Constitutive Androstane Receptor Mediates the
Induction of Drug Metabolism in Mouse Models of

Type 1 Diabetes
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Untreated type 1 diabetes increases hepatic drug metabolism in both human patients and
rodent models. We used knockout mice to test the role of the nuclear xenobiotic receptors
constitutive androstane receptor (CAR) and pregnane and xenobiotic receptor (PXR) in this
process. Streptozotocin-induced diabetes resulted in increased expression of drug metabo-
lizing cytochrome P450s and also increased the clearance of the cytochrome P450 substrate
zoxazolamine. This induction was completely absent in Car~/~ mice, but was not affected by
the loss of PXR. Among the many effects of diabetes on the liver, we identified bile acid
elevation and activated adenosine monophosphate-activated protein kinase as potential
CAR-activating stimuli. Expression of the CAR coactivator peroxisome proliferator-acti-
vated receptor gamma coactivator (PGC)-1a was also increased in mouse models of type 1
diabetes. Conclusion: The CAR-dependent induction of drug metabolism in newly diag-
nosed or poorly managed type 1 diabetes has the potential for significant impact on the

efficacy or toxicity of therapeutic agents. (HEPATOLOGY 2009;50:622-629.)

he primary determinant of the half-life of many

therapeutic agents is hepatic metabolism and

clearance. It has been known for decades that
metabolic capacity can be increased by a wide variety of
chemical inducers." Much more recently, two nuclear
hormone receptors— constitutive androstane receptor
(CAR) and pregnane and xenobiotic receptor (PXR)—
have emerged as primary mediators of such inductive ef-
fects, and their species-specific responses to particular
xenobiotic and endobiotic inducers have been well char-
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acterized.>> An increase in drug metabolism in rodent
models of type 1 diabetes was first described nearly 50
years ago.® Although there are some species differences in
responses of specific cytochrome P450s (CYPs), as ex-
pected, several subsequent studies indicate that the pre-
dominant effect of type 1 diabetes is induction of a range
of different enzymes of drug metabolism, particularly
CYPs that are known CAR or PXR targets.”"1°

The impact of diabetes on drug metabolism in humans
was examined by comparing xenobiotic clearance in
nearly 300 patients with type 1 or type 2 diabetes and
more than 200 controls.!" These studies demonstrated a
two-fold increase in the rate of clearance of a single oral
dose of antipyrine in poorly controlled, hypoinsulinemic
male type 1 diabetics. Drug metabolism was also in-
creased by this criterion in a smaller group of newly diag-
nosed adult males with untreated type | diabetes,!' and
this effect was eliminated by therapeutically effective in-
sulin treatment. Male type 2 diabetics showed the oppo-
site effect, with a moderate decrease in drug metabolism.
Although there are conflicting findings potentially due to
a variety of factors, such as degree of diabetic control,'?
the increased drug metabolism in poorly managed type 1
diabetes is quite consistent with smaller prior human
studies.!?14

In this study, we used knockout mice to test the hy-
pothesis that CAR or PXR activation could account for
the induction of drug metabolism in type 1 diabetes.
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Streptozotocin (STZ)-induced diabetes resulted in in-
creased expression of Cyp2B10, Cyp3All, and
Cyp2C29, and this response was reversed by insulin treat-
ment. The induction was completely absent in Car™/~
mice, indicating a central role for CAR in the enhanced
drug metabolism. In addition, CAR targets are up-regu-
lated in both a humanized CAR mouse model treated
with STZ and in the nonobese diabetic NOD) model, a
widely used type 1 diabetes model that shares major dis-
ease characteristics with the human disease.’> CAR can be
activated indirectly by bile acids'® through a nuclear
translocation pathway dependent on adenosine mono-
phosphate-activated protein kinase (AMPK).!7-'8 We
found that streptozotocin-induced diabetes results in ele-
vation of hepatic bile acids, elevated AMPK phosphory-
lation, and increased expression of PGC-la, a CAR
coactivator.'” We conclude that CAR activation, poten-
tially due to elevated bile acids and AMPK activation and
supported by induced expression of PGC-1a, mediates
the induction of drug metabolism in response to type 1
diabetes.

Materials and Methods

Animal Treatment. Mice were fed with a standard
diet and maintained in a pathogen-free animal facility. All
studies were approved by the BCM Institutional Animal
Care and Use Committee. Ten-week-old wild-type
(C57BL/6) mice, Car~'~ mice?® (>10 backcrosses to
C57BL/6), humanized CAR mice,?! and Pxr~/~ mice??
were used in the experiments. Type 1 diabetes was in-
duced by two daily intraperitoneal doses of streptozotocin
(STZ) at 125 mg/kg body weight. STZ was dissolved in
0.01 M sodium citrate buffer (pH 4.3) immediately be-
fore administration. All of the mice developed diabetes at
1 week (blood glucose >350 mg/dL). Subsets of the dia-
betic mice received insulin treatment or sham operation.
In the insulin treatment group, mice received a subcuta-
neous implant of a sustained release insulin pellet (Lin-
plant, LinShin Canada, Inc.) for 1 week. A control group
of diabetic mice was maintained on normal diet after
sham operation. NOD mice were provided by Drs. Ye-
choor and Chan at Baylor College of Medicine. For drug
clearance, mice were treated intraperitoneally with zox-
azolamine (200 mg/kg) or 3-B-hydroxybutyrate (20
mmol/kg) for indicated periods. All drugs were purchased
from Sigma.

Serum Glucose, Alanine Aminotransferase, and
Bile Acid Measurement. Blood glucose was measured
by tail bleeds and values were determined by One-Touch
Ultra glucometer (Lifescan, Milpitas, CA). For serum bile
acid and alanine aminotransferase, blood was collected
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after 6 hours fasting. Serum was separated by centrifuga-
tion at 6,000¢ for 10 minutes. Alanine aminotransferase
levels and total bile acid were measured as described.!:23
At least four mice were used for each treatment group.

RNA Preparation and Gene Expresssion Analysis.
Total liver RNA was extracted using Trizol (Invitrogen,
Carlsbad, CA). Equivalent amounts of RNA from each
treatment group were pooled, and 20 ug was used for
northern blot analysis. Primers used for generation of
complementary DNA probes were described.’623 All
blots were stripped and rehybridized with B-actin as an
internal control. For quantitative polymerase chain reac-
tion, RNA was reverse-transcribed using SuperScript I1I
RT (Invitrogen). Samples were analyzed using an ABI
prism 7500 with SYBR green and TagMan reagents (Ap-
plied Biosystems) and compared with glyceraldehyde
3-phosphate dehydrogenase control. The primers and
probe used were: glyceraldehyde 3-phosphate dehydroge-
nase, 5'-CCTACCCCCAATGTGTCCG-3' (forward),
5'-CCTTCTTGATGTCATCATACTTGGC-3" (re-
verse); CYP2B10, 5-GACTTTGGGATGGGAAA-
GAG-3' (forward, 5'-CCAAACACAATGGAGCAGAT-3'
(reverse); fluorogenic probe, FAM-TAGTGGAGGAACT-
GCGGAAATCCC-BHQI; CYP3Al1, 5-AGATTGG-
TTTTGATGCCTGGTT-3" (forward), 5-GCAAATT-
TCCTGTGCTGTCACT-3' (reverse).

Primary Hepatocyte Culture. Mouse primary hepa-
tocytes were prepared and maintained in William’s E me-
dium (Invitrogen), supplemented with 10 pg/mL insulin
(Sigma) and 1077 M triamcinolone actinide. Cells were
treated with different concentrations of 3-B-hydroxybu-
tyrate for indicated time.

Protein Analysis and Western Blotting. Frozen liver
samples were excised and homogenized in ice-cold lysis
buffer (25 mM Tris-HCI [pH 7.4], 10 mM sodium or-
thovanadate, 10 mM sodium pyrophosphate, 100 mM
sodium fluoride, 10 mM ethylene diamine tetraacetic
acid, 10 mM ethylene glycol tetraacetic acid, and 1 mM
phenylmethylsulfonyl fluoride). Samples were resolved by
way of 10% polyacrylamide gel electrophoresis and trans-
ferred to a Hybond-P polyvinylidene difluoride transfer
membrane (Amersham Biosciences, Piscataway, NJ).
Membranes were immunoblotted with antibodies specific
for phospho-AMPK and anti-AMPK (Cell Signaling
Technology, Inc., Beverly, MA), and bands were detected
using an enhanced chemiluminescence kit (Amersham
Biosciences).

Statistics. Data are presented in all figures as the
mean * standard error. Figures shown are representative
of consistent results; differences between different geno-
types were calculated using the two-tailed Student # test.
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All statistical tests with P < 0.05 were considered signif-
icant.

Results

Enhanced Drug Clearance in Mouse Models of
Type 1 Diabetes Is CAR-Dependent. To critically test
the potential role of CAR in the induction of drug me-
tabolism observed in human type 1 diabetes!"-!>'4 and
rodent models of the disease,®1° wild-type and Car~/~
mice were injected with 2 doses of STZ on consecutive
days. One week after STZ treatment, when serum glucose
was dramatically elevated (Fig. 1A), subgroups of wild-
type and Car~/~ mice received an insulin pellet or sham
operation. Loss of CAR had no effect on glucose levels in
STZ-treated or control mice, but serum glucose was re-
stored to normal in insulin-treated mice, as expected (Fig.
1A). Consistent with previous results,!* expression of
Cyp2B10, Cyp3A1l, and Cyp2C29 was elevated in dia-
betic wild- type mice (Fig. 1B). Also as expected, CAR
activity was reverted to the basal, inactive state following
reversal of diabetes by insulin treatment. The induction of
these CAR target genes was completely absent in the dia-
betic Car~'~ mice (Fig. 1B), indicating that the induced
Cyp gene expression in this mouse model of type 1 diabe-
tes is CAR-dependent.

The level of induction of the Cyp genes in the STZ-
treated mice is less than that observed with the potent
CAR agonist TCPOBOP, for example. Thus, the zoxazo-
lamine paralysis test was used to determine whether this
induction is associated with a physiological increase in
drug clearance. Zoxazolamine is a muscle relaxant, as well
as a substrate of several CYP enzymes, and the duration of
zoxazolamine-induced paralysis provides a simple indica-
tor of drug clearance.'2%22 Control groups, diabetic
groups, and insulin-treated diabetic groups of wild-type
and Car~'~ mice were treated with zoxazolamine (200
mg/kg) and paralysis times were recorded. Consistent
with our previous results,'®?* untreated Car™!~
showed a two-fold increase in paralysis time compared
with untreated wild-type mice (Fig. 1C). In contrast, in-
duction of diabetes significantly decreased paralysis time
in the wild-type mice (two-fold), and insulin treatment
completely reversed this effect; however, diabetic condi-
tion had no effect on the absence of CAR (Fig. 1C). We
conclude that the induction of drug clearance in STZ-
induced diabetes is CAR-dependent.

Based on the species-specific differences in xenobiotic
responses,?!?? we studied the response of human CAR
(hCAR) to STZ-induced diabetes in previously described
“humanized” transgenic mice that express hCAR in the
liver in a Car™/~ background.2?3> The induction of

mice
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Fig. 1. CARis activated in STZ-induced type 1 diabetic mice, and drug
clearance is enhanced. (A) Wild-type and CAR™/~ mice (n = 5) were
treated with or without STZ for 7 days, and subgroups of diabetic mice
were treated with insulin for 7 days. Blood glucose levels were measured
on the indicated days. (B) Liver total RNA was isolated from mice of
different treatments and equal amounts of RNA were pooled from
individual mice. Northern blot analysis was performed with the indicated
probes. (C) Zoxazolamine was given to nondiabetic mice, diabetic mice,
and diabetic mice with insulin treatment. Paralysis time was compared in
each group. **P < 0.01.

Cyp2B10 and Cyp3Al1l expression in these mice con-
firms that hCAR can also be activated in STZ-induced
diabetes (Fig. 2A). We also studied CAR activation in
NOD mice, which spontaneously develop autoimmune
diabetes with a 20%-30% incidence in males.'> Again, we
observed an up-regulation of CAR targets in diabetic
NOD mice, which was absent in nondiabetic NOD con-
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Fig. 2. CAR activation is maintained in diabetic hCAR mice, NOD
mice, and PXR™/~ mice. Total liver RNA of each group was isolated.
Northern blot analysis or quantitative polymerase chain reaction was
performed with the indicated probes. (A) hCAR mice (n = 4) were
treated with or without STZ for 2 weeks. Glucose and gene expression
were studied. (B) Twenty-two-week-old male NOD nondiabetic and dia-
betic mice (n = 3-4) were checked for glucose and CAR target gene
expression. (C) Wild-type and PXR™/~ mice (n = 3-4) were treated with
or without STZ for 2 weeks. Gene expression of CAR targets were studied
for CAR activation. **P < 0.01.

B-actin

trols (Fig. 2B). Due to the multigenic etiology of the
diabetes phenotype in the NOD mice,'* it was not prac-
tical to introduce the Car~/~ allele into this strain.

To test whether PXR is also involved in the activation
of CYP enzymes in STZ-induced diabetes, Pxr~/~ mice
were similarly treated with STZ. In contrast to the results
with the Car~/~ mice, loss of PXR function did not pre-
vent induction of Cyp2B10 or Cyp3All (Fig. 2C). In
addition, the increased drug clearance demonstrated by
the zoxazolamine paralysis test was not lost in diabetic
Pxr~'~ mice (Supporting Fig. 1). Thus, PXR is not re-
quired for the induction of CYP enzymes in STZ-induced
diabetes.

Mechanism of CAR Activation. In addition to the
conventional agonist-dependent response, CAR can be
activated indirectly by a pathway dependent on translo-
cation from the hepatocyte cytoplasm to the nucle-
us.>2426 Although the molecular basis for this indirect
pathway remains to be defined, it can be activated by a
variety of stimuli, including elevated levels of xenobiotics
that do not function as agonists, notably phenobarbital.?4
Elevated levels of potentially toxic endobiotics, such as
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bile acids'® or bilirubin,?” can also indirectly activate
CAR. It has recently been suggested that activation of
AMPK is both necessary and sufficient for this indirect
activation.!”-18

Type 1 diabetes?® or loss of insulin receptor signaling?®
results in many changes in the liver, and consequently
many potential stimuli for CAR activation. In the disease
state, it is not technically possible to systematically study
the impact of individual stimuli on CAR, due to the im-
practicality of altering one such stimulus (such as hyper-
glycemia) without affecting others. Thus, our strategy was
not to identify which of a number of potential hepatic
stresses are necessary for CAR activation, but instead to
identify one or more potential stimuli in the diabetic liver
that are known to be sufficient to activate CAR in a nor-
mal liver. This strategy identified two of the five stimuli
tested as potential contributors to CAR activation.

The simplest potential stimulus is STZ acting as a xe-
nobiotic in the liver, rather than via B-cell elimination.
Because STZ is specifically taken up into pancreatic islets
and is rapidly metabolized and eliminated,° it is unlikely
that this could account for the CAR activation observed 2
weeks after the treatment. Nonetheless, wild-type and
Car™'~ mice were treated with two doses of STZ through
intraperitoneal injection on consecutive days, and livers
were harvested on the third day. This treatment did not
alter serum glucose levels or induce acute liver damage, as
indicated by the absence of any effect on serum alanine
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Fig. 3. CAR activation is not observed in mice with either acute
exposure to STZ or B-hydroxybutyrate. (A) Wild-type and CAR™/~ mice
(n = 5) were treated with or without STZ for 2 days and on the third day,
mice were sacrificed and their liver samples were harvested. Total RNA
were isolated from each group and northern blots were performed with
the indicated probes. (B) Wild-type and CAR~/~ mice (n = 5) were
treated with B-hydroxybutyrate and mice were sacrificed at the indicated
times. Liver samples were harvested and total RNA were isolated and
prepared. Northern analysis was performed with the indicated probes.
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Fig. 4. Elevation of bile acid levels in STZ-induced diabetic mice.
Wild-type and CAR™/~ mice (n = 7) were treated with or without STZ for
2 weeks, and serum and hepatic bile acid levels were measured. *P <
0.05; **P < 0.01.

aminotransferase (data not shown). It also failed to induce
either Cyp2B10 or Cyp3A11 expression (Fig. 3A). Thus,
STZ does not act directly as a xenobiotic to activate CAR.

Hyperglycemia is the most obvious consequence of the
loss of B-cells, and insulin and glucose challenge can turn
on numerous genes. To test whether CAR can be acti-
vated by hyperglycemia, we challenged the mice with six
doses of glucose in a day, a standard method for inducing
hyperglycemia in nondiabetic mice.?! We did not observe
any induction of CAR target genes in response to hyper-
glycemia with this treatment (Supporting Fig. 2), or a
longer 7-day induction of hyperglycemia in mice (data
not shown).

Previous studies in rats have suggested that the induc-
tion of drug metabolism in type 1 diabetes is dependent
on elevation of ketone bodies,32 a well-known conse-
quence of the increased fatty acid metabolic flux in the
diabetic liver. Therefore, we challenged wild-type and
Car~'~ mice with B-hydroxybutyrate through intraperi-
toneal injection. In contrast to reports of increased
Cyp2B levels in similarly treated rats, we observed a mod-
erate reduction of Cyp gene expression in ketone body—
challenged wild-type mice; this reduction was absent in
similarly treated Car~/~ mice (Fig. 3B). The lack of an
inductive effect was not due to ineffective delivery or
more rapid clearance in mice, because increasing the
B-hydroxybutyrate dose led to lethality. In addition, no
CAR activation was observed in primary hepatocytes
treated with increasing doses of ketone bodies (Support-
ing Fig. 3). We conclude that elevated levels of ketone
bodies are not sufficient to activate CAR in mice and are
unlikely to account for diabetes-induced CAR activation.

Bile acids have been identified as CAR activators,'¢ and
diabetes has been associated with elevated levels of bile
acids or bile flow in a number of studies in rats and
mice.?335 Thus, we compared serum and hepatic levels of
bile acids in diabetic and nondiabetic mice. Consistent
with previous studies, we observed a significant elevation
of both serum and hepatic bile acids in both wild-type and
Car~'~ diabetic mice (Fig. 4). This elevation of hepatic

HEPATOLOGY, August 2009

bile acids may contribute to CAR activation in type 1
diabetes.

The last stimulus examined was AMPK. AMPK is ac-
tivated when cellular adenosine triphosphate (ATP) levels
are depleted and has been identified as a target of met-
formin, a type 2 diabetes treatment drug. The impact of
type 1 diabetes on AMPK activation has not been ex-
plored, but recent reports have described ATP decreases
and AMP/ATP ratio increases in STZ-induced diabetic
rodent livers,%37 strongly suggesting that AMPK may be
activated in type 1 diabetes. Using an anti—phospho thre-
onine 172 antibody, we found that AMPK is activated in
STZ-induced diabetic livers of both wild-type and
Car~'~ mice (Fig. 5). This indicates that type 1 diabetes
leads to AMPK activation, which is CAR-independent.

In addition to these activating stimuli, up-regulated
expression of CAR or its coactivators, such as PGC-1a,'?
could contribute to the response of CAR target genes.
Although a statistically significant increase in CAR mes-
senger RNA expression was observed in several experi-
ments, this response was not completely consistent. In
agreement with a previous study in STZ-treated mice,®
however, we consistently observed a substantial induction
of PGC-1a in both the STZ-treated and NOD mouse
models (Fig. 6).
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Fig. 5. AMPK is activated in STZ-induced diabetic mice. Wild-type and
CAR~/~ mice (n = 4) were treated with or without STZ for 2 weeks, and
liver samples were harvested. Liver tissue from different groups was
homogenized, every two samples from the same groups were pooled
together, and 30 wg of protein was separated on a sodium dodecyl
sulfate gel. Phospho-AMPK and total AMPK level were determined by way
of western blotting using antibodies as indicated. The graphs demon-
strate the quantification of phosphorylation of AMPK. **P < 0.01.
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Fig. 6. PGC-1a expression is induced in mouse models of type 1
diabetes. Liver RNA from wild-type mice (n = 4) treated with or without
STZ for 2 weeks and from NOD nondiabetic and diabetic mice (n = 3-4)
was extracted and analyzed for PGC-1« by way of quantitative real-time
polymerase chain reaction. **P < 0.01.

Discussion

CAR and its close relative PXR are major regulators of
drug metabolism.>> They control expression of a com-
mon set of genes including those catalyzing phase I and
phase II drug clearance, suggesting overlapping roles.
Consistent with this, activation of either receptor can pro-
tect against potentially toxic endobiotics, such as bile ac-
ids and bilirubin. However, functional studies using
knockout mice have often revealed more specific func-
tions.'® In general, PXR appears to act primarily in xeno-
biotic induction of drug metabolism, while CAR may be
more important in response to endogenous stimuli. This
is consistent with the response of the indirect pathway of
CAR activation to a range of endobiotic stresses.>16-7

Type 1 diabetes is accompanied by many liver abnor-
malities, including alterations in carbohydrate, lipid, and
protein metabolism.?8 Although it has been known for
many years, it is less well recognized that drug metabo-
lism is induced in the type 1 diabetic liver. More recently,
CAR rtargets were among the numerous genes whose ex-
pression was increased in mice lacking both /rs/ and Irs2
in the liver,3° but the molecular mechanism that underlies
this induction has not been characterized. Here we show
that the activation of CYP gene expression by STZ-in-
duced diabetes is absent in Car~/~ mice, but is unaffected
by the loss of PXR. The physiologic relevance of this
induction is strongly supported by the observation that
the STZ-treated mice, despite their numerous liver prob-
lems, show increased zoxazolamine clearance. We con-
clude that CAR is an essential mediator of the enhanced
drug metabolism in mouse models of type 1 diabetes.

There are several potential CAR-activating stimuli in
the type 1 diabetic liver. Theoretically, it might be sim-
plest to address the question of what activates CAR by
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systematically eliminating each candidate individually.
However, this is not possible due to the complexity of the
impact of type 1 diabetes on the liver and the tight inter-
connection of metabolic pathways. Moreover, the strat-
egy of identifying a particular stimulus necessary for the
induction would fail if each of two or more stimuli were
sufficient for CAR activation. We therefore focused on
identifying stimuli present in the diabetic liver that, indi-
vidually, would be sufficient to activate CAR in the nor-
mal liver.

Among the five quite different candidates tested, the
potential contribution of STZ acting in the liver as a
xenobiotic was clearly ruled out by its lack of an acute
effect on CAR target genes in the STZ-induced type 1
diabetes model. Even if STZ were able to acutely activate
CAR, it could not account for the CAR response observed
2 weeks after the treatment, because it is very rapidly
eliminated.>® Moreover, CAR is also activated robustly in
the NOD model.

There was also no evidence to support an important
role for either hyperglycemia or hyperketonemia. Induc-
ing sustained hyperglycemia in normal mice is compli-
cated by the effect of insulin, which necessitates multiple
treatments and results in fluctuating serum levels. In ad-
dition, insulin has been reported to modestly suppress the
phenobarbital induction of CAR target genes in primary
hepatocytes.“® The lack of an effect of hyperglycemia is
consistent with the observation that CAR shows little or
no activation in Ob/Ob mice (unpublished data), which
have serum glucose levels comparable to those in the
STZ-treated mice. Despite reported stimulatory effects of
elevated ketone bodies on expression of drug metaboliz-
ing enzymes in rats,*! we were unable to reproduce similar
responses to elevated B-hydroxybutyrate in normal mice
or in primary hepatocytes contrasts. We were also unable
to reproduce the reported inductive effects of another
prominent ketone body, acetone, due to problems of le-
thality with both normal mice and primary hepatocytes.
Although these negative results cannot rule out a contrib-
utory effect in the context of the type 1 diabetic liver,
particularly for hyperglycemia and hyperketonemia, we
conclude that none of these three stimuli is sufficient to
activate CAR.

In contrast to these negative results, we observed sig-
nificant elevations of both bile acids and activated AMPK
in the diabetic livers. The increased bile acid levels are
consistent with previous studies in diabetic rodents,33-35
as well as the reported repressive effect of insulin on
Cyp7ALl expression and bile acid production.4>43 Because
the hepatic bile acid levels in the STZ-treated mice are
comparable to those observed in either Fxr~/~ mice or
Lictle mice (Ghrhr#"), which are thought to account for
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CAR activation and induction of drug metabolism in
both cases,*%> we conclude that they are sufficient to
activate CAR.

Because AMPK is the target for metformin and a well-
known metabolic regulator,4¢ it is somewhat surprising
that we were unable to identify prior studies on the effect
of type 1 diabetes on AMPK activity. Consistent with
reports that the AMP/ATP ratio increases in STZ-in-
duced diabetes,%3” however, our studies revealed a repro-
ducible increase in the levels of activated threonine 172
phosphorylated AMPK. This approximately two- to
three-fold phosphorylation response is less than that de-
scribed for the CAR activator phenobarbital in cell lines,
but comparable to or greater than the increase in AMPK
enzyme activity in phenobarbital-treated liver.'” Thus,
the observed elevations of both bile acids and AMPK
activity are sufficient to activate CAR in normal liver, and
we conclude that both are likely to contribute to the acti-
vation of CAR in the type 1 diabetic liver. Increased ex-
pression of PGC-1a presumably also contributes to CAR
transcriptional activity in the mouse models of type 1
diabetes.

It is also surprising that the clear impact of poorly
managed type 1 diabetes on drug metabolism in human
patients'»!314 has not been well understood or appreci-
ated. As recently reviewed,*8 there has been only a limited
linkage of the type 1 disease to altered drug metabolism or
hepatotoxicity in human patients. One possible example
is the association of type 1 diabetes with an increase in
methotrexate-induced hepatotoxicity.#-52 In rats, how-
ever, this has been ascribed to decreased drug clearance,>
which seems more likely to be a reflection of other com-
plications of the disease than to an induction of drug
metabolism. Nonetheless, the complications of diabetes
result in increased exposure to a variety of drugs, some of
which have a narrow therapeutic range.>4 Particularly be-
cause many patients fail to achieve complete glucose con-
trol, the CAR-dependent induction of drug metabolism
in newly diagnosed or poorly managed type 1 diabetes has
the potential for substantial clinical impact.
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