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Abstract
Untreated type 1 diabetes increases hepatic drug metabolism in both human patients and rodent
models. We used mouse knockouts to test the role of the nuclear xenobiotic receptors CAR and
PXR in this process. Streptozotocin induced diabetes resulted in increased expression of drug
metabolizing cytochrome P450's 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 elevations in
bile acids and activated AMP kinase as potential CAR activating stimuli. Expression of the CAR
coactivator PGC-1α was also increased in mouse models of type 1 diabetes. The CAR-dependent
induction of drug metabolism in newly diagnosed or poorly managed type 1 diabetes has the
potential for significant impact on the efficacy or toxicity of therapeutic agents.
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The 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 (1). Much more recently, the two nuclear hormone
receptors CAR and PXR have emerged as primary mediators of such inductive effects, and
their species-specific responses to particular xenobiotic and endobiotic inducers have been
well characterized (2-5). An increase in drug metabolism in rodent models of type 1 diabetes
was first described nearly 50 years ago (6). Although there are some species differences in
responses of specific cytochrome CYPs, as expected, a number of subsequent studies
indicate that the predominant 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 (7-10).

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 (11). These studies demonstrated a 2-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 increased by this criterion in a smaller group of newly diagnosed
adult males with untreated type l diabetes (11), and this effect was eliminated by
therapeutically effective insulin treatment. Male type 2 diabetics showed the opposite 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 (12), the increased
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drug metabolism in poorly managed type 1 diabetes is quite consistent with smaller prior
human studies (13,14).

In this study we used knockout mice to test the hypothesis that CAR or PXR activation
could account for the induction of drug metabolism in Type I diabetes. Streptozotocin (STZ)
induced diabetes resulted in increased expression of Cyp2B10, Cyp3A11, and Cyp2C29,
and this response was reversed by insulin treatment. The induction was completely absent in
Car-/- mice, indicating a central role of CAR in the enhanced drug metabolism. In addition,
CAR targets are upregulated in both a humanized CAR mouse model treated with STZ and
in the non-obese diabetic (NOD) model, a widely used type 1 diabetes model that shares
major disease characteristics with the human disease (15). CAR can be activated indirectly
by bile acids (16) via a nuclear translocation pathway dependent on adenosine
monophosphate activated protein kinase (AMPK) (17,18). We found that streptozotocin-
induced diabetes results in elevation of hepatic bile acids, elevated AMPK phosphorylation
and increased expression of PGC-1α, a CAR coactivator (19). We conclude that CAR
activation, potentially due to elevated bile acids and AMPK activation and supported by
induced expression of PGC-1α, mediates the induction of drug metabolism in response to
type 1 diabetes.

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 metabolism observed in
human type 1 diabetes (11,13,14) and rodent models of the disease (6,9,10), 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 restored to normal in
insulin treated mice, as expected (Fig. 1A). In accord with previous results (9,10),
expression of Cyp2B10, Cyp3A11 and Cyp2C29 was elevated in the diabetic wild- type
mice (Fig. 1B). As also 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 diabetic Car-/- mice (Fig. 1B), indicating that the induced Cyp
gene expression in this mouse model of type 1 diabetes 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 zoxazolamine 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 indicator of
drug clearance (16,20,21). 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 (16,21), untreated Car-/-

mice showed a 2-fold increase in paralysis time compared with untreated wild type mice
(Fig. 1C). In contrast, induction of diabetes significantly decreased paralysis time in the wild
type mice (2-fold) and insulin treatment completely reversed this effect, however, diabetic
condition had no effect in 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 (20,22), 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 (22,23).
The induction of Cyp2B10 and Cyp3A11 expression in these mice confirms that hCAR can
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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 (15). Again, we observed an upregulation of CAR targets in diabetic NOD mice,
which was absent in nondiabetic NOD controls (Fig. 2B). Due to the multigenic etiology of
the diabetes phenotype in the NOD mice (15), it was not practical 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 prevent induction of Cyp2B10 or Cyp3A11 (Fig.
2C). In addition, the increased drug clearance demonstrated by the zoxazolamine paralysis
test was not lost in diabetic Pxr-/- mice (Supp. 1). Thus, PXR is not required 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 translocation from the hepatocyte cytoplasm to the nucleus
(5,24-26). 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 (24). Elevated levels of potentially toxic
endobiotics, such as bile acids (16) or bilirubin (27) can also indirectly activate CAR. It has
recently been suggested that activation of AMP kinase is both necessary and sufficient for
this indirect activation (17,18).

Type 1 diabetes (28) or loss of insulin receptor signaling (29) results in myriad 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 impracticality of altering one such stimulus, such as hyperglycemia, 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
normal liver. This strategy identified 2 of the 5 stimuli tested as potential contributors to
CAR activation.

The simplest potential stimulus is STZ acting as a xenobiotic in the liver, rather than via β-
cell elimination. Since STZ is specifically taken up into pancreatic islets and is rapidly
metabolized and eliminated (30), 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 2 doses of STZ by 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 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 β-cells and insulin and
glucose challenge can turn on numerous genes. To test whether CAR can be activated by
hyperglycemia, we challenged the mice with 6 doses of glucose in a day, a standard method
for inducing hyperglycemia in nondiabetic mice (31). We did not observe any induction of
CAR target genes in response to hyperglycemia with this treatment (Supp. 2), or a longer 7
day induction of hyperglycemia in mice (data not shown).

Previous studies in rats have suggested that the induction of drug metabolism in type 1
diabetes is dependent on elevation of ketone bodies (32), a well known consequence of the
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increased fatty acid metabolic flux in the diabetic liver. Therefore, we challenged wild type
and Car-/- mice with β-hydroxybutyrate by intraperitoneal injection. In contrast to reports of
increased Cyp2B levels in similarly treated rats, we observed a moderate 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, since increasing the β-hydroxybutyrate
dose led to lethality. In addition, no CAR activation was observed in primary hepatocytes
treated with increasing doses of ketone bodies (Supp. 3). We conclude that elevated levels of
ketone bodies are not sufficient to activate CAR in mice, and are unlikely to account for the
diabetes-induced CAR activation.

Bile acids have been identified as CAR activators (16) and diabetes has been associated with
elevated levels of bile acids or bile flow in a number of studies in rats and mice (33-35).
Thus, we compared serum and hepatic levels of bile acids in diabetic and non-diabetic mice.
Consistent with the prior 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 bile acids may contribute to CAR activation in type 1 diabetes.

The last stimulus examined was AMP kinase (AMPK). AMPK is activated when cellular
ATP levels are depleted and has been identified as a target of the type 2 diabetes treatment
metformin. The impact of type 1 diabetes on AMPK activation has not been explored, but
recent reports described ATP decreases and AMP/ATP ratio increases in STZ induced
diabetic rodent livers (36,37), strongly suggesting that AMPK may be activated in type 1
diabetes. Using an anti-phospho threonine 172 antibody, we found that AMPK is activated
in STZ induced diabetic liver 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, upregulated expression of CAR or its coactivators,
such as PGC-1α (19), could contribute to the response of CAR target genes. Although a
statistically significant increase in CAR mRNA expression was observed in several
experiments, this response was not completely consistent. In agreement with a previous
study in STZ treated mice (38), however, we consistently observed a substantial induction of
PGC-1α in both the STZ treated and NOD diabetic mouse models (Fig 6).

Discussion
CAR and its close relative PXR are major regulators of drug metabolism (2-5). They control
expression of a common set of genes including those catalyzing phase I and phase II drug
clearance, suggesting overlapping roles. Consistent with this, activation of either receptor
can protect against potentially toxic endobiotics, such as bile acids and bilirubin. However,
functional studies using knockout mice have often revealed more specific functions (e.g.
(16)). In general, PXR appears to act primarily in xenobiotic 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
(5,16,27).

Type 1 diabetes is accompanied by many liver abnormalities, including alterations in
carbohydrate, lipid and protein metabolism (28). Although it has been known for many years
(6), it is less well recognized that drug metabolism is induced in the type 1 diabetic liver.
More recently, CAR targets were among the numerous genes whose expression were
increased in mice lacking both Irs1 and Irs2 in the liver (39), but the molecular mechanism
that underlies this induction has not been characterized. Here we show that the activation of
cytochrome P450 gene expression by STZ induced diabetes is absent in Car-/- mice, but is
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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
problems, show increased zoxazolamine clearance. We conclude that CAR is an essential
mediator of the enhanced drug metabolism in mouse models of type 1 diabetes.

There are a number of potential CAR activating stimuli in the type 1 diabetic liver.
Theoretically, it might be simplest to address the question of what activates CAR by
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 interconnection of
metabolic pathways. Moreover, the strategy 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,
individually, would be sufficient to activate CAR in the normal 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 two weeks after the treatment
since it is very rapidly eliminated (30). 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. Inducing sustained hyperglycemia in normal mice is complicated by the
effect of insulin, which necessitates multiple treatments and results in fluctuating serum
levels. In addition, insulin has been reported to modestly suppress the phenobarbital
induction of CAR target genes in primary hepatocytes (40). The lack of an effect of
hyperglycemia is consistent with the observation that CAR shows little or no activation in
Ob/Ob mice (BD and DDM, unpublished), 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 metabolizing enzymes in rats (41), we were unable to reproduce
similar responses to elevated β-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 lethality with both normal mice and
primary hepatocytes. While these negative results cannot rule out a contributory 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 significant 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 Cyp7A1 expression and bile acid production (42,43). Since the hepatic bile acid
levels in the STZ treated mice are comparable to those observed in either Fxr-/- mice or
Little mice (Ghrhrlit/lit), which are thought to account for CAR activation and induction of
drug metabolism in both cases (44,45) we conclude that they are sufficient to activate CAR.

Since AMPK is the target for metformin and a well known metabolic regulator (46), 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 induced diabetes (36,37), however, our studies revealed a reproducible increase in the
levels of activated threonine 172 phosphorylated AMPK. This approximately 2-3 fold
phosphorylation response is less than that described for the CAR activator phenobarbital in
cell lines (47), but comparable to or greater than the increase in AMPK enzyme activity in
phenobarbital treated liver (17). Thus, the observed elevations of both bile acids and AMPK
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activity are sufficient to activate CAR in normal liver, and we conclude that both are likely
to contribute to the activation of CAR in the type 1 diabetic liver. Increased expression of
PGC-1α 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 (11,13,14) has not been well understood or appreciated. As
recently reviewed (48), 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
(49-52). In rats, however, this has been ascribed to decreased drug clearance (53), which
seems more likely to be a reflection of other complications 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 (54).
Particularly since many patients fail to achieve complete glucose control, the CAR-
dependent induction of drug metabolism in newly diagnosed or poorly managed type 1
diabetes has the potential for substantial clinical impact.

Experimental Procedures
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. 10-week
old wild type (C57BL/6) mice, Car-/- mice (21) (>10 backcrosses to C57BL/6), humanized
CAR mice (22) and Pxr-/- mice (20) were used in the experiments. Type 1 diabetes was
induced by 2 daily intraperitoneal doses of streptozotocin (STZ) 125 mg/kg body weight.
STZ was dissolved in 0.01 M sodium citrate buffer (pH 4.3) immediately before
administration. All of the mice developed diabetes at one week (blood glucose >350 mg/dl).
Subsets of the diabetic mice received insulin treatment or sham operation. In the insulin
treatment group, mice received a subcutaneous implant of a sustained release insulin pellet
(Linplant, 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. Yechoor
and Chan at BCM. For drug clearance, mice were treated intraperitoneally with
zoxazolamine (200 mg/kg) or 3-β-hydroxybutyrate (20 mmol/kg) for indicated time periods.
All drugs were purchased from Sigma.

Serum Glucose, ALT 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 ALT, blood was collected
after 6 hours fasting. Serum was separated by centrifugation at 6000 × g for 10 min. Alanine
aminotransferase (ALT) levels and total bile acid were measured as previously reported
(16,23). 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 μg was used for Northern blot
analysis. Primers used for generation of cDNA probes were described (16,23). All blots
were stripped and rehybridized with β-actin as internal control. For qPCR, RNA was
reverse-transcribed using SuperScript™ III RT (Invitrogen). Samples were analyzed using
an ABI prism 7500 with SYBR green and TaqMan reagents (Applied Biosystems) and
compared to GAPDH control. Primers and probe used:
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GAPDH

F: 5′-CCTACCCCCAATGTGTCCG-3′

R: 5′-CCTTCTTGATGTCATCATACTTGGC-3′

CYP2B10

F: 5′-GACTTTGGGATGGGAAAGAG-3′

R: 5′-CCAAACACAATGGAGCAGAT-3′

Fluorogenic probe (FAM-TAGTGGAGGAACTGCGGAAATCCC-BHQ1)

CYP3A11

F: 5′-AGATTGGTTTTGATGCCTGGTT-3′

R: 5′-GCAAATTTCCTGTGCTGTCACT-3′

Primary hepatocyte culture
Mouse primary hepatocytes were prepared and maintained in William's E medium
(Invitrogen, Carlsbad, CA), supplemented with 10 μg/ml insulin (Sigma) and 10-7 M
triamcinolone actinide. Cells were treated with different concentrations of 3-β-
hydroxybutyrate for indicated time.

Protein Analysis and Western blot
Frozen liver samples were excised and homogenized in ice-cold lysis buffer (25 mM Tris-
HCl (pH 7.4), 10 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 100 mM
sodium fluoride, 10 mM EDTA, 10 mM EGTA, and 1 mM phenylmethylsulfonyl fluoride).
Samples were resolved by 10% PAGE and transferred 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 ECL kit (Amersham
Biosciences).

Statistics
Data are presented in all figures as mean ± S.E. The number of subjects is indicated by n.
Figures shown are representative of consistent results; differences between different
genotypes were calculated by the 2-tailed Student's t test. All statistical tests with P<0.05
were considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CAR constitutive androstane receptor

PXR pregnane and xenobiotic receptor

AMPK AMP activated protein kinase
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STZ streptozotocin

NOD non-obese diabetes

CYP cytochrome P40
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Figure 1. CAR is 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 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 was
performed with indicated probes. (C) Zoxazolamine was dosed to non-diabetic mice,
diabetic mice and diabetic mice with insulin treatment. Paralysis time was compared in each
group. (**p < 0.01).
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Figure 2. CAR activation maintains in diabetic hCAR mice, NOD mice and PXR-/- mice
Total liver RNA of each different group was isolated. Northern blot or qPCR was performed
with indicated probes. (A) hCAR mice (n=4) were treated with or without STZ for 2 weeks.
Glucose and gene expression were studied. (B) 22-week male NOD non diabetic and
diabetic 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)
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Figure 3. CAR activation is not observed in mice with either acute exposure to STZ or β-
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 indicated probes. (B) Wild
type and CAR-/- mice (n=5) were treated with β-hydroxybutyrate and mice were sacrificed
at indicated hours. Liver samples were harvested and total RNA were isolated and prepared.
Northern analysis was performed with indicated probes.
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Figure 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)
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Figure 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 and every two
samples from same groups were pooled together and 30 μg of protein was separated on SDS
gel. Phospho-AMPK and total AMPK level were determined by Western blot using
antibodies as indicated. The graphs demonstrate the quantification of phosphorylation of
AMPK. (**p<0.01)
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Figure 6. PGC-1α expression is induced in mouse models of type 1 diabetes
Liver RNA from WT mice (n=4) treated with or without STZ for 2 weeks and NOD
nondiabetic and diabetic mice (n=3-4) was extracted and analyzed for PGC-1α by
quantitative RT-PCR. (**p<0.01)
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