points (4 vs.10) were used, the PK data from the
METH naive sham rats (day 7) in this study were
very consistent with PK data determined by Gentry
et al. after sc METH administration (25). For
example, the METH AUCj., of 10744 + 883 ng
min/mL and CI of 94 £ 7 mL/min kg were similar to
the 10666 £ 1805 ng min/mL (dose adjusted) and 94
+ 17 mL/min kg values in the previous study. In
addition, Gentry reported a sc bioavailability of
100% for METH in Sprague Dawley rats. This
increases the probability that the estimated Cl and Vd
values in the current sc study are accurate.

The reduction in METH clearance resulted in
greater brain exposure to METH in the BDL group.
Two hours after 1 mg/kg sc METH on day 21, brain
concentrations of METH were significantly elevated
by 84% in the BDL compared to sham rats (p < .05).
In addition, the percent AMP:METH ratio in the
brain was significantly reduced in the BDL
compared to sham rats (p < .05). The finding that
BDL-induced increases in METH  brain
concentrations were associated with increased
activity measures (Fig 6) was not surprising since the
treatment of rats with anti-METH monoclonal
antibodies or METH vaccines produces decreases in
brain METH concentrations that are associated with
decreases in METH-induced behaviors (38, 39).
While the change in PK values was likely
responsible for the BDL-induced increase in brain
METH concentrations, circulating bilirubin due to
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BDL surgery is associated with increased
permeability of the blood brain barrier (40) which
could also increase brain METH concentrations.

One limitation of this study is the severity of the
liver pathology produced by the BDL surgery (19).
Future studies would need to modify the BDL-
surgical technique to produce a range of hepatic
dysfunction and study additional hepatotoxicity
biomarkers to determine and characterize potential
liver damage due to METH exposure. Additionally,
this study was only performed in male rats, but there
are known sex differences in METH-induced rat
behavior and METH PK (32, 41-43) and in effects
on human behavior and brain function (44).

CONCLUSION

BDL-induced liver damage both substantially
reduced METH clearance from the serum and
substantially increased METH concentrations in the
brain. While 0.3 mg/kg METH-induced locomotor
activity was not increased by hepatic dysfunction,
the 1 and 3 mg/kg METH-induced activity was
significantly augmented. The enhancement of
METH effects by comorbid conditions that result in
hepatic dysfunction may serve as a barrier to
successful METH use disorder pharmacotherapy.
With additional development, this model could be
used to test pharmacotherapies for METH-use
disorder and make preclinical predictions of their
effectiveness and/or toxicity in vulnerable
populations suffering from both METH use disorder

and comorbid hepatic  dysfunction-inducing
conditions.
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