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Abstract
Endogenous factors, including hormones, growth factors and cytokines, play an important role in the
regulation of hepatic drug metabolizing enzyme expression in both physiological and
pathophysiological conditions. Alterations of hepatic drug metabolizing enzymes gene and protein
expression, observed in diabetes, fasting, obesity, protein-calorie malnutrition and long-term alcohol
consumption alters the metabolism of xenobiotics, including procarcinogens, carcinogens, toxicants,
and therapeutic agents and may also impact the efficacy and safety of therapeutic agents, as well as
result in drug-drug interactions. Although the mechanisms by which xenobiotics regulate drug
metabolizing enzymes have been studied intensively, less is known regarding the cellular signaling
pathways and components which regulate drug metabolizing enzyme gene and protein expression in
response to hormones and cytokines. Recent findings, however, have revealed that several cellular
signaling pathways are involved in hormone- and growth factor-mediated regulation of drug
metabolizing enzymes. Our laboratory, and others, have demonstrated that insulin and growth factors
regulate drug metabolizing enzyme gene and protein expression, including cytochromes P450,
glutathione S-transferases and microsomal epoxide hydrolase, through receptors which are members
of the large receptor tyrosine kinase family, and by downstream effectors such as phosphatidylinositol
3-kinase, the mitogen activated protein kinase, Akt/protein kinase B, mTOR, and the p70S6 kinase.
Here, we review current knowledge of the signaling pathways implicated in regulation of drug
metabolizing enzyme gene and protein expression in response to insulin and growth factors, with the
goal of increasing our understanding of how chronic disease affects these signaling pathways,
components, and ultimately gene expression and translational control.
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1. Introduction
1.1 General

The hepatic expression of drug metabolizing enzymes may be altered in response to
development, age, gender, genetic factors, nutrition, pregnancy and pathophysiological
conditions such as diabetes, long-term alcohol consumption, inflammation, protein-calorie
malnutrition, therapeutic agents, and environmental chemicals. Although the transcriptional
and post-transcriptional mechanisms by which xenobiotics regulate drug metabolizing
enzymes have been intensively studied, relatively less is known regarding the cellular
mechanisms by which endogenous factors, including hormones and growth factors, regulate
drug metabolizing enzyme gene and protein expression. Recent research, however, has
revealed that hormones and growth factors play a critical role in regulating the expression of
drug metabolizing enzyme genes and proteins. These regulatory events proceed through
various signaling pathways, many of which are involved in cell growth, proliferation,
transformation and tumorigenesis. The mechanism(s) by which these signaling pathway
kinases, and phosphatases, regulate gene expression in response to hormone and growth factor
agonists are being actively examined with a view that the ultimate functional endpoint involves
effects on transcription factors in regulation of gene transcription as well as mRNA translation
in the production of proteins. Thus, signaling pathways regulate not only gene transcription,
but also mRNA translation. Furthermore, these signaling pathways have multiple arms, fingers
and family member components, which provides for cross-communication and essentially a
three dimensional platform for regulating transcriptional and/or translational processes.

Xenobiotic metabolism occurs predominantly in the liver, although substantial
biotransformation activity also exists in nasal mucosa, intestine, kidney, lung, placenta and
skin. Hepatic drug metabolizing enzymes involved in phase I and II reactions may be markedly
altered in diabetes, fasting, obesity and long-term alcohol consumption, resulting in the altered
metabolism of xenobiotics, procarcinogens, carcinogens, toxicants and therapeutic agents.
Such differences in drug metabolizing enzyme expression and levels can also lead to altered
toxicity and changes in the efficacy and safety of therapeutic agents and drug-drug interactions.
In view of the expression of these genes and enzymes in different tissues and cell types, it is
important to recognize that intracellular signaling pathways and components involved in the
regulation of these genes may differ in a tissue and cell-specific manner. Hence, most of this
presentation will focus on insulin signaling in the regulation of hepatic gene and protein
expression.

Diabetes has been reported to result in increased expression of hepatic cytochromes P450
(CYP) 1A1, 2B, 3A, 4A, 2E1 and bilirubin UDP-glucuronosyltransferase (UGT1A1), whereas
decreased expression of CYP2C11, microsomal epoxide hydrolase (mEH) and
sulfotransferases (SULTs), such as hydroxysteroid SULT-a (SULT2A1) and aryl SULT IV
(SULT1A1), has been reported, (summarized in Table 1; Bellward et al., 1988;Barnett et al.,
1990;Donahue et al., 1991;Song et al., 1990;Shimojo et al., 1993;Thomas et al., 1989;Runge-
Morris and Vento 1995;Braun et al., 1998;Hong et al., 1987;Ronis et al., 1993;Van de Wiel et
al., 1993;Kardon et al., 2000;Duvaldestin et al., 1975;Visser et al., 1996;Chaudhary et al.,
1993;Abernethy et al., 1983;Woodcroft, et al., 2002;Woodcroft and Novak, 1997;Woodcroft
and Novak, 1999a). In contrast, studies on the glutathione S-transferase (GST) gene expression
and metabolic activity during diabetes report both increased and decreased GST expression or
activity reported in vivo (Rouer et al., 1981;Agius and Gidari, 1985;Grant and Duthie,
1987;Thomas et al., 1989;Mukherjee et al., 1994;Raza et al., 1996). This difference however,
may reflect competing factors in vivo and/or oxidative stress, which may be present during
diabetes. The change in the cellular redox state in conjunction with oxidative stress has been
reported to result in the transcriptional activation of some GST genes (Wasserman and Fahl,
1997;Kang et al., 2001a). Glutathione (GSH) synthesis can also be altered in response to

Kim and Novak Page 2

Pharmacol Ther. Author manuscript; available in PMC 2007 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathophysiologic conditions such as diabetes, protein-calorie malnutrition and alcohol
consumption through regulation of gamma-glutamylcysteine ligase (GCL) expression, the
enzyme which catalyzes the first step of GSH synthesis, and by the availability of cysteine for
GSH synthesis (Yoshida et al., 1995;Lu et al., 1999;Kim et al., 2003c).

Because diabetes, obesity and starvation can result in altered hormone (insulin, glucagon,
growth hormone) secretion, sensitivity (i.e. resistance) and/or levels, these hormones may alter
the expression of hepatic drug-metabolizing enzymes. Insulin or growth hormone
administration to chemically-induced or spontaneously diabetic rats has been reported to
restore drug-metabolizing enzyme activity and expression to control values (Table 1) (Dong
et al., 1988;Favreau and Schenkman, 1988;Yamazoe et al., 1989a and 1989b;Thomas et al.,
1989;Donahue and Morgan, 1990;Thummel and Schenkman 1990;Runge-Morris and Vento
1995;Donahue et al., 1991;Tunon et al., 1991;Morrison and Hawksworth, 1984;Woodcroft et
al., 2002;Woodcroft and Novak, 1997;Woodcroft et al. 1999a). Glucagon, as a physiologic
antagonist of insulin, plays a critical role in regulating glucose and the expression of drug
metabolizing enzyme genes and activity (Okuda et al., 1987;Jiang and Zhang, 2003;Woodcroft
and Novak, 1999b;Kim et al., 2003a,b). We have demonstrated that insulin and glucagon
regulate, in an opposing manner, the expression of CYP2E1 (Woodcroft and Novak, 1999b),
alpha-class GSTs (Kim et al., 2003a) and mEH (Kim et al., 2003b) in primary cultured rat
hepatocytes. Glucagon prevents the expression of pi class GSTs in primary cultured
hepatocytes (Kim et al., 2003a). Table 1 shows the insulin- and glucagon-mediated regulation
of the activity and/or expression of hepatic drug metabolizing enzymes genes and protein such
as CYP2B, CYP2E1, CYP2A5, GCL, GST alpha class, GST pi class, UGT and mEH (De
Waziers et al., 1995;Constantopoulos and Matsaniotis, 1978;Ricci and Fevery, 1988;Viitala et
al., 2001;Carrillo et al., 1995;Iber et al., 2001;Woodcroft and Novak, 1997 and
1999a;Woodcroft et al., 2002;Lu et al., 1991 and 1992;Kim et al., 2003a and 2003b;Truong et
al., 2005). These results show that changes in drug-metabolizing enzyme gene expression or
protein levels may be attributed to alterations in insulin levels. The primary question is how
does this occur, since neither insulin nor growth factors directly function as transcription
factors. The answer resides in the signaling pathways, which communicate information to the
nucleus for regulation of gene transcriptional and concomitantly regulate the various processes
and translational machinery which controls translational activity.

Although expression of drug metabolizing enzyme genes and proteins are altered in response
to pathophysiologic conditions, drug metabolizing enzyme gene expression and protein levels
are also changed during development and aging. This alteration in expression occurs in an
organ-, sex- and species-specific manner. Hence, cell and organ context are important
considerations for the expression of drug metabolizing enzymes and their regulation by
hormones or growth factors.

Hepatic GSTA1, GSTA5, GSTM1 and GSTM2 gene expression in the male rat and the
hypophysectomized female rat is down regulated by growth hormone (Srivastava and
Waxman, 1993; Staffas et al., 1998). It has been reported that treatment of hypophysectomized
rats with growth hormone results in decreased mEH and UGT1A1 activity, and SULT1E2
mRNA level (Inoue et al., 1995; Liu and Klaassen, 1996; Gueraud et al., 1997; Yokota et al.,
2002). Also, growth hormone has been reported to regulate gender-dependent differences in
CYP expression (Shapiro et al., 1995).

Growth factors, including epidermal growth factor (EGF) and hepatocyte growth factor (scatter
factor) (HGF), however, also regulate drug metabolizing enzyme gene expression. HGF results
in decreased CYP2C11 expression in primary cultured rat hepatocytes (Iber and Morgan,
1998), and decreased CYP1A1/2, 2A6, 2B6 and 2E1 activities in primary cultured human
hepatocytes (Donato et al., 1998). In primary cultured rat hepatocytes, EGF addition results in
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the suppression of constitutive and xenobiotic-inducible CYP2C11, CYP2C12, CYP1A1, and
CYP2B1/2 expression (De Smet et al., 2001; Garcia et al., 2001; Ching et al., 1996) and
CYP2E1 (Abdelmageed et al., unpublished observation). In contrast, EGF treatment has been
reported to increase alpha and pi class GST expression (Matsumoto et al., 2000; Desmots et
al., 2002).

In this review, the insulin- and growth factor-mediated receptor tyrosine kinase signaling
pathways are reviewed in the regulation of drug metabolizing enzyme expression in response
to insulin and growth factors. An overview of the major insulin and growth factor signaling
cascade is provided in Figure 1A.

1.2 Overview of Insulin and Growth Factor Signaling
Insulin and growth factors produce their effects through receptor tyrosine kinases (RTKs)
(Cantley, 2002; Cobb, 1999; Porter and Vaillancourt, 1998; Ullrich and Schlessinger, 1990;
Vivanco and Sawyers, 2002) which have cell surface, transmembrane and cytosolic domains.
The cell surface domain binds the agonist and the cytosolic domain, which contains bound
ATP, exhibits inherent tyrosine kinase activity and is activated in response to agonist binding.
The insulin receptor (IR) is a α2β2 heterotetramer, which consists of an extracellular agonist
binding domain, a transmembrane domain and a cytoplasmic domain (Fig. 1A). Binding of
insulin (or IGF1) results in a conformational change in the juxtapositioned cytosolic β subunits,
which results in autoactivation of the cytosolic subunit tyrosine kinase activity and
transphosphorylation of the tyrosine resides in one cytosolic β subunit by another β subunit
resulting in increased kinase activity and additional phosphorylation at the juxta-membrane
regions and intracellular tail. This phosphorylation produces conformational changes, which
present binding sites for recruitment of SH2 (Src homology 2) or phosphotyrosine binding
(PTB) domain-containing proteins, including insulin receptor substrates IRS1-6 and Shc
(Backer et al., 1993; Myers et al., 1994; Vivanco and Sawyers, 2002) (Fig. 1A). IRS (Insulin
Receptor Substrate) proteins, following recruitment and phosphorylation, amplify signaling
through their recruitment of numerous other adapter, activator proteins (i.e. GTP/GDP
exchangers), and kinases via their phosphorylated tyrosine motifs (Cantley 2002; Myers et al.,
1994; Vivanco and Sawyers, 2002). These tyrosine phosphorylated motifs (i.e. SH2 domains)
serve as docking sites for numerous downstream substrate effector proteins, including the lipid
kinase phosphatidylinositol 3-kinase (PI3K), Grb2, and the adaptor proteins Crk, Nck, Fyn
(Cantley, 2002; Myers et al., 1994; Vivanco and Sawyers, 2002) (Fig. 1A). The IR, through
Shc and Grb2, also recruits SOS (Son of Sevenless), the GTP/GDP exchange which recruits
and activates Ras which in turn recruits and activates Raf, with subsequent recruitment and
activation of MEK and ERK. Thus, insulin, via the IR and IRS, exerts its downstream metabolic
and mitogenic effects through multiple downstream signaling proteins, with both pathways
stimulating cell proliferation.

Insulin signaling leads to a number of effects, including stimulation of glucose transport,
protein and glycogen synthesis, inhibition of lipolysis, regulation of gene transcription and
translation, and cell growth and proliferation (Brazil et al., 2002; Cantley 2002; Myers et al.,
1994; Vivanco and Sawyers, 2002). PI3K is activated following the binding of its p85
regulatory subunit Src homology-2 (SH2) domain to the tyrosine-phosphorylated IRS-1 or-2,
resulting in activation of the p100 catalytic subunit of PI3K (Backer et al., 1993; Brazil et al.,
2002; Cantley, 2002; Cobb, 1999; Myers et al., 1994; Monostory et al., 2004, Vivanco and
Sawyers, 2002) (Fig. 1A). The activation of PI3K results in the production of 3-phosphorylated
phosphatidylinositides (e.g. PI(3,4,5)P3) (Fig. 1A), which then activate the downstream protein
serine/threonine kinase Akt/PKB, via 3-phosphoinositide-dependent protein kinase-1 and -2
(PDK1, 2) (Alessi et al., 1997b; Brazil et al., 2002; Cantley, 2002; Stokoe et al., 1997; Vivanco
and Sawyers, 2002) (Fig. 1A). Akt phosphorylates and inhibits TSC1,2 (Tuberous Sclerous
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Complex 1 and 2), which inhibits Rheb, and results in the phosphorylation and activation of
mTOR. mTOR, in turn, phosphorylates and inactivates 4E-BP1 (Binding Protein 1) of the
eIF4E/BP1 complex, thereby releasing BP1 from eIF4E (eukaryotic Initiation Factor 4E) and
stimulating the initiation of translation (Fig. 1A). PDK1, 2 directly, or through PKCζ, as well
as Akt, or Akt through mTOR, phosphorylates and activates the p70S6 kinase and the ribosomal
S6 protein RS6P (Beugnet et al., 2003; Brazil et al., 2002; Cantley 2002; Cheatham et al.,
1994; Chung et al., 1994; Vivanco and Sawyers, 2002), which also regulates translation. Thus,
Akt is a central transducer of insulin signaling which regulates mRNA translation (Fig. 1A).

Akt is a major regulator of the activity of the downstream mammalian target of rapamycin
(mTOR) and tuberous sclerosis complex 1 and 2 (TSC1 and 2) (Fig. 1A). Akt activates mTOR
through phosphorylation. Under nonstimulated conditions, TSC1/2 act as negative regulators
of mTOR. TSC1 and 2 are hamartin and tuberin, respectively (Michalet et al., 1997;Tee et al.,
2003). TSC2 phosphorylation by Akt results in mTOR activation (Hay and Sonenberg,
2004). TSC1 and 2 form heterodimers which exhibit GTPase activity that inhibits the GTPase
Rheb which is required for mTOR activation (Hay and Sonenberg, 2004). Thus, TSC1 and 2
constitute a functional complex that inhibits mTOR activity, resulting in inhibition of the
phosphorylation of downstream targets, 4E-BP1, p70S6K and RS6P, and hence translation
(Goncharova et al., 2002;Inoki et al., 2002;Manning et al., 2002,Hay and Sonenberg, 2004).
Phosphorylation of TSC1/2 by Akt reverses the inhibitory effects of TSC1/2 on mTOR and
results in mTOR activation (Carraway and Hidalgo, 2004) (Fig. 1A). The regulatory associated
protein of mTOR (Raptor) is required for mTOR-mediated phosphorylation of BP-1(binding
protein 1) which results in the release of eIF4E and the initiation of translation (Nojima et al.,
2003;Oshiro et al., 2004) as well as activation of the 40S ribosomal protein S6 kinase (p70S6K)
and ribosomal S6 protein RS6P (Fig. 1A). The inhibition of mTOR by rapamycin, occurs
through the binding of rapamycin to FKBP12 (FK506 binding protein 12), which results in the
binding of this protein complex to mTOR, and inhibition of the mTOR-Raptor interaction
(Nojima et al., 2003;Oshiro et al., 2004). This inactivation of mTOR inhibits translation by
preventing the phosphorylation and release of BP1 from eIF4E, and the activation p70S6K and
RS6P (Fig. 1A). Thus, Akt, through mTOR, regulates mRNA translation, a process which is
inhibited by rapamycin (Fig. 1A). An additional downstream target of Akt phosphorylation is
glycogen synthase kinase 3α,β (GSK3α,β), which is involved in glucose metabolism, and is
used to monitor Akt activation and inhibition (Hajduch et al., 2001) (Fig. 1A). Rictor is a
rapamycin-insensitive companion of mTOR and defines a distinct pathway regulating PKCα
and Akt signaling (Sarbassov and Sabatini, 2005). Akt also activates phosphodiesterase 3B,
which inhibits the production of cAMP required for PKA activation (Fig. 1A).

In addition to translation, Akt also regulates gene transcription. Upon activation by PI3K
signaling, Akt translocates to the nucleus (Andjelkovic et al., 1997), where it regulates the
expression of genes by catalyzing the phosphorylation of the transcription factors FOXO1, 3a
and 4 (Fig. 1A), which results in inactivation through export from the nucleus and inhibition
of FOXO-regulated transcription, although recent reports suggest that insulin effects through
Akt can occur by direct mechanisms and do not necessarily involve altered subcellular
distribution (Du and Montminy, 1998; Zhang et al., 2002a; Kwon et al., 2004; Tsai et al.,
2003; Matsuzaki et al., 2005). Thus, Akt activation results in the downregulation of genes for
which FOXO 1, 3a and 4 serve as transcription factors. Akt is also able to effect signaling
through PKA, via inhibition of phosphodiesterase 3β and AMPK activity (Hahn-Windgassen
et al., 2005).

1.3 Overview of Glucagon, Cyclic Nucleotides, PKA, AMPK Signaling
Glucagon increases cAMP levels through adenylate cyclase. Elevated cAMP levels have been
reported to attenuate mTOR signaling (Fig. 1 A, B), and hence translational control (Graves
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et al., 1995;Monfar et al., 1995;Harris and Lawrence, 2003). The glucagon, cyclic nucleotide
activated PKA signaling cascade is also complex and appears to involve activation of LKB1
and AMP kinase (AMPK), which phosphorylates other targets, including HNF1α, the
transcription factor reported for regulating CYP2E1 gene transcription (Cheung et al., 2003),
and HNF4α (Fig. 1 A,B). The opposing effects of glucagon on insulin in CYP2E1 gene
expression may occur through glucagons/cyclic nucleotide repression of signaling through
mTOR, which is associated with activation of PKA, the phosphorylation of LKB1, and
activation of AMPK. Glucagon also represses activation of the phosphorylation of 4E-BP1 and
the p70S6 kinase (Kimball, et al., 2004). The glucagon, cyclic nucleotide activated PKA
signaling cascade is also complex and appears to involve activation of LKB1 and AMP kinase
(AMPK), which phosphorylates other targets, including HNF1α, the transcription factor
reported for regulating CYP2E1 gene transcription (Cheung et al., 2003), and HNF4α (Fig. 1
A,B). AMPK is inhibited by Akt (Hahn-Windgassen et al., 2005) and by phosphatase 2C (Fig.
1 A,B). Recent reports show that AMPK activation results in downregulation of both
HNF1α and HNF4α levels and target gene expression in hepatocytes (Leclerc et al., 2001).
AMPK was also reported to phosphorylate HNFα1, increase degradation, and decrease target
gene expression in kidney cells (Hong et al., 2003). Thus, insulin and glucagon signaling
pathways cross-communicate, with each pathway exerting regulatory effects. The exact
mechanism(s) which regulate glucagon-mediated CYP2E1 expression and that of the other
xenobiotic metabolizing enzyme genes remains to be established.

The individual components of the signaling cascade will be discussed in subsequent sections
in greater detail and their role in the signaling cascade identified. The various chemical
inhibitors or biological approaches which may be use to disrupt the signaling cascade are also
presented. In addition to regulation of gene transcription and/or translation by tyrosine, serine
or threonine kinase-mediated phosphorylation, it is also important to recognize that
phosphatases play an equally critical role in maintaining a dynamic balance in the signaling
cascade. The mechanisms by which the various signaling cascades and components regulate
gene transcription and translation are discussed. Finally, examples of various experiments in
which have used chemical inhibitors or biochemical approaches to assess the role of the
different pathways and components in the regulatory process are also presented to provide a
tangible perspective on the role of signaling in the regulation of drug metabolizing enzyme
gene and protein expression.

2. Insulin- and Growth Factor-Mediated Cellular Signaling
Insulin, and growth factors, following activation of the TRK (section 1.2), stimulate the
recruitment of a family of lipid kinases, known as class I phosphatidylinositol 3-kinases
(PI3Ks), to the plasma membrane. Recent evidence indicates that serine/threonine protein
kinase Akt/PKB (protein kinase B), atypical protein kinase C (PKC ζ/λ), eukaryotic translation
initiation factor 4E (eIF4E)/eIF4E binding protein 1 (4E-BP1) and the p70 ribosomal protein
S6 kinase (p70S6 kinase) mediate many of the downstream events in response to PI3K
activation (Fig. 2).

Insulin, and growth factors, also lead to activation of the mitogen activated protein kinases
(MAPK) signaling cascade (Fig. 3). Following tyrosine phosphorylation of the cytoplasmic
domain of the receptor, recruitment of adaptor proteins such as Grb2, a growth factor receptor
binding protein 2 (Grb2) which is constitutively associated with the SOS through binding of
the SH3 domain of Grb2 to a SOS proline-rich region, and Ras occurs. Ras is activated by
SOS, Son-of Sevenless, a guanine nucleotide exchange factor, which converts inactive Ras-
GDP to activated Ras-GTP. The small guanosine triphosphatase G-protein Ras subsequently
recruits and activates Raf, which leads to phosphorylation and activation of a downstream
serine threonine signaling cascade involving recruitment and activation of MEK (MAP Kinase
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Kinase) and MAPKs/ERKs (MAP Kinase). RTK signaling is regulated not only by a cascade
of phosphorylation via protein kinases but also by dephosphorylation via tyrosine and serine/
threonine phosphatases and lipid phosphatases.

2.1 Insulin Receptor and IRS
The insulin receptor is encoded by a single gene located on the short arm of chromosome 19
and contains 22 exons and 21 introns (Fig. 4) (Seino et al., 1989;Perz and Torlinska, 2001).
The short exon 11 is alternatively spliced, resulting in two isoforms that differ slightly in
affinity for insulin (Seino et al., 1989). Exon 11 codes for 12 amino acids that are inserted the
alpha-subunit of the insulin receptor B isoform. The insulin receptor A isoform lacks these 12
amino acids. Although both isoforms have similar affinity for insulin, the A isoform binds
insulin-like growth factor-II with more than a 10-fold greater affinity than the B isoform (De
Meyts, 2004). Following the binding of agonist (insulin, IGF) to the receptor, the receptor
undergoes internalization. The A isoform exhibits a more rapid internalization and higher
recycling rate than the B isoform. Processing of the insulin receptor occurs during transport
from the golgi to the cell membrane. Proteolytic cleavage of the single high molecular weight
proreceptor occurs at a tetrabasic amino acid sequence (arginine-lysine-arginine-arginine),
which is located at the alpha and beta subunit junction. Oligosaccharide chains are added at
specific sites of glycosylation. Disulfide bridges stabilize the interactions between the two
alpha subunits, and between the alpha and beta subunits (Sparrow et al., 1997). Consequently,
the single disulfide bond, which occurs between residues cysteine-647 in the alpha subunit and
cysteine-872 in the beta subunit, provides a covalent link between the subunits (Cheatham and
Kahn, 1992). Thus, the insulin receptor exists as a heterotetramer (Fig. 4).

The N-terminal half of the receptor consists of two large homologous globular domains, L1
and L2, separated by a cysteine-rich region (CR) and the C-terminal half consists of three
fibronectin type III domains. The second fibronectin type III domain contains a large insert
domain of unknown structure containing the site of cleavage between alpha- and beta-subunits.
The alpha subunits bind the agonist, e.g. insulin or IGF, and hence represent the critical
component in regulating activation. Unoccupied alpha-subunits on the cell surface, in the
absence of agonist, inhibit the intrinsic tyrosine kinase activity of the cytoplasmic domain of
the beta subunit and hence, function as regulatory subunits of the catalytic intracellular subunits
(Kahn, 1994). The beta subunit is composed of a short extracellular domain, a transmembrane
domain (TM), and an intracellular domain which contains the ATP binding site and
autophosphorylation sites and hence, exhibits tyrosine kinase activity when the receptor is
activated through agonist binding. The intracellular portion of the beta-subunit contains the
tyrosine kinase domain (KM) which is flanked by two regulatory regions, a juxtamembrane
region (JM) and a C-terminal tail (CT). Also the intracellular domain contains the ATP binding
site and autophosphorylation sites.

Various lines of evidence suggest that a single molecule of insulin makes asymmetric contacts
with both alpha-subunits within a native receptor (De Meyts, 2004). In the two-step bivalent
receptor cross-linking model, insulin binds asymmetrically to two discrete sites in the surface
alpha-subunits. Binding of the agonist, insulin or IGF to the alpha subunits of the receptor
results in conformational changes that allosterically regulate the intracellular beta-subunit
tyrosine kinase domain. Subsequently, the beta-subunits undergo a series of intermolecular
trans-autophosphorylation reactions that generate multiple phosphotyrosine sites, some of
which serve distinct functional roles. Tyrosine phosphorylation at residues 1146, 1150, and
1151 in the kinase domain relieves pseudosubstrate inhibition, further enhancing the receptor’s
tyrosine kinase activity. Phosphorylation of tyrosine 960 at the juxtamembrane is necessary
for appropriate substrate recognition. The phosphorylated tyrosine residues of the beta subunits
of the receptor become binding sites for recruitment of other signaling adaptor proteins and
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downstream signaling molecules. The insulin receptor, through these sites, is thus able to recruit
and utilize a family of soluble adaptors or scaffolding molecules, such as the insulin receptor
substrates (IRSs) and Shc, in order to initiate and amplify its signaling cascade through other
downstream effectors (Fig. 4).

As many as six members of the IRS family exist (Uchida et al., 2000; Cai et al., 2003). At least
three IRS proteins (IRS1, 2 and 4) exist in both humans and mice, with IRS1 and IRS2 widely
expressed in tissues, whereas IRS4 expression appears limited to the thymus, brain and kidney
(Uchida et al., 2000). IRS3 is expressed exclusively in rodent adipose tissue (Bjornholm et al.,
2002), and IRS5 and 6 were recently reported (Cai et al., 2003). The IRSs lack intrinsic catalytic
activity. However, they contain pleckstrin homology (PH) and phosphotyrosine binding (PTB)
domains, and multiple phosphorylation motifs. The PH domains consist of globular protein
domains of ~100 to 120 amino acids, and are primarily involved in the binding of lipids,
although they may also mediate, albeit weakly, protein-protein interactions. Residues in PH
domains essential for high-affinity binding to phosphoinositides have been identified (Fruman
et al., 1999; Isakoff et al., 1998). The IRS PTB domain binds other phosphotyrosine-containing
protein motifs. Moreover the PTB domain, similar to the PH domain, also binds
phosphoinositides. The PTB domain of IRS binds to the phosphorylated NPXP motifs of the
cytoplasmic beta-subunit domain of the activated insulin receptor, and the activated insulin
receptor subsequently phosphorylates IRS on multiple tyrosine residues. This activation of IRS
results in amplification of insulin receptor signaling. Following phosphorylation, IRS attracts
and binds additional effector molecules to the receptor, thereby serving to increase and amplify
the extent and diversity of insulin receptor signaling (Cheatham and Kahn, 1995; White and
Kahn, 1994; White, 2002). In mice, IRS1 and IRS2 are major mediators of insulin action, as
insulin resistance is observed in both IRS1-deficient and IRS2-deficient mice (White, 2002),
although functional differences between these molecules have been reported. For example,
IRS1 exerts its greatest effect on metabolism by regulating insulin signaling in muscle and
adipose tissue. In contrast, IRS-deficient mice display disregulated lipolysis, peripheral glucose
uptake, and hepatic gluconeogenesis (Previs et al., 2000).

One of the primary downstream signaling effectors that binds to IRSs following insulin receptor
activation is the lipid kinase PI3K. PI3K produces the 3-hydroxylated lipid product PI(3,4,5)
P3 from PI4, 5P2 which subsequently activates Akt, and the downstream targets mTOR, p70S6
kinase, eIF4E and PKCs through PDK1, 2 (Fig. 2). While the IRS tyrosine phosphorylation is
required for insulin-mediated signaling, the phosphorylation of IRS on serine residues
(serine-307, serine-612 and serine-632 in murine IRS1) may disrupt the association between
IRS1 and insulin receptor or PI3K and hence, result in resistance to insulin signaling (Gual et
al., 2005). In summary, the binding of insulin or IGF to the insulin receptor results in activation
via tyrosine phosphorylation of the cytosolic domain and the recruitment of other effectors,
including IRS family members, which results in the activation and amplification of transmitted
information though the recruitment and activation of downstream effectors in signaling
cascades which ultimately regulate gene transcription and mRNA translation.

2.2 PI3K Signaling
The family of PI3Ks in mammalian cells can be divided into three classes, designated Class I
through III; class I is also subdivided into Ia and Ib subsets (Vanhaesebroeck et al., 2005). The
different classes of PI3Ks catalyze phosphorylation of the 3’-hydroxyl position of phosphatidyl
myo-inositol lipids, generating different 3’-phosphorylated lipid products. These 3’-
phosphorylated myo-inositol lipids then act as second messengers. Class Ia PI3Ks are activated
in response to insulin and growth factors and produce 3’-hydroxylated phosphoinositides
(Fruman et al., 1998). Class Ia enzymes exist as heterodimers and consist of a 110-kDa catalytic
subunit which is associated noncovalently with either an 85-, 55-, or 50-kDa regulatory subunit.
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The subclass 1a of the class I PI3K catalytic subunit is subdivided into p110 alpha, beta and
delta forms. The 85-, 55- or 50-kDa regulatory subunit maintains the catalytic subunit in a low-
activity state in quiescent cells. The regulatory subunit also mediates the activation of the 110
kDa catalytic subunit through interactions between the SH2 domains of the regulatory subunit,
and phosphotyrosine residues of adaptor proteins, such as IRSs or those of activated growth
factor receptors (Cantley, 2002). Direct binding of p110 to activated Ras has been reported to
have an important role in the activation of PI3K in response to growth factors (Shields et al.,
2000). The physiological significance of this interaction, however, for insulin-mediated PI3K
signaling is not entirely clear. The single class Ib PI3K consists of a p110gamma catalytic
subunit complexed to a p101 or p87 regulatory subunit, and signals downstream of G-protein-
coupled receptors (Wymann et al., 2003).

A general diagrammatic model illustrating the PI3K recruitment and initiation of the PI3K
signaling cascade is illustrated in Fig. 5. In resting cells, PI3K is a cytoplasmic enzyme, the
substrate of which is membrane phosphatidylinositol and its phosphorylated derivatives.
Insulin receptor activation, and IRS binding recruits PI3K from the cytoplasm to the membrane,
primarily via interactions involving the regulatory subunit. Following PI3K recruitment to the
plasma membrane, and activation, the lipid kinase phosphorylates the 3’-hydroxyl position of
the inositol ring to generate the phosphoinositides, PI(3,4,5)P3, PI(3,4)P2 and PI(3)P with PI
(3,4)P2 being the preferred substrate for class I PI3Ks. These events occur rapidly following
activation of the receptor. These lipids subsequently function to promote further assembly of
signaling complexes at the membrane by recruiting specific proteins with domains (e.g.
pleckstrin homology domains) that selectively bind the 3’-hydroxyphosphoinositides. This
membrane-targeting signal, however, is reversible and is opposed by specific lipid
phosphatases, including PTEN (phosphatase and tensin homolog deleted on chromosome ten).
The rapid increase in PI(3,4,5)P3 concentration in response to insulin activates several
downstream protein kinases, such as PDK1, Akt, PKC isoforms, p70S6 kinase and the RS6P
(Bellacosa et al., 1991;Alessi et al., 1997a;Le Good et al., 1998;Deprez et al.,
2000;Vanhaesebroeck and Alessi, 2000), which function to regulate gene transcription and
translational control, through phosphorylation of transcription factors, and regulation of
mRNA translation and translational machinery. One of the critical and pivotal kinases in this
cascade is Akt, which also regulates cell proliferation and survival (Downward, 1998).

2.3 Akt (Protein Kinase B) Signaling
Hence, among the PI(3,4,5)P3-dependent kinases, Akt has been the focus of much research.
Akt/PKB is the cellular homologue of the viral oncoprotein v-Akt, and exhibits a high degree
of homology with protein kinases A and C. Akt is a 57 kDa serine/threonine kinase with a PH
domain, and three known isoforms (Akt1/PKB alpha, Akt2/PKB beta and Akt3/PKB beta).
The Akts are widely expressed in tissues, including the liver (Chan et al., 1999; Song et al.,
2005). All three Akt isoforms (Akt1/PKBalpha, Akt2/PKBbeta and Akt3/PKBbeta) consist of
a conserved domain structure, an N-terminal PH domain, a central kinase domain (KD; T-loop)
and a C-terminal regulatory domain (RD) that contains the hydrophobic motif (Song et al.,
2005). In unstimulated cells, Akt is cytosolic and exhibits a low basal activity. Upon activation
of PI3K, the association of PI(3,4,5)P3 at the membrane results in the recruitment of Akt and
PDK1 into proximity through their PH domains. This results in phosphorylation of Akt at
threonine-308 by PDK1 (Fig. 6). Wortmannin and LY294002 are cell-permeable inhibitors of
PI3K (Vlahos et al., 1994; Wymann et al., 1996). Wortmannin, an irreversible inhibitor,
alkylates a lysine residue at the putative ATP binding site of p110 alpha of PI3K; in contrast,
LY294002 is a pure competitive inhibitor of ATP binding. Activation of Akt, and
phosphorylation of both threonine-308 and sereine-473 residues, is inhibited by wortmannin
and LY294002 (Alessi et al., 1996). Hence, inhibition of PI3K by wortmannin, LY294002 or
through the use of dominant-negative/kinase dead constructs, results in downstream inhibition
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of Akt activation and signaling. The phosphorylation of Akt by PDK1 is regulated by the
conformation of Akt. The PH domain masks the activation loop site and its release is required
for the phosphorylation by PDK1. Hence, PI(3,4,5)P3/PI(3,4)P2 binding to the PH domain
relieves autoinhibition of the active site, allowing PDK1 to access and phosphorylate
threonine-308 (Stokoe et al., 1997). Although phosphorylation of threonine-308 partially
activates Akt, full activation of Akt requires phosphorylation of serine-473 (Alessi et al.,
1996). The phosphorylation of threonine-308 and serine-473 residues can occur independently
from each other. The mechanism mediating serine-473 phosphorylation, however, remains
controversial. Initial studies proposed that an upstream kinase, also in the PI3K pathway, but
distinct from PDK1, is responsible for Akt serine-473 phosphorylation (Alessi et al., 1997b).
However, it has also been reported that autophosphorylation may be the mechanism by which
serine-473 site is phosphorylated in Akt (Toker and Newton, 2000). This may occur by
displacing PDK1 from the C-terminal site of Akt, thus making this site accessible and subject
to autophosphorylation. The identity of the protein(s) that mediate the release of PDK1 from
the C-terminal site, however, remains to be determined. Alternatively, a putative PDK2 has
been proposed, and several other kinases, including the integrin-linked kinase, MAPK-
activated protein kinase 2, protein kinase C-related kinase 2, mammalian target of rapamycin
(mTOR) and others, have been implicated in the phosphorylation of serine-473 (Brazil and
Hemmings, 2001; Sarbassov et al., 2005).

An additional mechanism for regulating Akt activity has recently been identified. TRB3, a
mammalian homologue of Drosophila tribbles, has been identified, and shown to inhibit
hepatic Akt activation by insulin (Du et al., 2003). Moreover, it was suggested that functional
polymorphism(s) of TRB3 might be associated with insulin resistance and related clinical
outcomes (Prudente et al., 2005). Thus, the regulation of Akt activity is complex. The recent
identification of a novel and specific inhibitor of Akt, A-443654, by Luo et al., 2005, may
facilitate additional experiments on the complex regulation of the kinase and its downstream
targets.

Despite its key role as an upstream activator of enzymes such as Akt, the mechanism regulating
PDK1 activity remains controversial. Some studies have shown that PDK1, constitutively
active in resting cells, is not further activated by growth factor stimulation, and several serine
sites (25, 241, 393, 396, 410) are phosphorylated on PDK1 in unstimulated cells (Pullen et al.,
1998; Casamayor et al., 1999). However, three groups have demonstrated that insulin,
hydrogen peroxide and pervanadate induce an increase in kinase activity and tyrosine
phosphorylation of PDK1 (Prasad et al., 2000; Grillo et al., 2000; Park et al., 2001). The
phosphorylation of tyrosine residues in PDK1 can be mediated by a Src kinase family member,
suggesting Src kinase may also play a role in insulin-mediated PI3K signaling via activation
of PDK1 (Park et al., 2001). This and earlier reports constituted a basis for examining a potential
role of Src in regulating CYP2E1 expression, although subsequent experiments using chemical
inhibitors of Src kinase suggested that it did not play a role in the signaling cascade that
regulates CYP2E1 expression.

2.4 Atypical PKC Signaling
Atypical PKC isoforms ζ (rat) and λ (mouse) are also downstream targets for PI3K (Farese,
2001; Farese et al., 2005)(Fig. 7). Increased activity of PKCζ/λ results from PDK1-dependent
phosphorylation of the catalytic domain, via threonine 410 in rat PKCζ and threonine 411 in
mouse PKCλ, followed by autophosphorylation of threonine 560 in rat PKCζ and threonine
563 in mouse PKCλ (Le Good, et al., 1998; Standaert et al., 1999). PI(3,4,5)P3 may interact
with the N-terminal lipid-binding domain of PKCζ to facilitate the interaction of threonine-410
with the catalytic site of PDK1 (Standaert et al., 1999). PI(3,4,5)P3 also stimulates
autophosphorylation of PKCζ and relieves the autoinhibition exerted by the N-terminal
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pseudosubstrate sequence on the C-terminal catalytic domain of PKCζ (Standaert et al.,
1999 and 2001). Insulin-stimulated glucose transport and protein synthesis are dependent on
PI3K/PKCζ activity (Farese, 2001; Mendez et al., 1997). The latter is consistent with the
observation that dominant negative PKCζ antagonizes activation of p70S6 kinase (Romanelli
et al., 1999). However, it is not known whether PKCζ can directly phosphorylate p70S6 kinase
or which residue(s) is/are involved.

2.5 mTOR Signaling
mTOR (Mammalian Target of Rapamycin) is a serine/threonine protein kinase that controls
cell growth and proliferation in response to nutrient availability and growth factor stimulation
(Richter and Sonenberg, 2005) (Fig. 7). mTOR plays a critical role in regulating translation
through phosphorylation of inhibitory proteins (i.e. eIF4E-BP1) that bind the rate limiting
eukaryotic initiative factor eIF4E. This protein, 4E-BP1, binds to a cleft in eIF4E and prevents
eIF4E from binding to the scaffold protein eIF4G, thereby inhibiting the formation of the active
translational complex, eIF4F. mTOR phosphorylates 4E-BP1, which is bound to inactive
eIF4E, and relieves the inhibitory effect of 4E-BP1, thereby releasing eIF4E, the rate-limiting
step in mRNA translation (Fig. 7). The p70S6 kinase phosphorylates the S6 ribosomal protein
(S6RP), which is a component of the 40S subunit of eukaryotic ribosomes. The p70S6 kinase
thus plays a critical role in regulating protein synthesis (Jefferies et al., 1997; Kawasome et
al., 1998). The p70S6 kinase and S6RP also participate in the translational control of mRNA
transcripts that, for the most part, encode components of the translational apparatus (Fig. 7).

The p70S6 kinase contains a highly acidic N-terminus, a serine/threonine kinase catalytic
domain and a regulatory C-terminal tail. The C-terminal tail contains an auto-inhibitory
domain, and four phosphorylation sites (serine 411, 418, 424 and threonine 421) have been
identified in the inhibitory domain. The activation of the p70S6 kinase appears to occur as a
result of a phosphorylation-induced conformational change in the C-terminal domain. This
conformational change exposes additional phosphorylation sites. Phosphorylation of these
newly exposed sites (threonine 229, 389 and serine 371) then occurs, and based on inhibition
by wortmannin (i.e. PI3K inhibition) and by rapamycin (i.e. inhibition of mTOR), appears to
be dependent on PI3K and mTOR signaling respectively (Saitoh et al., 2002). Threonine 229
is in the kinase catalytic domain, and PDK1 has been shown to be the upstream kinase
responsible for the p70S6 kinase threonine 229 phosphorylation (Pullen et al., 1998). Unlike
phosphorylation of Akt, the phosphorylation of threonine 229 by PDK1 occurs independent
of PI(3,4,5)P3, suggesting that this phosphorylation step may not require membrane association
of either PDK1 or the p70S6 kinase. The phosphorylation of threonine 389 in the linker domain
is required to disrupt the interaction of the N- and C-termini in order to allow PDK1 access for
phosphorylation of threonine 229 (Vanhaesebroeck and Alessi, 2000). The process by which
the threonine 389 residue is phosphorylated is less clear. Balendran et al. (1999) reported that
PDK1 activity was required for the insulin-like growth factor 1-induced phosphorylation of
threonine 389, however, whether PDK1 directly phosphorylates this residue in cells remains
unknown.

Expression of a constitutively membrane-anchored and active Akt variant has been reported
to phosphorylate and activate the p70S6 kinase (Kohn et al., 1996). However, Akt does not
appear to be the kinase for activation of the p70S6 kinase. Rather, activation of the p70S6
kinase may occur independent of Akt (Conus et al., 1998). Subsequent research revealed that
a constitutively active wortmannin-resistant form of Akt was able to phosphorylate glycogen
synthase kinase-3 and BP-1 in the 4E-BP1 complex, but did not phosphorylate the p70S6 kinase
(Dufner et al., 1999). The data suggest that phosphorylation of the p70S6 kinase may be
associated with, or an artifact of, membrane localization. Akt, however, can regulate p70S6
kinase activity through activation of mTOR. Recent findings indicate that TSC1 and 2, tuberous
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sclerosis complex 1 and 2, are hamartin and tuberin, respectively, and constitute a functional
complex that inhibits mTOR, resulting in inhibition of the phosphorylation of downstream
targets, 4E-BP1 and p70S6 kinase, and hence mRNA translation (Manning, 2004) (Fig. 7).
Akt-mediated phosphorylation of tuberin inhibits the TSC1, 2 complex and allows Rheb to
bind to GTP, resulting in the activation of mTOR (Manning, 2004). Recently Sarbassov et al.
(2004 and 2005) have shown that mTOR can associate with a rapamycin-insensitive companion
of mTOR referred to as Rictor, forming a rapamycin-insensitive complex capable of
phosphorylating Akt at serine 473. These results suggest that mTOR can be found both
upstream and downstream of Akt in the insulin-stimulated PI3K pathway. The regulatory
associated protein of mTOR (Raptor) was also identified as an mTOR binding partner that
mediated mTOR signaling to downstream targets (Hara et al., 2002; Kim et al., 2002). The
binding of Raptor to mTOR is necessary for the mTOR-catalyzed phosphorylation of 4E-BP1,
and it strongly enhances the mTOR kinase activity towards the p70S6 kinase. The inhibition
of mTOR by rapamycin, occurs through the binding of rapamycin to FKBP12, FK506 binding
protein 12, which results in the binding of this complex to mTOR, and inhibition of the mTOR-
Raptor interaction (Kim and Sabatini, 2004). This inactivation of mTOR inhibits translation
by preventing the phosphorylation and release of BP1 from the eIF4E-BP1 complex, and the
activation p70S6 kinase (Fig. 7).

3. MAPK Signaling
3.1 Overview

Many RTKs activate intracellular protein serine/threonine kinases, referred to as the MAPK
family, which phosphorylate various downstream targets, including other kinases and
transcription factors (Kolch, 2000). The signaling cascade begins with agonist (e.g. insulin,
growth factor) induced activation of the receptor followed by recruitment of Ras and the
subsequent activation of downstream kinases, which ultimately regulate gene transcription
(Fig. 8). The MAPK family consists of several subfamilies, each of which contain multiple
members: the extracellular signal-regulated kinase1/2 (ERK1/2), the Jun N-terminal kinases
(JNKs), the p38 mitogen activated protein kinase (p38 MAPK) and ERK5. Each MAPK (e.g.
ERK1/2, JNK, p38 MAPK, ERK5) is the terminal component of a three-protein kinase cascade,
which proceed through a step-wise activation process which involves a MAPK kinase kinase
(MKKK) phosphorylating a MKK (MAPK kinase), which then phosphorylates the MAPK.
The basic ERK1/2 signaling cascade proceeds through Ras, Raf (MKKK), MEK1/2 (MKK)
and ERK1/2 (MAPK) (Fig. 8). Activation of these kinases occurs through agonist binding or
stress (e.g. oxidative stress, UV, etc.) and can be monitored via antibodies directed towards
the specific kinase and phosphorylated serine/threonine sites in the kinase.

3.2 Ras Activation and Signaling
The Ras superfamily of small GTPases comprises over 150 members in human cells and the
Ras proteins are the founding members of this superfamily, which is divided into five major
branches on the basis of sequence and functional similarities: Ras, Rho, Rab, Ran and Arf
(Wennerberg et al., 2005). Three different Ras genes are present in mammalian cells and these
genes result in the expression of four Ras small GTPases; H-Ras, N-Ras, KA-Ras and KB-Ras.
These Ras proteins are key regulators of critical intracellular signal pathways, which control
cell growth proliferation, differentiation, survival and apoptosis (Khosravi-Far et al., 1998;
Chong et al., 2003; Giehl, 2005). In the Ras family, amino acid residues 1–85 are identical in
each of the proteins, residues 86–166 exhibit 85% identity and residues 167–185 represent a
variable region. This variable region contains the CAAX-motif (C is cysteine; A is any aliphatic
amino acid; X is methionine or serine), which signals for post-translational lipid modification.
The lipid modifications, such as farnesylation and geranylgeranylation increase the
hydrophobicity of Ras proteins, which is obligatory for Ras protein insertion into the membrane
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and subsequent activation (Mangues et al., 1998). Inhibition of Ras farnesylation or
geranylgeranylation results in an absence of membrane insertion and rapid degradation, which
thereby results in decreased Ras signaling. Consequently, inhibition of this lipid modification
of Ras has been a therapeutic target for inhibition of Ras signaling which is important in tumors,
such as breast, which overexpress Ras or those in which Ras mutations have been implicated
(e.g. pancreatic cancer).

Ras proteins may be activated by a large variety of extracellular stimuli, including hormones,
growth factors, cell-extracellular matrix interactions and oxidative stress (Fig. 9). Upon
activation of the RTKs, the association between the RTK and Ras occurs through the GTP
exchange factor SOS, which exists in the cytosol in a complex with the adaptor protein Grb2,
through binding of the Grb2 SH3 domain to a SOS proline-rich region. Activated RTKs with
phosphorylated tyrosine residues serve as recruitment docking sites for Grb2 with SH2
domains. In addition, the association between Grb2/SOS, and the tyrosine phosphorylated
domain in the receptor, can also be mediated by adaptor proteins such as Shc or IRS, which
undergo tyrosine phosphorylation following recruitment to the activated receptor. This process
brings SOS to the plasma membrane in close proximity to Ras. Activation of Ras proteins
occurs by exchange of GDP/GTP through the nucleotide exchange factor SOS, which converts
Ras-GDP to Ras-GTP, and thereby results in activated Ras (Fig. 9). Ras cycles between an
inactive GDP-bound state and an active GTP-bound state which occurs through the regulated
activity of the GTP nucleotide exchange factor (i.e. SOS) and GTPase activating proteins.
Activated Ras then recruits and activates three main classes of effector proteins, Raf kinases,
PI3K and RalGDS (Shields et al., 2000) (Fig. 9).

3.3 Raf Kinase Signaling
The Raf family of serine/threonine kinases, A-Raf, B-Raf and Raf-1 (c-Raf) is encoded by
three genes. All Raf kinases contain three conserved regions, CR1, CR2 and CR3 (Morrison
and Cutler, 1997; Baccarini, 2005) (Fig. 10). The N-terminus (CR1 and CR2), domain which
represses Raf activity, and the CR3 catalytic domain of Raf, are all regulated by
phosphorylation. The interaction of the active GTP-bound Ras with the Ras binding domain
and cysteine rich domain of CR1, recruits Raf to the membrane for activation (Fig. 10). Raf
activation occurs at the plasma membrane and involves many steps, including lipid binding,
binding to other proteins, conformational changes and phosphorylation. Raf activation thus
results in the subsequent recruitment of downstream kinases.

The majority of research directed towards understanding the role of Raf in ERK1/2 activation
has focused on Raf-1 (Fig. 10). Under basal conditions, Raf-1 is phosphorylated at serines 259
and 261 and is cytosolic. Under this condition, Raf-1 is stabilized by binding the 14-3-3 scaffold
protein dimer. The 14-3-3 scaffold protein binds Raf-1 phosphorylated serines 259 and 621
(Tzivion et al., 1998). Phosphorylated serine 43, 233 and 259 sites in Raf1, appear to have an
inhibitory function, and their phosphorylation is increased further by PKA and Akt activation
(Wu et al., 1993;Rommel et al., 1999;Dhillon et al., 2002;Dumaz et al., 2002). Thus, activation
of Akt or of PKA, through adenylate cyclase and cyclic nucleotides, can limit Ras signaling
and activation of downstream targets. This exemplifies the type of cross-talk that occur between
seemingly distinct signaling pathways.

The binding of Raf to Ras and concomitant translocation to the plasma membrane results in
the displacement of 14-3-3 from phosphoserine 259 (Fig. 10). This makes phosphoserine 259
accessible for activation by protein phosphatase 2A dephosphorylation (PP2A) (Kubicek et
al., 2002), although the role of serine 259 dephosphorylation in Raf-1 activation has been
questioned (Light et al., 2002). The phosphorylation stoichiometry of serine 259 can be as high
as 0.8 mol/mol in preparations of Raf-1 activated by coexpression of oncogenic Ras and Src,
suggesting that the rephosphorylation of serine 259 is rapidly induced by activated Ras
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following Raf activation (Dhillon et al., 2002). Nonetheless, the recruitment of Raf-1 to Ras
and subsequent activation of Raf-1 by relief from autoinhibition at the plasma membrane is
obligatory for subsequent multistep events to occur. Following activation of the RTK by
agonists, such as insulin, growth factors or stress, the phosphorylation of several residues,
including serine 338, tyrosine 341, threonine 491 and serine 494 is increased (Mason et al.,
1999). Serine 338 and tyrosine 341 phosphorylation is critical for Raf activation (Mason et al.,
1999). Phosphorylation of serine 338 may be used as a relative index of Raf-1 activation.

Both p21 activated kinase (PAK) 1 and 3 have been reported to be Raf-1 serine 338 kinases,
and act in a PI3K-dependent manner (King et al., 1998); however, others have argued against
the role of PAK1 and 3 as Raf-1 kinases (Chiloeches et al., 2001). Two phosphorylation sites,
threonine 491 and serine 494, in the activation loop of Raf-1 are phosphorylated in a mitogen-
induced manner and contribute to Raf-1 activation (Chong et al., 2001). Although
overexpression of Src tyrosine kinases induces phosphorylation of tyrosine 341 (Mason et al.,
1999), the role of Src tyrosine kinases in the phosphorylation of this site in response to mitogens
has not yet been conclusively demonstrated.

3.4 MAPK Signaling
The fidelity of signaling among MAPKs is ensured by scaffold and adaptor proteins (Morrison
and Davis, 2003) (Fig. 11). A “Kinase Suppressor of Ras” (KSR) has been identified in C.
Elegans and Drosophila. KSR functions as a positive regulator and is proposed to act
downstream of, or in parallel to, Ras (Therrien et al., 1995; Sundaram and Han, 1995; Kornfeld
et al., 1995). KSR serves as a scaffold protein for the ERK pathway based on its ability to
interact with Raf-1, MEK, ERK, 14-3-3 and various heat shock proteins (HSPs) (Morrison,
2001). A two-hybrid screen using MEK1 as bait identified MEK partner 1 as a scaffold protein
that specifically binds MEK1 and ERK1 to the exclusion of MEK2 and ERK2 (Schaeffer et
al., 1998). Thus, MEK partner 1 can induce the activation of ERK1, but not that of ERK2,
although in most cases ERK1 and ERK2 appear to be functionally equivalent. Raf kinase
inhibitor protein (RKIP) is a scaffolding protein that inhibits MEK phosphorylation by Raf-1
(Yeung et al., 1999). The Raf and MEK binding sites on RKIP overlap and exclude each other
from binding by steric interference (Yeung et al., 2000). RKIP seems to be a physiological
regulator of ERK signaling. RKIP binding to Raf-1, but not to MEK, is controlled by growth
factors, probably via modification of Raf-1. In a recent study by Matheny et al. (2004), a Ras
effector protein referred to as IMP (Impedes Mitogenic signal Propagation) is identified as a
Ras-binding protein that inhibits signal transmission through the Raf/MEK/ERK cascade. IMP
appears to uncouple signal transmission from Raf to MEK through the inactivation of KSR.
In addition, a number of chaperones have been found to associate with Raf-1, including Bag1,
FKBP and HSP 50 and 90 (Kolch, 2000). Chaperones can maintain and assist the folding of
many signaling proteins, including Raf-1. Recent results in our laboratory have shown that
insulin upregulates, while glucagon downregulates, a number of HSP genes as determined by
microarray analysis and confirmed by RT-PCR (Dombkowski and Novak, unpublished
observation).

A proline-rich sequence of MEK1 (MKK1) and MEK2 (MKK2) is required for interaction
with Raf-1 (Catling et al., 1995). MEKs are phosphorylated by Raf-1 on two serine residues
(serine 217, 221), which are obligatory for complete activation. MEK1 and MEK2 activate
ERK1 (p44 MAPK) and ERK2 (p42 MAPK) via phosphorylation of a threonine-glutamate-
tyrosine-motif in the activation loop. ERK is a proline-directed serine/threonine kinase at the
end of this pathway with more than 50 identified substrates, including transcription factors,
MAPK-activated protein kinase-2, and the p90 ribosomal S6 kinase (p90RSK) (Lewis et al.,
1998). ERK activation occurs in response to a number of stimuli, including hydrogen peroxide,
metals, xenobiotics and oxidative stress, and has traditionally been associated primarily with
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cell proliferation. The inhibitors PD98059 and U0126 bind to the inactive form of MEK,
preventing its activation by Raf-1 and other upstream activators (Alessi et al., 1995; Favata et
al, 1998). These inhibitors do not compete with ATP and do not inhibit the phosphorylation
of MEK, and thus are likely to have a distinct inhibitory binding site on MEK. Quantitative
evaluation of the steady-state kinetics of MEK inhibition by these compounds shows that
U0126 has higher affinity than PD98059 (Favata et al., 1998). The use of PD98059 to examine
the role of MEK signaling in the regulation of CYP2E1 showed that it exerted no effect on the
insulin-mediated downregulation of CYP2E1 (Woodcroft et al., 2002).

The stress-activated protein kinases (SAPKs) such as JNK, p38 MAPK and ERK5 are generally
only slightly activated in response to insulin or growth factors. In contrast, the SAPKs are quite
markedly activated in response to stress (UV irradiation, heat- or cold-shock, osmotic stress,
mechanical shear stress, oxidative stress), cytokines, or G-protein-coupled receptor agonists
(Kyriakis and Avruch, 2001) (Fig. 8). The SAPKs regulate growth arrest, apoptosis and
proliferation. SAPKs activation occurs through a similar kinase cascade as ERK, although
some distinct differences do exist. For example, MKK4/SEK1 and MKK7 phosphorylate and
activate JNK; in contrast p38 MAPK is activated by MKK3 and MKK6 (Fig. 8). MKK4
preferentially phosphorylates tyrosine 185, while MKK7 targets only threonine 183 of JNK
(Wada et al., 2001). For MKKK, many kinases have been implicated in the activation of JNK
and/or p38 MAPK (Hagemann and Blank, 2001) (Fig. 8).

SB203580, [4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole], and
SB202190, [4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-imidazole], members
of a class of pyridinyl imidazoles, are relatively specific inhibitors of p38 MAPK alpha and
beta, but not p38 MAPK gamma and delta, at a concentration of 10 μM (Cuenda et al., 1995;
Eyers et al., 1998). These compounds bind the ATP-binding cleft of the low-activity p38
MAPK, which binds ATP poorly. As a consequence of binding the unphosphorylated form,
these inhibitors appear to interfere with the activation of p38 MAPK (Frantz et al., 1998).
SP600125, an anthrapyrazolone inhibitor of JNK1, JNK2 and JNK3, has been reported to
inhibit JNKs through a reversible ATP-competition (Bennett et al., 2001). A number of studies
have reported that the compound prevents the expression of several anti-inflammatory genes
in cell-based assays and the activation of AP1 in synoviocytes (Bennett et al., 2001; Han et al.,
2001). Experiments employing SB202190 and SP600125 have failed to establish a role for the
p38 MAPK alpha and beta or JNK1, 2 or 3 in regulating the insulin-mediated downregulation
of CYP2E1 (Woodcroft et al., 2002) or other genes, such as class alpha GSTs, mEH or gamma-
glutamylcysteine ligase (Kim et al., 2003b, 2004 and 2006a).

4. Phosphatases
4.1 Overview

Protein phosphorylation is one of the most important, widespread and consequential post-
translational modifications that occurs in cells. Protein phosphorylation results in a rapid and
activity-dependent signal transduction process that regulates gene expression and cellular
function. The ability of phosphoproteins to act as loci and conduits for information processing
and ultimately, the regulation of transcriptional, translational and functional events, requires
an element of 'reversibility' of protein phosphorylation. A simple hydrolytic reaction catalyzed
by protein phosphatases enables phosphoproteins to be rapidly restored to their original
physical and functional states. Inhibition of phosphatase activity may result in effects
comparable to stimulation of kinase activity since the dynamic of protein phosphorylation/
dephosphorylation is disrupted. Decades of intensive research have led to the molecular
characterization of four families of protein tyrosine phosphatases (PTP) and two families of
protein serine/threonine phosphatases.
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4.2 Protein-tyrosine Phosphatases
The level of receptor tyrosine phosphorylation and, hence subsequent phosphorylation of their
downstream targets, is dynamically and precisely regulated by two types of enzymes – namely
the protein tyrosine kinases, which catalyze the phosphorylation of tyrosine residues, and the
PTPs, which dephosphorylate phosphotyrosine residues (Zhang et al., 2002b; Asante-Appiah
and Kennedy, 2003; Alonso et al., 2004; Stoker, 2005). Disregulated PTP activity can result
in aberrant tyrosine phosphorylation, with the consequent elevated signaling activity
contributing to various diseases, including cancer and diabetes (Wu et al., 2003; Elchebly et
al., 2000). The recent sequencing of the human genome, in conjunction with a comprehensive
amino acid sequence analysis of conserved catalytic motifs and whole catalytic domains of all
previously identified PTPs, revealed the presence of 107 phosphatase genes (Alonso et al.,
2004). Based on the amino acid sequences of their catalytic domains, the PTPs can be grouped
into four separate families, class I cysteine-base PTPs (99 genes), class II cysteine-based PTPs
(1 gene), class III cysteine-based PTPs (3 genes), and aspartate-based PTPs (4 genes). Also,
PTPs, based on their substrate specificities, may be classified as tyrosine-specific and dual-
specificity families, with the later subfamily recognizing phosphotyrosine, phosphothreonine
and phosphoserine residues. Based on domain architecture and the degree of homology
between catalytic domains, the 99 class I cysteine-based family of PTPs can be further
classified into several subfamilies. These include the classical PTPs, dual-specific
phosphatases, atypical dual-specific phosphatases, proteins of regenerating liver, cdc14s,
slingshots, PTENs and myotubularines. The 38 strictly tyrosine-specific "classical PTPs" can
be divided into transmembrane, receptor-like enzymes and the intracellular, nonreceptor PTPs
(Andersen et al., 2004). Intracellular PTPs have a single conserved catalytic domain, with the
N- or C-terminus exerting a regulatory or targeting role. PTP-1B and SHP-2, an SH2-
containing PTP-2, are members of this subfamily and regulate intracellular phosphotyrosine
levels. Receptor-like PTPs, (e.g. CD45 and PTP alpha), have either one, or two, cytoplasmic
catalytic domains, a single transmembrane domain, and an extracellular domain. The
extracellular domains, which have structures present in cell-adhesion molecules, suggest that
this subfamily of PTPs may have a role in mediating cell-cell and/or cell-extracellular matrix
interactions.

The class II cysteine-based PTPs are represented in the human genome by a single gene,
referred to as ACP1, which encodes the 18 kDa low molecular phosphatase. Although this PTP
can dephosphorylate a number of tyrosine kinases, its physiological function remains unclear.
The class III cysteine-based PTPs is comprised of three cell cycle regulators, CDC25A,
CDC25B, and CDC25C, in human cells. Their function is to dephosphorylate cyclin-dependent
kinases at their inhibitory dually phosphorylated N-terminal threonine-tyrosine motifs, a
reaction that is required for activation of these kinases to drive the progression of cells through
the cell cycle (Honda et al., 1993). Recently the four Eya genes, as members of the aspartate-
based PTPs, were reported to have tyrosine and serine phosphatase activity (Tootle et al.
2003; Rayapureddi et al. 2003 and Li et al., 2003).

PTP-1B is widely expressed in tissue and cells. It is primarily localized to the endoplasmic
reticulum (ER) through a proline-rich C-terminal segment, which may be cleaved, thereby
releasing the phosphatase from the ER and increasing its activity (Charbonneau et al., 1989;
Frangioni et al., 1993). A deficiency of PTP-1B has been reported to result in enhanced insulin
sensitivity, which is reflected by increased insulin receptor phosphorylation in muscle and liver
in response to insulin as well as improved glucose clearance, and a significant reduction in fed
glucose levels (Elchebly et al., 1999). These data suggest that PTP-1B is a negative regulator
of insulin-stimulated signaling and exerts its regulatory function by dephosphorylating the
phosphotyrosine residues of the cytosolic domain of the insulin receptor (Salmeen et al.,
2000). Insulin receptor and PTP-1B association has been demonstrated using substrate
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trapping, coimmunoprecipitation, and immunoblot analysis (Seely et al., 1996;
Bandyopadhyay et al., 1997). The mechanism(s) regulating PTP-1B activity are unclear,
although oxidation and phosphorylation have been implicated. Insulin-stimulated intracellular
hydrogen peroxide production may reversibly oxidize PTP-1B, resulting in inhibition of
PTP-1B and enhancement of the insulin signaling cascade (Mahadev et al., 2001; Wu et al.,
2001), whereas PTP-1B phosphorylation by the insulin receptor, and other protein kinases, has
also been shown to alter PTP-1B enzyme activity (Dadke et al., 2001; Ravichandran et al.,
2001; Tao et al., 2001). In addition to the insulin receptor, PTP-1B has also been reported to
target the EGF receptor and Src kinase (Liu and Chernoff, 1997; Bjorge et al., 2000).

The SHP-2 phosphatase is ubiquitously expressed in various tissues and contains two tandem
SH2 domains that mediate SHP-2 binding to phosphotyrosine residues on proteins. Under
normal conditions, SHP-2 is inactive. However, its mechanism of activation is unclear. It has
been suggested that phosphorylation of tyrosine 542 results in the interaction of this residue
intramolecularly with the N-terminal SH2 domain to relieve basal inhibition of SHP-2, whereas
phosphorylation of tyrosine 580 stimulates SHP-2 PTP activity through interaction of this
residue with the C-terminal SH2 domain (Lu et al., 2001). SHP-2 may play a positive or
negative role in RTK signaling. For example, catalytically inactive SHP-2 markedly inhibited
ERK activation in response to the agonist EGF and insulin (Milarski and Saltiel, 1994; Bennett
et al., 1996). Overexpression of a SHP-2 dominant negative produced only a modest inhibition
of insulin-stimulated glucose transporter 4 (Glut4) translocation, suggesting that SHP-2 may
have only a minor effect in positively modulating the metabolic effects of insulin (Chen et al.,
1997). In contrast, SHP-2 expression in cells produced a negative effect on insulin-mediated
IRS-1 phosphorylation, PI3K activation and stimulation of glycogen synthesis (Ouwens et al.,
2001). Discrepancies in the role of SHP-2 in insulin-mediated metabolic effects between
knockout and dominant-negative transgenic models have been reported. Since homozygous
SHP-2 knockout mice die during embryonic development, hemizygous mice which express
half the levels of SHP-2 protein, were used to study insulin signaling (Arrandale et al., 1996).
In this study, plasma insulin levels, glucose uptake and tyrosine phosphorylation of the IR and
IRS were unaffected. In another study, the overexpression of a dominant negative SHP-2 in
transgenic mice induced insulin resistance, suggesting a positive role for SHP-2 in insulin
signaling (Maegawa et al., 1999). Thus, the role of SHP-2 in insulin signaling remains to be
established.

4.3 Dual Specificity MAPK Phosphatases
The dual specificity MAPK phosphatases (MKPs) are a family of protein phosphatases that
inactivate MAPKs through dephosphorylation of phosphotyrosine and phosphothreonine
residues in the MAPKs activation loop. In mammalian cells, a minimum of 10 MKPs have
been identified. Each of these MKPs display selectivity towards different MAPK family
members (Nichols et al., 2000; Masuda et al., 2001; Groom et al., 1996). The distinct substrate
specificity of the MPKs appears to be mediated by specific protein-protein interactions through
the non-catalytic domain of the MKP. Some of the MPK family members have been reported
to be expressed only in a subset of tissue types and may be localized either in the nucleus or
the cytoplasm (Camps et al., 2000).

4.4 Serine/Threonine Phosphatases
The serine/threonine protein phosphatases also constitute a diverse family, with the families
classified as the phosphoprotein phosphatase (PPP), and the Mg2+-dependent protein
phosphatase (PPM) gene families, based on the primary amino acid sequence identity between
the different catalytic subunits (Sim et al., 2003). The PPP family is the most abundant protein
phosphatase family, and includes PP1, PP2A and PP2B (calcineurin), as well as PP4 (also
known as PPX), PP5, PP6 and PP7. The PPM family consists of the five PPC2 isoforms along
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with pyruvate dehydrogenase phosphatase. There are four isoforms of the PP1 catalytic subunit
that are inhibited by the membrane-permeable inhibitors, okadaic acid and calyculin A, and
also by microcystin which is membrane-impermeable (Cohen, 1989; Winder and Sweatt,
2001). PP2A exhibits constitutive activity and is also inhibited by the inhibitors of PP1. In
contrast, PP2B, a Ca2+-dependent protein phosphatase, is unaffected by okadaic acid, calyculin
or microcystin (Klumpp and Krieglstein, 2002). PP1 is activated in response to insulin and
catalyzes the dephosphorylation of metabolic enzymes. The glycogen-associated form of PP1
has been reported to dephosphorylate both glycogen synthase (resulting in enzyme activation)
and glycogen phosphorylase (resulting in inactivation) to provide insulin-mediated
coordination of glycogen metabolism (Brady and Saltiel, 2001). PP2A is active in the
dephosphorylation, and consequently in the regulation of the MAPKs (Keyse, 2000).

5. Insulin Signaling in the Regulation of Drug Metabolizing Enzyme Gene and
Protein Expression
5.1 General

The normal physiologic rat hepatic insulin concentration has been reported to range between
0.4 and 2 nM with an average value of 1.2 nM (Balks and Jungermann, 1984). The average rat
plasma insulin levels are ~0.2 nM under normal conditions with these levels markedly
decreased in diabetic rats treated with streptozotocin (Hwang et al., 2005). In contrast, elevated
plasma insulin levels have been observed in animals with type II (insulin-resistant) diabetes
compared with normal rats (Alemzadeh and Tushaus, 2004; Bitar et al., 2005). These insulin
concentrations are directly relevant to those employed in our research to examine insulin effects
on drug metabolizing enzyme gene and protein expression. In order to facilitate understanding
of the following sections on drug metabolizing enzyme gene and protein expression, a
composite signaling diagram showing the major pathways, components and specific inhibitors
is provided in Fig. 12.

5.2 Cytochrome P450
Our laboratory has demonstrated that the expression of CYP2E1 is downregulated by insulin
(and EGF) and enhanced by glucagon in primary cultured rat hepatocytes (Woodcroft and
Novak, 1997; Woodcroft and Novak, 1999b). Insulin concentrations ≥1 nM in primary cultured
hepatocytes resulted in a greater than 55% decrease in CYP2E1 mRNA levels, in a
concentration-dependent manner (Fig. 13) with continued downregulation occurring at
supraphysiologic concentrations up to 1 μM. Examination of the immunoprecipitated insulin
receptor showed that tyrosine phosphorylation could be detected at insulin concentrations of
1, 10 and 1,000 nM (Fig. 13) and corresponded to the concentrations at which CYP2E1 mRNA
levels decreased. These data show a correspondence between insulin-mediated activation of
the insulin receptor and the decrease in CYP2E1 mRNA levels in primary cultured rat
hepatocytes. The insulin level in primary cultured hepatocytes has been typically 1 μM, a
supraphysiological level, and likely the reason for limited expression of CYP2E1 under these
conditions. Insulin is necessary, however, to maintain CYP2B mRNA levels and facilitates the
expression and phenobarbital-mediated induction of CYP2B (Woodcroft et al., 1999a;
Woodcroft and Novak, 1997). Insulin has only a modest down-regulatory effect on CYP3A,
although it decreases CYP4A expression by ~40% (Woodcroft and Novak, 1997). Thus, insulin
exerts different effects on the various P450 subfamily members. In Fao rat hepatoma cells, De
Waziers et al. (1995) showed that 100 nM insulin produced a 60% and 80% decrease in the
steady state levels of CYP2B and CYP2E1 proteins, respectively, within 24 hr. Moreover these
authors suggested that decreased CYP2E1 and CYP2B mRNA levels in Fao hepatoma cells,
which occurred as a result of insulin treatment, were primarily the result of decreased mRNA
turnover. In rat primary cultured hepatocytes, however, we have found that CYP2E1 and
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CYP2B expression is differentially regulated by insulin (Fig. 14). An elevated insulin
concentration in primary cultured rat hepatocytes decreased CYP2E1 mRNA half-life; in
contrast CYP2B1 mRNA half-life was actually increased, while insulin was without a
significant effect on CYP3A mRNA half-life (Fig. 14). This difference in insulin-mediated
regulation of CYP2E1 and CYP2B expression likely reflects differences associated with cell
context (i.e. tumor cell lines versus primary cultured hepatocytes) and the levels/activity of the
regulatory signaling pathways.

We have observed that the treatment of primary cultures of rat hepatocytes with EGF results
in a decrease in hepatocyte CYP2E1 mRNA levels and that this decrease was coincidental with
the EGF-mediated tyrosine phosphorylation of the EGF receptor (Abdelmageed et al.,
unpublished observation). In addition, we have observed that the pretreatment of cells with
AG1478, an EGF receptor tyrosine kinase inhibitor, or with inhibitors of PI3K such as
wortmannin or LY294002, resulted in the amelioration of both the EGF-mediated increase in
EGF receptor tyrosine phosphorylation levels (AG1478) and the EGF-mediated suppression
of CYP2E1 mRNA levels (AG1478, wortmannin or LY294002), suggesting a crucial role of
EGF receptor tyrosine phosphorylation and PI3K in mediating the EGF effect on CYP2E1
mRNA levels (Abdelmageed et al., unpublished observation).

As discussed previously, the phosphorylation state of signaling molecules is regulated through
signaling cascades and involves both protein/lipid kinases and phosphatases. Our laboratory
has demonstrated that protein phosphatase inhibitors, such as okadaic acid, an inhibitor of the
serine/threonine phosphatases PP1 and PP2A, and sodium orthovanadate, an inhibitor of
tyrosine phosphatase, decreased CYP2E1 mRNA levels by greater than 95% in hepatocytes
(Woodcroft et al., 2002). The inhibition of these phosphatases may be likened to the insulin-
mediated stimulation of downstream kinases and hence, in this context, these data are consistent
with that of insulin-signaling effects. The exact mechanism(s) regulating these processes and
the phosphatase(s) involved, however, remain to be established. Thus, these results further
support the involvement of kinase/phosphatase signaling pathways in the insulin-mediated
decrease in CYP2E1 mRNA levels.

We used chemical inhibitors of the kinases, as identified in previous sections, to implicate
cellular signaling pathways involved in regulation of CYP2E1 gene expression in response to
insulin and EGF (Woodcroft et al., 2002; Abdelmageed et al., unpublished observation). The
PI3K inhibitors, wortmannin and LY294002, ameliorated both the insulin-mediated and EGF-
mediated decrease in CYP2E1 mRNA levels, which implicates PI3K as an obligatory
component in the suppression of CYP2E1 expression by insulin. In contrast, neither the MEK
inhibitor, PD98059, nor the p38 MAPK inhibitor SB202190, had any significant effect on the
insulin-mediated (or the EGF-mediated) decrease in CYP2E1 mRNA expression in primary
cultured rat hepatocytes (Woodcroft and Novak, 1999b; Woodcroft et al., 2002; Abdelmageed
et al., unpublished observation). Rapamycin, an inhibitor of mTOR, effectively inhibited the
1 nM insulin-mediated decrease in CYP2E1 mRNA expression and partially prevented the
effect of 10 nM insulin in a typical agonist-antagonist concentration-dependent effect
(Woodcroft et al., 2002). The broad-spectrum PKC inhibitor bisindolylmaleimide I
(GF109203X) at 10 μM (sufficient to inhibit PKCs) failed to affect the insulin-mediated
decrease in CYP2E1 mRNA levels (Woodcroft et al., 2002). These results suggest that the
regulation of CYP2E1 mRNA expression by either insulin, or EGF, does not appear to involve
Ras-Raf, MEK-ERK signaling. In contrast, our results suggest that the PI3K, Akt, mTOR and
p70S6 kinase may be involved, but not PKC, all of which are downstream targets of PI3K.

Initial studies using geldanamycin suggested that Src kinase may be involved in the insulin-
mediated decrease in CYP2E1 mRNA levels in primary cultured rat hepatocytes (Woodcroft
et al., 2002). Geldanamycin, however, functions to inhibit Hsp90 and Hsp70, which function
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as chaperonins, and are required to protect a number of kinases and proteins from ubiquitination
and proteasomal degradation (Pratt, 1998). Although geldanamycin inhibited the insulin
suppression of CYP2E1 mRNA expression and increased CYP2E1 levels to levels in control
(time 0) hepatocytes and hepatic tissue, it is our belief that this likely reflected the overall effect
of geldanamycin on the chaperonin protection of several signaling kinases which effectively
truncated IR signaling in hepatocytes. Subsequent studies using SU6656, the Src kinase
inhibitor, however, failed to show that Src kinase was involved in the regulation of CYP2E1
expression (Woodcroft et al., unpublished observation).

CYP2E1 mRNA half-life decreased from approximately 48 hours in the absence of insulin to
approximately 15 hours at 10 nM insulin, and this decrease was prevented by the PI3K inhibitor
wortmannin (Fig. 14A). Analysis of CYP2E1 gene transcription using heterogeneous nuclear
RNA showed that insulin also suppressed CYP2E1 gene transcription (Fig. 15). The addition
of wortmannin (10 μM) prior to the addition of 10 nM insulin resulted in an~40% recovery of
CYP2E1 gene transcription activity relative to that in untreated hepatocytes (Woodcroft et al.,
2002). Thus, our results show involvement of transcriptional and posttranscriptional
mechanisms in the insulin-mediated regulation of CYP2E1 expression and implicate PI3K and
downstream targets such as Akt, mTOR and the p70S6 kinase in mediating these effects
(Woodcroft et al., 2002) (Fig. 15).

Because hyperketonemia is a well established event in diabetes, our laboratory has also studied
the effect of the two major ketone bodies acetoacetate (AA) and DL-beta-hydroxybutyrate on
the expression of CYP2E1 mRNA and protein (Woodcroft et al., 2002; Abdelmegeed et al.,
2005). We showed that AA significantly decreased CYP2E1 mRNA levels in primary cultured
rat hepatocytes mainly through the inhibition of CYP2E1 gene transcription as monitored by
the heterogeneous nuclear RNA analysis (Fig. 16). Our results implicate PI3K and PKC
signaling in mediating AA effects on CYP2E1 mRNA expression, as both PI3K inhibitors
LY294002 and wortmannin, and the broad spectrum PKC inhibitor bisindolylmaleimide,
ameliorated the suppressive effect of AA on CYP2E1 mRNA expression (Fig. 16). In addition,
our results also suggest that mTOR and downstream p70S6 kinase may effect AA-mediated
inhibition of CYP2E1 mRNA expression (Abdelmegeed et al., 2005). In contrast, neither p38
MAPK nor ERK signaling pathways appear to play an active role in mediating the
downregulation of CYP2E1 mRNA levels by AA as shown by the use of the MEK inhibitor
PD98059 and the p38 MAPK inhibitor SB202190. Neither inhibitor had any significant effect
in reversing the AA-mediated decrease in CYP2E1 mRNA expression in primary cultured rat
hepatocytes. Although AA decreased CYP2E1 mRNA, it significantly increased CYP2E1
protein levels which appears to be associated with increased mRNA translation and may reflect
activation of eIF4E/4E-BP1 phosphorylation, as well as activation of the p70S6 kinase. This
is supported in part, by the inhibitory effect of rapamycin, and inhibitor of mTOR, on AA-
mediated downregulation of CYP2E1 expression (Abdelmegeed et al., 2005).

5.3 Phase II Enzymes
The expression of alpha-class GSTs (Kim et al., 2003a; Kim et al., 2006a) and mEH (Kim et
al., 2003b) is enhanced by insulin and decreased by glucagon. Treatment of primary cultured
rat hepatocytes with glucagon also inhibits the expression of pi-class GST (Kim et al.,
2003a). In contrast, neither insulin nor glucagon alters the expression of mu-class GSTs,
suggesting that each class of GSTs is differentially regulated by insulin and glucagon (Kim et
al, 2003a).

Inhibition of the insulin-mediated elevation in alpha-class GSTs expression (Kim et al.,
2006a) by either wortmannin or LY294002 occurred in a concentration-dependent manner
implicating PI3K signaling. Consistent with these results, Kang et al. (2001a) reported that the
activation of PI3K by tert-butylhydroquinone-induced oxidative stress was an essential step
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for the induction of GSTA2 through activation of the antioxidant response element. Moreover,
these authors demonstrated that the activation of PI3K by oxidative stress and insulin resulted
in nuclear translocation of NF-E2-related factor 2, which is involved in the activation of
antioxidant response element (Kang et al., 2002a). These studies raise the possibility that PI3K
serves as an essential pathway for the regulation of drug metabolizing enzyme expression in
response to insulin and oxidative stress. The possible involvement of PKC, mTOR and p70S6
kinase, all downstream targets of PI3K in the insulin-mediated regulation of alpha-class GSTs
was examined in hepatocytes using bisindolylmaleimide or rapamycin, respectively (Kim et
al., 2006a). The increase in expression of alpha-class GSTs in hepatocytes treated with insulin
was attenuated by rapamycin, but not by bisindolylmaleimide. These results suggest that
mTOR and translation may also play a role in the insulin-mediated increase in alpha-class
GSTs protein levels, whereas the PKCs do not appear to be involved in this process.

To determine the effect of inhibition of Akt on insulin-mediated elevation of alpha-class GST
expression, a dominant negative/kinase-dead mutant of Akt1 (dn/kd Akt) was expressed by
adenoviral infection of primary cultured hepatocytes. The dn/kd Akt has a point mutation
(K179M) resulting in loss of kinase activity. Immunoblot analysis of hepatocytes infected with
adenovirus containing the dn/kd Akt indicated expression of a higher molecular weight Akt
protein in addition to the endogenous Akt owing to the additional Myc/His tags present on the
adenovirally introduced Akt (Fig. 17). To confirm that the overexpressed dn/kd Akt construct
was functional, Akt activation, via phosphoAkt levels, was examined in hepatocytes treated
with 10 nM insulin for 30 min (Fig. 17). Akt phosphorylation was increased ~10-fold in
response to 10 nM insulin and this increase was inhibited ~65% by the dn/kd Akt.
Overexpression of the dn/kd Akt in hepatocytes resulted in a decline in the insulin-mediated
increase in alpha-class GSTs (Kim et al., 2006a), suggesting that Akt is involved in the insulin-
mediated increase in expression of alpha-class GSTs.

It has been reported that the MAPKs play a critical role in oxidative stress-induced expression
of alpha-class GSTs (Kang et al., 2002b; Nguyen et al., 2003). However, it is unclear whether
MAPK signaling pathways are involved in the insulin-mediated regulation of alpha class GST
expression. Neither the MEK inhibitor PD98059, the p38 MAPK inhibitor SB203580, nor the
JNK inhibitor SP600125 inhibited the insulin-mediated increase in alpha-class GST protein
levels or GST activity toward 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole, a selective substrate
for the alpha-class GSTs (Kim et al., 2006a). These results suggest that MAPK signaling
pathways are not primarily involved in the insulin-mediated increase in alpha-class GST
expression.

Mechanistic signaling research was also conducted on insulin-mediated effects on mEH. Both
wortmannin and LY294002 pretreatment resulted in a concentration-dependent inhibition of
the insulin-mediated increase in mEH protein, with complete inhibition of the insulin effect
observed at 0.5 μM wortmannin or 10 μM LY294002 (Kim et al., 2003b). These results
implicate PI3K as an obligatory component in the stimulation of mEH protein expression by
insulin. Consistent with these results, Kang et al. (2001b) showed that PI3K was essential for
the induction of mEH by oxidative stress following sulfur amino acid deprivation in H4IIE
cells. Also, wortmannin or LY294002 addition to hepatocytes cultured in the absence of insulin
produced a ~30 to 40% decrease in mEH protein levels and a marked inhibition of basal Akt
phosphorylation. These results suggest that basal activity of PI3K in the absence of insulin
plays an important role in regulating the expression of mEH protein in hepatocytes under these
conditions. The mTOR inhibitor rapamycin produced a concentration-dependent decline in the
insulin-mediated increase in mEH protein levels, resulting in a maximal 50% inhibition of the
insulin effect, suggesting that mTOR and downstream signaling via eIF4E-BP1, and p70S6
kinase may play a role in the insulin-mediated increase in mEH protein expression (Kim et al.,
2003b). Neither bisindolylmaleimide (10 μM) nor SU6656 (1 μM) inhibited the insulin-
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mediated increase in mEH protein levels (Kim et al., 2003b), providing evidence for a lack of
PKC or JNK involvement in the regulatory process.

Interestingly however, the insulin-mediated increase in mEH protein levels was also inhibited
by the p38 MAPK inhibitors, SB202190 or SB203580, but not by the MAPK inhibitor
PD98059 or the JNK inhibitor SP600125 (Kim et al., 2003b). These data suggest that p38
MAPK may also play a role in regulating the insulin-mediated increase in mEH protein
expression. It was reported that SB203580 abolished interleukin-1-induced Akt
phosphorylation with an IC50 value of 3 to 5 μM and activation of p70S6 kinase with an
IC50 value above 10 μM by inhibiting PDK1 (Lali et al., 2000). Also Wang et al. (2001)
observed that the p38 MAP kinase inhibitors, SB203580 (10 μM) and SB202190 (10 μM),
markedly inhibited the phosphorylation of Akt induced by 10 nM insulin in adult rat ventricular
cardiomyocytes. These results suggest that the activities of Akt and p70S6 kinase, downstream
targets of PDK1, may be inhibited by SB203580 and SB202190 at concentrations above 1
μM. SB203580 and SB202190, however, failed to inhibit the phosphorylation of Akt (Kim et
al., 2003b), indicating that the inhibitory effect of SB203580 or SB202190 on the insulin-
mediated increase in mEH protein expression is not due to inhibition of PDK1 or its
downstream effectors in primary cultured hepatocytes under the conditions employed. A
number of studies have reported that the phosphorylation of MAPKs, through activation of a
variety of receptors, is regulated by PI3K (Assefa et al., 1999; Sasaoka et al., 1999; Smalley
et al., 1999; Hirasawa et al., 2000). The PI3K inhibitors, however, failed to inhibit insulin-
induced phosphorylation of p38 MAPK (Kim et al., 2003b), in our studies in primary cultured
hepatocytes, suggesting that p38 MAPK may represent a distinct pathway responsible for the
induction of mEH in response to insulin treatment.

Our laboratory has also studied the effect of insulin on GSH synthesis in primary cultured rat
hepatocytes (Kim et al., 2004) by monitoring gamma-glutamylcysteine ligase expression and
activity, the rate limiting component for cellular GSH synthesis. GCL catalytic subunit, GCL
catalytic subunit mRNA, GCL activity, and GSH levels were increased in an insulin
concentration-dependent manner and were increased maximally 210, 270, 165, and 135%,
respectively, relative to primary cultured hepatocytes that did not contain insulin (Fig. 18A).
Significantly increased levels of GCL catalytic subunit, GCL activity, and GSH were observed
at the normal physiologic level of 1 nM insulin, and a further increase was observed in
hepatocytes cultured in the presence of 10 nM insulin. To assess short-term insulin effects on
GSH synthesis, insulin (10 nM) was added to hepatocytes for 2, 4, 12, or 24 h (Fig. 18B).
Twenty-four hours following initiation of each insulin treatment, GCL catalytic subunit, GCL
activity, and GSH levels were monitored. Insulin treatment for 2 h, followed by 22 h of culture
in the absence of insulin, resulted in a significant increase in GCL catalytic subunit levels. GCL
activity was significantly elevated at 4 h of insulin treatment, and the elevation of GSH levels
was observed following 12 or 24 h of insulin treatment. These results suggest that the insulin-
mediated elevation of GSH levels is associated with increased synthesis of this tripeptide
through the induction of GCL catalytic subunit, and a short treatment with insulin (2 h) is
sufficient to initiate this process

The insulin-mediated increase in GCL catalytic subunit protein and GSH levels were also
completely inhibited by pretreatment of cells with wortmannin or LY294002 (Kim et al.,
2004). These results implicate PI3K as an obligatory component in the stimulation of GSH
synthesis by insulin. Pretreatment of cells with the mTOR inhibitor rapamycin, but not the
PKC inhibitor bisindolylmaleimide, inhibited the insulin-mediated increase in GCL catalytic
subunit protein and GSH levels, suggesting that mTOR and downstream targets, but not PKC,
play a role in the insulin-mediated increase in GCL catalytic subunit protein and GSH levels
(Kim et al., 2004). Also overexpression of dn/kd Akt resulted in a decline in the insulin-
mediated increase in GCL catalytic subunit protein and GSH levels, resulting in a ~50%
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inhibition of the insulin effect (Fig. 19). These data suggest that the insulin signaling pathway
involving PI3K/Akt/mTOR/p70S6K are active in the insulin-mediated regulation of GSH
synthesis via increased GCL catalytic subunit expression.

The p38 MAPK inhibitor SB203580 was without effect on the insulin-mediated elevation of
GSH levels (Kim et al., 2004). Interestingly, we found that the JNK inhibitor SP600125 and
MAPK inhibitor PD98059 actually enhanced the insulin-mediated increase in GSH levels
(Kim et al, 2004). JNK activity is elevated in obesity, and an absence of JNK1 results in
decreased adiposity, significantly improved insulin sensitivity and enhanced insulin receptor
signaling capacity in two different models of mouse obesity (Hirosumi et al., 2002). Also Lee
et al. (2003) showed that insulin-stimulated JNK associated with IRS1 and phosphorylated
IRS1 at serine-307 in mouse embryo fibroblasts and 3T3-L1 adipocytes, and that this
interaction inhibited insulin signaling. These results raise that possibility that activation of JNK
attenuates the insulin-mediated elevation of GSH synthesis through inhibition of IRS-
associated PI3K activity. However, Bain et al. (2003) recently reported that SP600125 was a
relatively weak inhibitor of JNK isoforms and also inhibited other protein kinases with similar
or greater potency. PD98059 (2’-amino-3’-methoxyflavone), the first synthetic inhibitor of the
MAPK pathway (Alessi et al., 1995), is a derivative of flavone, which belongs to the chemical
class of flavonoids that have attracted attention as potential chemopreventive and
chemotherapeutic agents in inflammatory disease, cardiovascular disease and cancer. Thus,
we examined whether MEK inhibition is responsible for the PD98059-mediated elevation of
GSH levels. The MEK inhibitor U0126, which does not have a flavone structure, failed to
affect GSH levels, whereas flavone elevated GSH levels, but was without effect on ERK
phosphorylation (Kim et al., 2006b). Moreover, PD98059 increased GSH levels in rat
hepatocytes cultured in the absence of insulin. Recent data show that PD98059 increases
cysteine levels in rat primary cultured hepatocytes (Kim et al., 2006b). These results suggest
that PD98059 produces dramatic changes in GSH homeostasis in hepatocytes, through a
mechanism(s) unrelated to MEK inhibition. The above discussion on the use of chemical
inhibitors, and differential effects which may be observed with their use, highlights the
importance of cell context, concentration-dependent effects and potential contributions of
specificity and structure when using these inhibitors to examine signaling pathways in the
regulation of gene expression.

6. Conclusion
Studies of intracellular signaling events involved in the regulation of drug metabolizing enzyme
expression in response to endogenous factors such as hormones, growth factors and cytokines
yield important insights into the regulation of drug metabolism in pathophysiological
conditions. Consequently, understanding the role of signaling pathways and components in the
regulation of xenobiotic metabolizing gene expression will advance our understanding of
differences in xenobiotic metabolism associated with disease, their role in disease initiation
and/or promotion, as well as the consequent effects on efficacy and safety of many therapeutic
agents targeted to components of these pathways. Our laboratory has used phospho-specific
antibodies, chemical inhibitors, and dominant negative/kinase-dead constructs of protein
kinases to define the signaling pathways involved in insulin-, EGF- and glucagon-mediated
regulation of several drug metabolizing enzymes. Our results provide evidence that insulin and
glucagon can serve as physiological regulators of the expression of drug metabolizing enzymes
and suggest that the alterations in xenobiotic metabolism and/or cellular oxidative stress these
conditions of low insulin may be attributed to altered intracellular signaling (Woodcroft and
Novak, 1999b; Kim et al., 2003a Kim et al., 2003b and 2004). From a cellular perspective,
CYP2E1 is considered of particular interest due to its poor coupling with NADPH-cytochrome
P450 reductase, with NADPH oxidase activity generating reactive oxygen species (Lieber et
al., 1997). In contrast alpha-class GSTs, mEH and GCL catalytic subunits constitute the major
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components of the antioxidant system which provides protection against oxidative stress, a
major factor contributing to the extent of complications associated with diabetes (Ceriello and
Motz, 2004). Our studies demonstrating that normal levels of insulin increase alpha-class
GSTs, mEH and GCL catalytic subunit expression while suppressing CYP2E1 expression,
suggest that impairment of the antioxidant defense system may be a contributing factor to the
increased oxidative stress and incidence of hepatic disease observed during diabetes. Diabetes
has been identified as a risk factor for development of chronic non-alcoholic liver disease, non-
alcoholic steatohepatitis and hepatocellular carcinoma (Shimada et al., 2002; Taylor-Robinson
et al., 1997; Younossi et al., 2004; Zen et al., 2001; El-Serag et al., 2001; El-Serag et al.,
2004; Hassan et al., 2002). The results of our studies suggest that diet, including anti-oxidant
supplements and maintenance of cellular GSH levels, may be important in preventing the
development of chronic non-alcoholic liver disease (CNLD), non-alcoholic steatohepatitis, and
hepatocellular carcinoma. The importance of such protection was recently emphasized by a
report showing that glutathione-enhancing agents provided protection against steatohepatitis
in a rat dietary model of this disease (Oz et al., 2006). Our studies implicate insulin signaling
pathways involving PI3K and its downstream effectors in the insulin-mediated regulation of
drug metabolizing enzymes including CYP2E1, alpha-class GSTs, mEH and GCL catalytic
subunit. These results suggest that the insulin-mediated PI3K signaling pathways play a critical
role in protection of hepatocytes against oxidative stress through induction of the antioxidant
defense system, although identification of the effects of these kinases and the transcriptional
factors involved in the regulation of drug metabolizing enzyme gene expression in response
to insulin and growth factors remains to be determined and is currently under investigation in
our laboratory.
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4E-BP1  

eIF4E binding protein 1

AA  
acetoacetate

dn/kd Akt  
dominant negative/kinase-dead mutant of Akt1

CYP  
cytochrome P450

EGF  
epidermal growth factor

eIF4E  
eukaryotic translation initiation factor 4E

ERK1/2  
extracellular signal-regulated kinase1/2
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Gab  
Grb2 associated binder

GCL  
gamma-glutamylcysteine ligase

Grb2  
Growth factor receptor binding protein 2

GSH  
glutathione

GST  
Glutathione S-transferase

HGF  
hepatocyte growth factor

HSPs  
heat shock proteins

IMP  
impedes mitogenic signal propagation

IRS  
insulin receptor substrate

JNK  
jun N-terminal kinase

KSR  
kinase suppressor of Ras

MAPK  
mitogen activated protein kinase

mEH  
microsomal epoxide hydrolase

MEK  
MAPK kinase

MKKK  
MAPK kinase kinase

MKPs  
MAPK phosphatases

mTOR  
mammalian target of rapamycin

p38 MAPK  
p38 Mitogen activated protein kinase

p70S6 kinase 
p70 ribosomal protein S6 kinase

PAK  
p21 Activated kinase
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PDK1  
3-Phosphoinositide-dependent protein kinase-1

PH  
Pleckstrin homology

PI  
phosphatidylinositol

PI(3,4,5)P3  
PI 3,4,5-triphosphate

PI3K  
phosphatidylinositol-3-kinase

PKB  
protein kinase B

PKC  
protein kinase C

PP2A  
protein phosphatase 2A

PPM  
Mg2+-dependent protein phosphatase

PPP  
phosphoprotein phosphatase

PTB  
phosphotyrosine binding

PTEN  
phosphatase and tensin homologue deleted on chromosome ten

PTPs  
protein tyrosine phosphatases

RKIP  
Raf kinase inhibitor protein

RTK  
receptor tyrosine kinase

SAPKs  
stress-activated protein kinases

SH2  
Src homology-2

SOS  
Son of Sevenless

SULT  
sulfotransferase

UGT  
UDP-glucuronosyltransferase
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Fig. 1.
Fig. 1A Insulin-mediated signaling pathways. A diagrammatic representation of insulin and
growth factor receptor mediated signaling with effects on gene transcription, through
phosphorylation of the FOXO1, 3a and 4 transcription factors, and mRNA translation, through
4E-PB1, p70 S6 kinase, eIF4B, S6 ribosomal protein, and eIF4G.
Fig. 1B Glucagon-mediated signaling pathways. A diagrammatic representation of glucagon
mediated signaling through the adenylate cyclase, cAMP, PKA, AMPK pathway with
inhibitory effects on mTOR and the transcription factors HNF1alpha and HNF4alpha. The
opposing effects of glucagon on insulin-mediated alterations in gene expression may occur
through glucagon repression of insulin signaling through mTOR, which is associated with
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activation of PKA, the phosphorylation of LKB1, and activation of AMPK. Glucagon also
represses activation of the phosphorylation of 4E-B P1 and the p70S6 kinase.
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Fig. 2.
Insulin-mediated activation of PI3K signaling pathways. A diagrammatic representation of
insulin/insulin receptor-mediated signaling through the PI3K, PDK1/2 and Akt signaling
pathway showing downstream effects on gene transcription and mRNA translation.
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Fig. 3.
A diagrammatic representation of insulin on growth factor signaling through the Ras-Raf,
MEK-ERK signaling pathway with downstream effects on gene transcription through ERK
translocation.
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Fig. 4.
A diagrammatic representation of the insulin receptor, activation of the cytosolic kinase, with
subsequent phosphorylation of the kinase domain and tail, followed by the recruitment of the
insulin receptor substrate(s) (e.g. IRS-2) and PI3K.
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Fig. 5.
Insulin receptor activation and recruitment. An illustration of insulin binding, insulin receptor
activation, phosphorylation, recruitment of PI3K, production of PI(3,4,5)P3, and recruitment
of Akt with potential inhibition of Akt by the tumor suppressor PTEN. PH refers to the
Pleckstrin homology domain of Akt.
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Fig. 6.
Akt recruitment and activation. This figure showes the process of insulin receptor activation,
PI3K recruitment to the IRS, production of PI(3,4,5)P3, recruitment of Akt to the membrane
and subsequent activation. PH refers to the Pleckstrin homology domain of Akt.
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Fig. 7.
The role of Akt and mTOR in translational control. The activation of mTOR results in
phosphorylation of 4E-BP1, release of 4E-BP1 from the eIF4E-BP1 complex and initiation of
translaton through formation of the eIF4E/4G/4A complex. mTOR also activated the p70S6K
with effects on translational machinery.
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Fig. 8.
The MAPK family members. The different categories and factors which activate the members
of the MAPK family.

Kim and Novak Page 50

Pharmacol Ther. Author manuscript; available in PMC 2007 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Ras activation. Diagrammatic representation showing the recruitment of the guanine nucleotide
exchanger SOS, and the exchange of GDP for GTP resulting in the activation of Ras.
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Fig. 10.
Ras and Raf activation. The process for activation and recruitment of Raf kinase and subsequent
inactivation by Akt or PKA.
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Fig. 11.
Scaffold proteins involved in MAPK signaling pathways. A drawing showing the binding of
MAPKs and 14-3-3 to the KRS scaffold protein and subsequent activation.

Kim and Novak Page 53

Pharmacol Ther. Author manuscript; available in PMC 2007 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 12.
Insulin/growth factor receptor signaling pathways. An insulin-signlaing diagram showing the
various inhibitors which may be used to examine the role of individual kinases in the signaling
process.
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Fig. 13.
CYP2E1 mRNA levels and phosphorylation status of immunoprecipitated insulin receptor in
response to insulin. After the 4-hr plating period in the presence of 1 μmol/L insulin,
hepatocytes were maintained in the absence of insulin for 48 hr. Hepatocytes were then treated
for 24 hr with 0 to 1,000 nmol/L insulin. CYP2E1 mRNA levels were monitored by Northern
blot analysis and band density normalized to 7S RNA. (A) CYP2E1 mRNA levels plotted as
a percentage of the CYP2E1 mRNA level monitored in hepatocytes cultured in the absence of
insulin. Data are means ± range of Northern blot band densities of 2 preparations of total RNA.
(B) Northern blot of CYP2E1 mRNA levels in hepatocytes treated with 0 to 1,000 nmol/L
insulin. (C) Phosphotyrosine immunoblot of phosphorylated insulin receptor in hepatocytes
treated with 0 to 1,000 nmol/L insulin. Phosphorylated insulin receptor is indicated by an arrow.
This band comigrated with insulin receptor as detected with anti-insulin receptor antibody.
Insulin receptor levels were similar in all samples (data not shown). The identity of the
additional phosphotyrosine cross-reactive band below the phosphorylated insulin receptor is
unknown. Reprinted from Woodcroft, KJ, Hafner, MS and Novak, RF, Hepatology, 35, 263–
273, 2002, with permission.
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Fig. 14.
Effect of insulin on CYP2E1, CYP2B, and CYP3A mRNA turnover. After the 4-h plating
period in the presence of 1 μM insulin, hepatocytes were maintained in the absence of insulin
for 48 h. Hepatocytes were then treated for 12 h with either medium alone (,), 10 nM insulin
(!), or wortmannin (10 μM) plus 10 nM insulin(7). Actinomycin D (10 μg/mL) was added to
hepatocytes without change of medium, and total RNA was isolated at the times indicated.
CYP2E1 (A), CYP2B (B), and CYP3A (C) mRNA levels were monitored by Northern blot
analysis and band density normalized to 7 S RNA. mRNA levels are plotted as a fraction of
time zero mRNA levels for each treatment. Data are means ± SEM of Northern blot densities
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of 3 preparations of total RNA. First-order decay rate constants were derived and used to
calculate half-life values.
Reprinted from Woodcroft, KJ, Hafner, MS and Novak, RF, Hepatology, 35, 263–273, 2002,
with permission.
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Fig. 15.
Effect of insulin on CYP2E1 gene transcription monitored by CYP2E1 hnRNA analysis. After
the 4-hour plating period in the presence of 1μmol/L insulin, hepatocytes were maintained in
the absence of insulin for 48 hours. Hepatocytes were then treated for 20 hours without medium
change (UT, - Fresh Medium), with fresh medium alone (UT, + Fresh Medium), or with 10
nmol/L insulin in fresh medium (10 nmol/L Insulin). (A) Polymerase chain reaction products
of CYP2E1 hnRNA and CYP2E1 internal standard. (B) CYP2E1 hnRNA levels plotted as
hnRNA copy number, normalized to CYP2E1 internal standard band density. Data are mean
± range of hnRNA band densities from 2 preparations of total RNA. (C) Northern blot of
CYP2E1 mRNA levels in identical samples used for hnRNA analysis. (D) CYP2E1 mRNA
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levels in C plotted as a percentage of the CYP2E1 mRNA level monitored in hepatocytes treated
with fresh medium (UT, + Fresh Medium), normalized to 7S RNA band density.
Reprinted from Woodcroft, KJ, Hafner, MS and Novak, RF, Hepatology, 35, 263–273, 2002,
with permission.
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Fig. 16.
The effect of acetoacetate (AA) on CYP2E1 gene transcription. Hepatocytes were treated with
PI3K inhibitors, LY294002 (LY) (10–20 μM) or wortmannin (Wort) (100–500 nM), or the
PKC inhibitor, bisindolylmaleimide (Bis) (10 μM), for 1.5 h before treatment for 24 h with 5
mM AA. Untreated hepatocytes (UT) were cultured in the absence of AA, PI-3K inhibitors,
and the PKC inhibitor. CYP2E1 gene transcription was monitored by hnRNA analysis and
band density normalized to the 370bp CYP2E1 internal standard. CYP2E1 hnRNA levels are
plotted as a percentage of the CYP2E1 hnRNA levels monitored in untreated hepatocytes. Data
are means ± SEM of band densities of 2 or 3 preparations of total RNA *Significantly different
from UT, ** significantly different from hepatocytes treated with AA only (p < 0.05).
Reprinted from Abdelmegeed MA, Carruthers NJ, Woodcroft KJ, Kim SK and Novak RF, J
Pharmacol Exp Ther. 315, 203–213, 2005, with permission.
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Fig. 17.
Effect of dn/kd Akt expression on insulin-mediated increased in GSTA1/2, GSTA3/5 and GST
activity in primary cultured rat hepatocytes. A, hepatocytes were infected with 30 or 150 MOI
AdVGFP-Akt and 24 h later cells were harvested for determination of Akt protein level. B, C
and D, 24 h after infection with 150 MOI AdVGFP dn/kd Akt or AdV-GFP, hepatocytes were
treated with 10 nM insulin for 2 days. Data are means ± SD of 3–4 preparations of cell lysates
from a single hepatocyte preparation. **,*** Significantly different than levels monitored in
corresponding control hepatocytes, p<0.01 or p<0.001, respectively.
Reprinted from Kim SK, Abdelmegeed MA and Novak RF, J Pharmacol Exp Ther. 316, 1255–
1261, 2006, with permission.
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Fig. 18.
Insulin effect on GCLC protein (A), GCLC mRNA (B), GCL activity (C), and GSH (D) levels
in primary cultured rat hepatocytes. Hepatocytes were maintained in the presence or absence
of 100 nM insulin for 1 to 4 days. GCLC protein and mRNA levels are plotted as a percentage
of the level monitored in freshly isolated hepatocytes (0 day, 100%). Data are means ± SD of
three to five preparations of cell lysates from a single hepatocyte preparation. **,***,
significantly different from levels monitored in corresponding hepatocytes maintained in the
absence of insulin, p < 0.01 or p < 0.001, respectively.
Reprinted from Kim SK, Woodcroft KJ, Khodadadeh SS and Novak RF, J Pharmacol Exp
Ther. 311, 99–108, 2004, with permission.
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Fig. 19.
Effect of AdvGFP dn/kd Akt expression on insulin-mediated GCLC protein and GSH levels
in primary cultured rat hepatocytes. A, hepatocytes were infected with 150 MOI AdVGFP dn/
kd Akt1 or 15 MOI AdV-GFP, and cells were harvested 24 h later for determination of Akt
protein levels. B, following 24-h infection with AdV-Akt or AdV-GFP, hepatocytes were
treated with 10 nM insulin for 30 min and assayed for Akt activity by maintaining the Akt-
mediated phosphorylation of GSKα/β. C and D, 24 h after infection with AdV-Akt or AdV-
GFP hepatocytes were treated with 10 nM insulin for 2 days. The AdvGFP dn/kd Akt infection
diminished the insulin-mediated increase in GCLC protein as compared to controls (no
AdvGFP treatment or treatment with the AdvGFP vector alone). Cellular GSH levels were also
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decreased in response to the dn/kd Akt infection. Data are means ± S.D. of three and four
preparations of cell lysates from a single hepatocyte preparation. Values with different letters
are significantly different from each other, p < 0.05.
Reprinted from Kim SK, Woodcroft KJ, Khodadadeh SS and Novak RF, J Pharmacol Exp
Ther. 311, 99–108, 2004, with permission.
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Table 1
Effect of diabetes, insulin and glucagon on drug-metabolizing enzyme expression and/or activity.

Enzyme Substrate Diabetes Insulin Restored by Insulin Glucagon Refs

CYP2B Cyclophosphamide, Mephenytoin, ↑ ↓ Yes ND Yamazoe
et al.,

1989b;
Donahue

and
Morgan,

1990;
Truong et
al., 2005;

Woodcroft
and

Novak,
1997

CYP3A Nifedipine, Midazolam,
Erythromycin, Cyclosporine,

Testostreone

↑ ← → Yes ND Barnett et
al., 1990;

Shimojo et
al., 1993;

Woodcroft
and

Novak,
1997

CYP4A Fatty acids and derivatives ↑ Marginal
↑

Yes ND Barnett et
al., 1990;

Shimojo et
al., 1993;

Woodcroft
and

Novak,
1997

CYP2E1 Chlorzoxazone, 4-Nitrophenol,
Ethanol, Nitrosamines, Benzene,

Halogenated hydrocarbons

↑ ↓ Yes ↑ Bellward
et al.,
1988;

Song et al.,
1990;

Woodcroft
and

Novak,
1997,
1999a,
1999b;

Woodcroft
et al., 2002

mEH Alkene epoxides (styrene 7,8-
epoxide), Arene oxides
(naphthalene 1,2-oxide)

↓ ↑ Yes ↓ Thomas et
al., 1989;
Kim et al.,

2003b
UGT1A1 Oripavine opioids, Anthraquinones,

Catechol estrogens, Bilirubin, 7-
Hydroxy coumarines

↑ ND Yes ↑ Braun et
al., 1998;
Tunon et
al., 1991

SULT2A1 Dehydroepiandrosterone, Estradiols ↓ ND Yes ND Runge-
Morris and

Vento
1995

GST alpha Androstene dione, Lipid peroxides,
4-Hydroxyalkenals, 1-Chloro-2,4-

dinitrobenzene, 7-Chloro-4-
nitrobenzo-2-oxa-1,3-dizaone,

Busulfan, Chlorambucil, Ethacrynic
acid, Polyaromatic hydrocarbon diol

epoxides

ND ↑ ND ↓ Kim et al.,
2003a

GST mu trans-Stilbene oxide, 1,2-
Dichloro-4-nitrobenzene,

Prostaglandin H2, 1,3-bis-(2-
Chloroethyl)-1-nitrosourea, Benzo

[a]pyrene diol epoxide

ND ← → ND ← → Kim et al.,
2003a

GST pi Acrolein, Ethacrynic acid,
Prostaglandin H2, Benzo[a]pyrene

diol epoxide, Chlorambucil, 1-
Chloro-2,4-dinitrobenzene

ND ← → ND ↓ Kim et al.,
2003a

GCL ↓ ↑ Yes ↓ Yoshida et
al., 1995;
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Enzyme Substrate Diabetes Insulin Restored by Insulin Glucagon Refs

Lu et al.,
1999; Kim
et al., 2004

ND is not determined.
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