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Pregnancy-induced changes in drug PK is explained by changes in physiology and expression of 

metabolic enzymes and transporters. We determined mRNA expression of enzymes and 

transporters in the maternal liver, kidney, small intestine, and placenta of pregnant mice by 

microarray analysis. A full summary of gene expression changes is listed in Supplemental Tables 

1-14. Glyburide is commonly prescribed to treat gestational diabetes mellitus, a major 

complication of pregnancy. Gestational age-dependent changes in glyburide PK have not been 

characterized. We examined pregnancy-induced changes in the maternal-fetal disposition of 

glyburide and its primary metabolites using a pregnant mouse model, and found maternal CL, 

Vβ, and Vss approximately doubled by mid-late gestation. Glyburide depletion rate in mouse liver 

microsomes increased as gestation progressed, suggesting increased CL is related to increased 

hepatic metabolism. Fetal exposure to glyburide was low, but doubled from mid to late 

pregnancy.  Fetal exposure/metabolism of glyburide is also not well characterized. We 

determined the kinetic parameters of CYP3A enzymes for glyburide depletion; characterized 



 

glyburide metabolism by human fetal livers; and identified the enzyme responsible. M5 was the 

predominant metabolite generated by fetal CYP3A7 and human fetal liver microsomes 

(HFLMs). CYP3A7 protein levels in HFLMs were highly correlated with glyburide Clint, 16α-

OH DHEA formation, and 4′-OH MDZ formation. CYP3A5 and CYP3A7 genotype, fetal sex, 

gestational age, and post-mortem interval did not alter CYP3A7 protein expression or glyburide 

Clint. In recent years, oral hypoglycemic agents such as glyburide and metformin have gained 

increasing popularity for the treatment of GDM. Data is quite limited regarding the PD of 

glyburide and metformin during pregnancy. We completed an interim analysis of glyburide 

monotherapy, metformin monotherapy, or glyburide/metformin combination therapy in women 

with gestational diabetes compared to healthy pregnant women and non-pregnant women with 

type-2 diabetes mellitus receiving metformin. Pharmacodynamic analyses of blood glucose, 

insulin, and C-peptide data were performed, and estimates of insulin sensitivity (SI), beta-cell 

responsivity (Φt), and disposition index (DI) were compared across treatment groups. The full 

study is still ongoing. Overall, this body of research provides novel insight for the optimization 

of oral hypoglycemic therapies in the management of gestational diabetes mellitus. 
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Chapter 1: Introduction 

Portions of this work were previously published by Shuster et al., 2011 (citation below). 

Diana L. Shuster, Mary F. Hebert and Qingcheng Mao (2011). Glyburide 

Disposition During Pregnancy, Gestational Diabetes, Prof. Miroslav Radenkovic 

(Ed.), ISBN: 978-953-307-581-5, InTech, DOI: 10.5772/20926. Available from: 

http://www.intechopen.com/books/gestational-diabetes/glyburide-disposition-

during-pregnancy  

 

1.1  Introduction 

During pregnancy, 5-14% of women are diagnosed with gestational diabetes mellitus 

(GDM) and the incidence has been increasing in recent years [1, 2]. While insulin treatment is 

still the “gold standard” therapy for controlling maternal glycemia, the increasing use of oral 

anti-diabetic agents such as glyburide and metformin has begun to change standard care [3]. 

Anti-diabetic drugs are often titrated over a prolonged period of time to achieve glycemic 

control. Prolonged hyperglycemia increases the likelihood of adverse fetal/neonatal and maternal 

outcomes. Thus, quickly achieving glycemic control during pregnancy can significantly reduce 

the occurrence of certain adverse perinatal and maternal outcomes [4].  

Glyburide is a second generation oral sulfonylurea that lowers blood sugar levels by 

stimulating the pancreas to secrete insulin [5]. Considerable data in the literature suggest that 

glyburide may be a safe alternative to insulin for the treatment of GDM due to its similar 
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efficacy to insulin and its low fetal distribution [6]. Physiological and biochemical changes that 

occur during pregnancy alter the pharmacokinetics of glyburide, thus potentially affecting the 

safety and efficacy of the drug for both the mother and the fetus. Understanding pregnancy-

induced changes in the disposition of glyburide (including fetal exposure) will be important for 

optimizing dosage guidelines during pregnancy. This chapter summarizes current knowledge on 

the safety and efficacy of glyburide for the treatment of GDM, as well as glyburide disposition 

during pregnancy, and outlines the specific aims of this dissertation research that were conducted 

to address important knowledge gaps. 

1.2  Pregnancy-induced changes in drug pharmacokinetics 

Throughout gestation, pregnant women experience substantial changes to their 

physiology and biochemistry in order to support fetal growth and maturation. The implications of 

such changes during pregnancy on medication selection, safety, and efficacy, however, are not 

well characterized. According to one international study, 81.2% of women used at least one 

prescription or over-the-counter medication while pregnant, and 17% of those medications were 

used to treat chronic or long-term illness [7]. Another study in the United States reported that 

between 2006 and 2008, 50% of women reported taking four or more medications (including 

prescription and over-the-counter) at some point during pregnancy [8]. Therefore, there is a 

growing need to understand pregnancy-induced changes in maternal drug disposition and 

efficacy during pregnancy, as well as fetal exposure and toxicity. 
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Physiological changes of pregnancy 

All aspects of drug absorption, distribution, metabolism, and excretion (ADME) can be 

affected by physiological changes during pregnancy. The magnitude of these changes is largely 

determined by the physiochemical properties of a drug in conjunction with gestational age-

dependent physiological changes. Drug dissolution and absorption following oral administration 

may be both altered by decreases in gastric emptying time and intestinal motility during 

pregnancy, as well as increases in gastric pH [9]. The volume of distribution and drug 

partitioning between blood and tissues could be affected by increases in blood volume (~50%) 

and total fat content during pregnancy [10]. Albumin concentrations decrease during pregnancy 

in part because of diluted plasma volume and its decreased synthesis in the liver, which could 

result in increase in the plasma unbound fraction (fu) for some drugs [9]. Increases in fu will in 

turn increase clearance of low extraction ratio or orally administered drugs. High extraction ratio 

drugs whose clearance is limited by perfusion to the liver and kidney may also experience a 

shortened half-life during pregnancy due to major increases in cardiac output (~40%) [10]. The 

well-characterized physiological changes that occur during pregnancy lead to predictable 

changes in the pharmacokinetics and efficacy of drugs in pregnant women prior to 

administration. 

Changes in gene expression during pregnancy 

In addition to physiologically-based changes in PK, there is also evidence of changes in 

ADME gene expression during pregnancy that could affect drug PK and efficacy. Several studies 

have already shown that expression and activities of drug-metabolizing enzymes and transporters 

are altered during pregnancy [11-13]. In humans, these include cytochrome P450 (CYP) 



4 

enzymes such as CYP2A6, CYP2D6, CYP3A4, and CYP2C9 (increased activity), as well as 

CYP1A2 and CYP2C19 (decreased activity) [9, 14, 15]. Additionally, the expression and/or 

activity of phase II enzymes such as UGT1A4 and UGT 2B4 have been shown to increase during 

pregnancy [16]. Such changes have been shown to alter drug pharmacokinetics during pregnancy 

[17, 18]. Because there are ethical and logistical barriers to studying gene expression during 

pregnancy in humans, rodent models are frequently used. One challenge in translating expression 

data between species, however, is the absence of orthologs for some of the major players in drug 

metabolism and disposition, (i.e. CYP3A4). Despite this challenge, there are still similarities in 

pregnancy-induced changes in gene expression across species. Hepatic CYP3A activity in 

pregnant mice increases nearly two-fold compared to non-pregnant mice, which is comparable to 

the changes seen in humans [19-21]. Likewise, hepatic Cyp1a2 mRNA decreases in mouse 

pregnancy is consistent with CYP1A2 activity in pregnant women [11, 22].  

Fewer studies have been done in humans or rodents to elucidate changes in the 

expression of drug transporters during pregnancy. The mainstay of research has focused on ATP-

binding cassette (ABC) transporters such as P-glycoprotein (P-gp) and Breast Cancer Resistance 

Protein (BCRP). In humans, P-gp-mediated renal secretion of digoxin increases during late 

gestation [12]. In pregnant mice, however, P-gp protein levels do not seem to be significantly 

affected in the liver, kidney, and small intestine, and mRNA expression actually decreases in the 

kidney [19, 21]. Despite these differences, the role of P-gp and BCRP in determining fetal drug 

exposure has been extensively studied in mouse models because of the similar efflux function of 

these transporters in mouse and human placenta [23-26]. Importantly, in mice, rats and humans, 

placental mRNA and protein expression of BCRP decreases from mid gestation towards term 
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[27-31]. There are still many drug transporters whose expression and activity have not been 

characterized throughout pregnancy. 

The main limitation of the aforementioned studies is the scarcity of gestational age-

dependent data in gene expression. In recent years, there have been attempts to understand gene 

or protein expression throughout gestation [19, 22, 29, 32], however this body of research is not 

comprehensive, and rather, focused on a limited number or category of genes. After considering 

the similarities between pregnant mice and women in regards to drug PK during pregnancy, I 

have chosen the pregnant mouse as an appropriate animal model to study gestational age-

dependent changes in the expression of drug disposition genes. Therefore, the objective of 

Chapter 2 was to characterize gestational age-dependent expression of drug-metabolizing 

enzymes and transporters in maternal tissues of pregnant mice using microarray analysis. 

1.3  Gestational diabetes mellitus (GDM) and treatment options 

The American College of Obstetricians and Gynecologists (ACOG) committee on 

practice defines GDM as “carbohydrate intolerance that begins or is first recognized during 

pregnancy” [33]. GDM and type 2 diabetes mellitus are believed to share similar disease 

pathologies characterized by insulin resistance and/or deficiencies in pancreatic 

production/secretion of insulin. Insulin resistance is normal to some extent during pregnancy as a 

means of ensuring that glucose is freely available to the developing fetus; however, in women 

predisposed to diabetes, the degree of insulin resistance can be so high that treatment is 

necessary to maintain euglycemia.  

Traditionally, women are screened for GDM based on the presence of risk factors such as 

age, weight, family history of diabetes, perinatal loss and previously large babies; however, this 
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practice only detects ~50% of cases. Because risk factors do not predict all instances of GDM 

and symptoms are minimal, simple diagnostic tests for glucose tolerance are used during routine 

obstetric visits to aid in the diagnosis of GDM. Women are generally screened between 24-28 

weeks gestation in a non-fasted state using an oral glucose challenge test (OGCT) or in a fasted 

state using the oral glucose tolerance test (OGTT). Typically, women drink a solution containing 

50-100 g/dL of glucose and blood glucose concentrations are measured for up to three hours. The 

threshold for diagnosis depends on the screening test administered [34]. 

If left untreated, GDM presents a danger to both the mother and baby, particularly the 

risk of hypertension, preeclampsia, urinary tract infections, cesarean delivery and development 

of type 2 diabetes mellitus later in life in mothers, as well as macrosomia, neonatal 

hypoglycemia, childhood obesity and type 2 diabetes mellitus in the offspring [1, 35-37]. Diet 

therapy is the first line of treatment for GDM and is adequate for controlling glucose 

concentrations in the majority of patients. Those failing diet therapy are managed with the 

addition of pharmacotherapy [38]. Traditionally, insulin therapy has been the “gold standard” for 

the management of GDM, when diet therapy and exercise fail to achieve maternal glycemic 

control. Pregnant women have difficulty adhering to insulin therapy regimens, though, because 

of the challenges with route of administration (intravenous) and schedule. Therefore, oral 

hypoglycemic agents such as glyburide and metformin are being increasingly used to treat GDM, 

and have been shown to have similar efficacy and safety as insulin, as well as lower cost and 

easier route of administration [3, 6]. The safety of insulin for use in pregnancy has been well 

established and is without the risk of transfer across the placenta. The FDA has not approved the 

use of glyburide or metformin for the treatment of women with GDM. Despite this, glyburide 

use off-label for the treatment of GDM has risen from 7.4% in 2000 to 64.5% in 2011 [39].  
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1.4  Glyburide and its clinical pharmacokinetics 

Glyburide is a second generation oral sulfonylurea (Figure 1-1). Glyburide is indicated 

for the treatment of type 2 diabetes mellitus and stimulates insulin production in the pancreas [5]. 

Specifically, glyburide inhibits ATP-sensitive potassium channels on the surface of pancreatic 

beta-islet cells, leading to cellular membrane depolarization. Depolarization at the cellular 

membrane prompts voltage-gated calcium channels to open, increasing the intracellular calcium 

concentration, which stimulates the release of insulin into the portal vein. The FDA approved 

dosage range is 1.25 - 20 mg per day. When higher dosages of glyburide are required, patients 

are typically switched to insulin.  

Glyburide is a small lipophilic molecule (LogP = 4.8, MW = 494 Da) that is highly 

bound to plasma proteins (99.8% plasma protein binding). Glyburide is well absorbed, with an 

oral bioavailability of approximately 95% for micronized tablets [40]. It exhibits biphasic 

elimination kinetics, with an initial distribution half-life (t1/2α) of roughly 30 min and a terminal 

elimination half-life (t1/2β) of approximately 10 hours [5, 41]. Glyburide has a small volume of 

distribution (0.2 L/kg), despite its lipophilic nature, and has negligible renal clearance.  

Glyburide is extensively metabolized in the liver with a low hepatic extraction ratio. 

Three enzymes are believed to be primarily responsible for the metabolism of glyburide: 

CYP3A4, CYP2C9, and CYP2C19. CYP2C9 is highly polymorphic and multiple clinical studies 

have shown that subjects expressing CYP2C9*3, which is associated with lower catalytic 

activity compared to wild-type CYP2C9*1 [42], demonstrated a nearly 40% decrease in the oral 

clearance of glyburide and 2-3 fold increase in plasma area under the curve (AUC) [43-45]. 

These clinical studies suggest that CYP2C9 contributes significantly to glyburide metabolism in 



8 

vivo. On the other hand, in vitro studies using human liver microsomes have shown that 

CYP3A4 contributes greater than 50% of glyburide metabolism, while CYP2C9 contributes a 

much smaller percentage [46-48]. Additionally, Lilja et al. showed that oral administration of 

clarithromycin, an inhibitor of CYP3A but not CYP2C9, significantly increased Cmax and the 

plasma AUC of glyburide [49]. An epidemiological study [50] and case reports [51, 52] all 

indicated that the concomitant use of glyburide with clarithromycin (a CYP3A4 inhibitor) was 

associated with severe hypoglycemia. Thus, CYP3A also appears to contribute to glyburide 

metabolism in vivo. It is therefore likely that glyburide is metabolized in vivo through the joint 

actions of hepatic CYP3A and CYP2C9.  

In vitro metabolism studies using human liver microsomes or recombinant systems 

revealed that, besides CYP3A4 and CYP2C9, glyburide was also metabolized by other 

cytochrome P450 enzymes such as CYP3A5, CYP2C8 and CYP2C19, but to a much lesser 

extent [46-48]. Zharikova et al. determined five primary metabolites of glyburide formed in 

human liver microsomes: M1 (4-trans-hydrocyclohexyl glyburide), M2a (4-cis-hydrocyclohexyl 

glyburide), M2b (3-cis-hydrocyclohexyl glyburide), M3 (3-trans-hydrocyclohexyl glyburide), 

M4 (2-trans-hydrocyclohexyl glyburide) and M5 (ethylene-hydroxylated glyburide) [48, 53]. 

The structures of these primary metabolites are shown in Figure 1-1. CYP3A4 preferentially 

forms M5, followed by M1, but is capable of forming all primary metabolites. CYP2C9 

catalyzes the formation of M1-M3. CYP2C8 catalyzes the formation of M1, M2b, M3 and M4; 

and CYP2C19 catalyzes the formation of M2a, M2b and M3 [48, 53]. Two metabolites of 

glyburide, M1 and M2b, are believed to be pharmacologically active and are ultimately excreted 

into the bile and urine (~50% each) [5, 54]. The fate of the remaining metabolites, as well as 

their potential pharmacologic activity has not been established. 
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1.5  Glyburide pharmacokinetics during pregnancy  

Data is quite limited regarding the PK of glyburide during pregnancy, particularly in 

relation to gestational age. Hebert et al. estimated a 2-fold increase in the oral clearance of 

glyburide in women with GDM in the third trimester of pregnancy compared to non-pregnant 

women with type 2 diabetes mellitus [17]. The formation clearance of M1, a pharmacologically 

active metabolite, was also increased more than 2-fold in the women with GDM. The underlying 

mechanism of glyburide’s increased clearance is not certain, but could be due to increased 

CYP3A and CYP2C9 activity during pregnancy [12, 55]. To test this hypothesis, glyburide PK 

and hepatic metabolism was examined in pregnant mice. Similar to humans, the expression and 

activity of several CYP3A isoforms are significantly increased during pregnancy in mice, which 

made the pregnant mouse a suitable animal model to investigate glyburide PK during pregnancy 

[19, 56]. Indeed, Zhou et al. found that the clearance of glyburide was doubled in pregnant mice 

(gestation day 15) compared to non-pregnant controls [20], and glyburide metabolism via 

depletion studies with hepatic S-9 fractions was markedly higher in pregnant mice (gestation day 

15) compared to non-pregnant mice. Furthermore, glyburide depletion was also inhibited to a 

large extent by ketoconazole, a CYP3A inhibitor, suggesting that the increased hepatic clearance 

of glyburide during pregnancy may likely be due to increased hepatic CYP3A activity [20]. 

Though the mechanism of increased clearance appears to be CYP3A related, the time-course of 

these pregnancy-induced changes remains largely undescribed. Therefore, the objective of 

Chapter 3 was to investigate gestational age-dependent changes in the maternal-fetal 

disposition of glyburide. 
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Hebert et al. have also shown that glyburide concentrations are measurable in umbilical 

cord blood at the time of delivery (umbilical cord to maternal plasma concentration ratio equaled 

0.7 ± 0.4), suggesting that glyburide can cross the placenta [17]. Many ATP-binding cassette 

(ABC) efflux transporters such as P-gp, BCRP, and multidrug resistance proteins (MRPs) are 

highly expressed on the apical membrane of placental syncytiotrophoblasts and serve to protect 

the fetus by expelling compounds from the fetal compartment to the maternal circulation [57-60]. 

Using transfected cell lines treated with selective transporter inhibitors, inside-out placental 

membrane vesicles, and ex vivo placental perfusion models, Gedeon et al. showed that glyburide 

is preferentially transported by BCRP and to a small degree by MRP1, 2, and 3 as well [61-63]. 

Additionally, Gedeon et al. showed that MRP’s play a minor role in fetal exposure to glyburide 

[63]. Zhou et al. also confirmed that glyburide is a substrate for human BCRP and the murine 

homolog of BCRP (Bcrp1) [25]. Hemauer et al. showed that MRP1 seemingly plays a greater 

role in the efflux of glyburide than P-gp or BCRP, making the predominant placental efflux 

transporter of glyburide debatable [64]. Zhou et al. also characterized glyburide disposition in 

wild-type and Bcrp1
-/-

 pregnant mice (gestation day 15) and found that the fetal AUC of 

glyburide was 2-fold higher in Bcrp1
-/-

 mice compared to wild-type mice [25]. Whether BCRP is 

the predominant efflux transporter of glyburide in human placenta is still uncertain. In mice, 

however, BCRP seems to be the predominant placental transporter that determines fetal exposure 

to glyburide.  

Human term placentas have also been used in several studies to characterize placental 

metabolism of glyburide [48, 53, 65]. Zharikova et al. reported that placental microsomes 

metabolized glyburide primarily to M5 (~87% relative abundance), and that CYP19 was the 

primary enzyme responsible [48, 53]. The intrinsic clearance of CYP19 was only 1.8% of the 
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overall intrinsic clearance of human liver microsomes for glyburide, however. Thus, the placenta 

appears to play a minor role in the maternal disposition of glyburide, but placental formation of 

M5 could have clinical implications for fetal exposure to glyburide and its metabolites. 

Additionally, fetal metabolism of glyburide, particularly in the fetal liver, may have 

important effects on overall fetal exposure to glyburide and its metabolites. CYP3A7 is the 

predominant CYP enzyme in the human fetal liver [66-68]. Previous studies have shown that 

glyburide is a substrate of CYP3A4 and CYP3A5 [47], which suggests that glyburide is also a 

substrate of CYP3A7. CYP3A7 has been shown to oxidize CYP3A4 substrates, but with 

different oxidation site preferences [67], suggesting that if CYP3A7 did metabolize glyburide, it 

may create a unique metabolite profile. Several in vitro studies have also shown that human fetal 

livers can metabolize endogenous molecules, drugs, and procarcinogens [69, 70]. Given that 

glyburide can cross the placental barrier [17, 62], the objective of Chapter 4 was to investigate 

CYP3A7-mediated metabolism of glyburide metabolism in human fetal livers and evaluate 

the corresponding metabolite profile.  

1.6  The safety and efficacy of glyburide during pregnancy  

Maternal and neonatal safety 

Several studies have been conducted to investigate the adverse effects of glyburide versus 

insulin on maternal health. Some of the most common adverse outcomes reported are 

hypoglycemia, preeclampsia, weight gain and cesarean delivery. Langer et al. observed 

hypoglycemia in 20% of women treated with insulin compared to only 4% of those treated with 

glyburide [71]. Additionally, Yogev et al. reported that 63% of insulin-treated subjects with 
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GDM experienced asymptomatic hypoglycemia versus 28% of glyburide-treated patients [72]. 

On the other hand, Ogunyemi et al. was unable to show a significant difference in hypoglycemic 

events between insulin and glyburide groups (31% versus 38%, respectively) [73]; and other 

clinical studies did not observe any hypoglycemic events all together [74, 75]. Although the 

results varied, possibly due to differences in the definition of hypoglycemia, these studies appear 

to support the notion that glyburide therapy generally causes fewer maternal hypoglycemic 

events than insulin therapy. Regarding other maternal adverse outcomes, Langer et al. showed no 

difference in the incidence of preeclampsia among women treated with insulin or glyburide [71], 

Bertini et al. found no significant difference in maternal weight gain [75], and multiple studies 

showed no significant differences in cesarean delivery rate [71, 73-75]. 

Various clinical studies have also analyzed the effects of glyburide and insulin on 

neonatal adverse outcomes. Of the perinatal morbidities recorded, neonatal hypoglycemia and 

LGA infants appear to be the most common, though incidence rates vary between studies. 

Coetzee and Jackson treated over 600 pregnant women suffering from GDM or type 2 diabetes 

mellitus with glyburide, metformin or insulin therapy, and evaluated neonatal outcomes [76]. 

Their results suggest metformin was the safest (0 still births, 1 neonatal death, and 33 per 1,000 

perinatal morbidities), followed by glyburide (1 still birth, 0 neonatal deaths, and 43 per 1,000 

perinatal morbidities) and finally insulin (1 still birth, 4 neonatal deaths, and 59 per 1,000 

perinatal morbidities). The authors also reported zero cases of serious neonatal hypoglycemia in 

the group of subjects receiving glyburide [76]. Langer et al. also showed no difference in the 

incidence rate of hypoglycemia in infants whose mothers were treated with either insulin or 

glyburide [71]. In contrast, Bertini et al. observed neonatal hypoglycemia in 8 newborns, 6 of 

which were from their glyburide treatment group [75]. Likewise, Ogunyemi et al. reported that 
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28% of infants from the glyburide treatment group experienced hypoglycemia versus 13% in the 

insulin group [73]. Due to conflicting evidence, it is still uncertain whether glyburide causes 

infant hypoglycemia more often than insulin. 

Bertini et al. also demonstrated that a significantly higher percentage of fetuses in the 

glyburide treatment group were large for gestational age (LGA) infants compared to the insulin 

group (25% versus 3.7%, respectively) [75]; however, Langer et al. reported comparable 

incidence rates of LGA between treatment groups [71]. All the clinical studies mentioned 

consistently reported higher average infant birth weights in the glyburide group than the insulin 

group, but the difference was small (an average of ~100 g) and not statistically significant [71, 

73-75].  

Overall, the maternal and neonatal safety of glyburide does not substantially differ from 

insulin therapy. There is no long-term safety data, however, for infants whose mothers were 

treated with glyburide. Thus, further studies are needed to assess the long-term effects of 

maternal glyburide administration on child and adolescent development (neurologic and 

behavioral) as well as the incidence rate of type 2 diabetes mellitus and obesity.  

Clinical efficacy during pregnancy  

There have been several randomized controlled clinical trials examining the efficacy of 

glyburide for the treatment of GDM during pregnancy [71, 73-75]. Perhaps the most influential 

study was performed by Langer et al., who showed no statistically significant difference in 

fasting, preprandial, 2-hour postprandial and mean blood glucose concentrations between the 

glyburide and insulin groups, concluding that glyburide was as effective as insulin for the 

treatment of GDM [71]. Two smaller clinical studies also observed no difference in fasting and 
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2-hour postprandial blood glucose concentrations [74, 75]. In contrast, Ogunyemi et al. reported 

significantly higher blood glucose concentrations (fasting and 2-hour postprandial) in patients 

receiving glyburide compared to insulin [73]. One study reported that the failure rate of 

glyburide therapy in women with GDM reached as high as ~20% even with similarities in 

maternal demographics across treatment groups (e.g. age, weight and parity) [75, 77]. Moore et 

al. also measured the efficacy of metformin versus glyburide for the treatment of gestational 

diabetes. The failure rate of women taking metformin (n = 75) was 2.1 times higher than the 

glyburide group (n = 74) [78]. The study failed to include a control group that received insulin as 

the standard of care, therefore, conclusions regarding the efficacy of metformin and/or glyburide 

compared to insulin could not be made.    

Retrospective studies have also been conducted to assess the efficacy of glyburide in 

women with GDM [79, 80]. While several of the randomized controlled trials found glucose 

concentrations were either similar or higher in women receiving glyburide compared to insulin, 

Jacobson et al. noted in a retrospective study (n = 584) that women receiving glyburide had 

significantly lower post-treatment fasting and postprandial blood glucose levels, and that the 

failure rate of glyburide was 12% [79]. Additionally, Ramos et al. retrospectively examined the 

effectiveness of glyburide (n = 44) versus insulin (n = 78) in women with GDM who previously 

received a 50 g 3-hour OGCT, and found there were no significant differences between treatment 

with respect to blood glucose levels; however the failure rate of glyburide was again 16% [80]. 

Retrospective studies are often not adequately powered, though, and do not possess adequate 

controls, making general conclusions regarding the efficacy of glyburide more difficult.  



15 

In light of glyburide failure rates, there is a need to better understand what factors 

determine treatment failure versus clinical control. Kahn et al. conducted a prospective cohort 

study (n = 75) that demonstrated that fasting blood glucose levels ≥ 110 mg/dL in women with 

GDM were associated with higher glyburide failure rates [81]. The authors also reported that 

women who were older, had more than one child and were diagnosed with GDM earlier in their 

pregnancy were more likely to fail glyburide therapy. These women also had a higher mean 

fasting blood glucose, suggesting that these women may already have difficulty producing and 

releasing sufficient levels of endogenous insulin. Therefore a drug that stimulates insulin 

secretion such as glyburide might not be effective (Kahn et al., 2006). Another study by Rochon 

et al. suggested that only higher mean blood glucose levels (≥ 200 mg/dL in the 50 g 1-hour 

OGCT) were indicators of glyburide failure [82]. Considering the heterogeneous pathology of 

GDM (insulin resistance and/or beta-cell dysfunction), there may be times when glyburide 

therapy (which improves beta-cell function) may not be the appropriate medication to control 

blood glucose levels. Therefore, the objective of Chapter 5 was to provide a quantitative 

interim analysis of an ongoing clinical study comparing the efficacy of glyburide, 

metformin or glyburide/metformin combination therapy in women with GDM. 

1.7  Conclusions 

Although insulin therapy has been the “gold standard” for the treatment of GDM, the 

increasing use of oral anti-diabetic agents such as glyburide and metformin has begun to change 

the standard of care. Clinical studies demonstrate that glyburide is a safe alternative to insulin 

therapy for the treatment of GDM due to its similar efficacy to insulin, relatively low fetal 

exposure, lower cost and ease of administration. The pharmacokinetic properties of glyburide 
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resulting in low fetal exposure include: high plasma protein binding, a relatively short 

elimination half-life, and efflux transport by ABC transporters such as BCRP in the placenta. 

Glyburide is also metabolized in the placenta by CYP19, which may limit fetal exposure to the 

parent compound but simultaneously expose the fetus to metabolites. Although the currently 

used glyburide dosage range for pregnant women with GDM may have comparable maternal, 

fetal and neonatal outcomes as insulin therapy, there are still concerns that have yet to be 

addressed, such as the PK changes during pregnancy, the mechanisms behind fetal exposure to 

glyburide and metabolites, and clinical effectiveness of glyburide used alone and in combination 

with metformin The studies described in following thesis chapters were designed to address 

these concerns.   

Physiological changes that occur during pregnancy may alter the pharmacokinetics of 

glyburide, thus affecting the safety and efficacy of the drug for both the mother and the fetus. In 

Chapter 2, gestational age-dependent changes in gene expression of metabolic enzymes and 

drug transporters in the maternal liver, kidney, small intestine, and placenta of pregnant mice 

were studied using microarray approaches. The results of which will be important for 

understanding mechanistic determinants of altered glyburide PK during pregnancy. A recent 

clinical study has demonstrated that the apparent oral clearance of glyburide is increased two-

fold in pregnant women with gestational diabetes as compared to non-pregnant women with type 

2 diabetes mellitus [17]. The mechanism of such a change in glyburide disposition during 

pregnancy has not been fully understood, but is likely related to increased expression and activity 

of cytochrome P450 enzymes in the liver, such as CYP2C9 and CYP3A. In Chapter 3, 

gestational age-dependent changes in maternal-fetal glyburide PK were evaluated in the pregnant 

mouse model, as well as the distribution and exposure of glyburide metabolites. The gestational 
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age-dependent changes in maternal-fetal disposition of glyburide were interpreted in conjugation 

with the microarray gene expression analysis. In Chapter 4, the capacity of the human fetal liver 

to metabolize glyburide via CYP3A7 was explored to further our understanding of determinants 

for fetal exposure to glyburide and its metabolites. Taken together, these studies imply the need 

for dosage optimization of glyburide during pregnancy. In Chapter 5, preliminary 

pharmacodynamic (PD) analyses of serum glucose, insulin, and C-peptide levels were performed 

in women with GDM receiving glyburide, metformin, or glyburide/metformin combination 

therapy to estimate markers of drug efficacy: insulin sensitivity (SI), beta-cell responsivity 

(Φtotal), and disposition index (DI).  

In summary, glyburide has been increasingly used for the treatment of GDM with similar 

safety and efficacy to insulin therapy. The mechanistic understanding of pregnancy-induced 

changes in the disposition and efficacy of this drug are explored in this thesis work, and will be 

important for the optimization of dosage guidelines during pregnancy.  
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Figures for Chapter 1 

 

Figure 1-1. The structures of glyburide and its primary metabolites. M1, 4-trans-

hydrocyclohexyl glyburide); M2a, 4-cis-hydrocyclohexyl glyburide; M2b, 3-cis-hydrocyclohexyl 

glyburide; M3, 3-trans-hydrocyclohexyl glyburide; M4, 2-trans-hydrocyclohexyl glyburide; and 

M5, ethylene-hydroxylated glyburide.  
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Chapter 2: Gestational Age-Dependent Changes in Gene 

Expression of Metabolic Enzymes and 

Transporters in Pregnant Mice 

This work was previously published by Shuster et al., in Drug Metabolism and Disposition 

41:332–342, February 2013. 
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2.1  Introduction 

Significant physiological changes during pregnancy are essential to support and protect 

the developing fetus [1]. Changes in maternal physiology include, among others, increased renal 

blood flow and glomerular filtration rate (GFR) [2], as well as increased hepatoportal venous 

blood flow (Carlin and Alfirevic, 2008). These physiological changes alter important drug 

pharmacokinetic (PK) determinants such as GFR, oral absorption, plasma volume, and plasma 

protein binding [3-5]. Considerable data in the literature also suggest that expression and 

activities of drug-metabolizing enzymes and transporters are altered during pregnancy [6-8]. In 
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humans, cytochrome P450 (CYP) enzymes such as CYP2A6, CYP3A4, CYP2D6, and CYP2C9 

demonstrate increased activities during pregnancy, whereas the activities of CYP1A2 and 

CYP2C19 are decreased [3, 9, 10]. These changes result in altered drug PK during pregnancy 

[11, 12]. 

The trends in human pregnancy regarding expression/activity of metabolic enzymes and 

drug transporters appear to be similar in pregnant mice. Hepatic CYP3A activity in pregnant 

mice, for example, is increased to a similar extent as CYP3A in humans (compared to non-

pregnant controls) [13-15]. In addition, hepatic Cyp1a2 mRNA is decreased during mouse 

pregnancy, which is consistent with CYP1A2 activity in pregnant women [6, 16]. Fewer studies 

have been done in humans and animals, though, to investigate changes in activity of drug 

transporters in the liver, kidney, and small intestine during pregnancy. P-glycoprotein (P-gp) is 

perhaps the most studied of all transporters, but discrepancies exist between mice and humans. In 

humans, P-gp-mediated renal secretion of digoxin increased during late gestation [7]. However, 

during mouse pregnancy, not only were P-gp protein levels unaffected in the liver, kidney, and 

small intestine, but mRNA expression actually decreased in the kidney [13, 15]. Despite this 

difference, the role of ATP-binding cassette (ABC) transporters (i.e. P-gp and BCRP) in 

determining fetal drug exposure has been extensively studied in mouse models because of the 

similar efflux function of these transporters in mouse and human placenta [17-20].  

Current research merely provides snapshots of gene expression or protein activity at 

select times during pregnancy [14, 19]. Only in the last several years has there been any attempt 

to understand gene or protein expression throughout gestation [13, 16, 21, 22]. This body of 

research targeted specific CYP isoforms, as well as important solute carrier (SLC) and ABC 
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transporters. None of these studies, however, offer a comprehensive overview of trends in 

expression as gestation progresses for all mouse isoforms related to drug metabolism and 

disposition. After considering the similarities between pregnant mice and women, we chose the 

pregnant mouse as an appropriate animal model to study gestational age-dependent changes in 

expression of drug disposition genes. Therefore, the goal of this study was to analyze the global 

gene expression profiles of maternal tissues and placenta at different gestational ages using 

microarray approaches.  

Though the focus of our study was to investigate gestational age-dependent changes in 

metabolic enzymes and transporters relevant to drug disposition, we were also cognizant of the 

fact that changes in Cyp, Abc, Slc, or Slco gene expression during pregnancy could potentially 

impact the homeostasis of endogenous substances such as bile acids and steroid hormones. 

Characterization of genes involved in bile acid synthesis and distribution during pregnancy may 

provide a physiologic basis for understanding complications that arise during pregnancy such as 

intrahepatic cholestasis of pregnancy. Characterization of steroid hormone production during 

pregnancy supports mechanistic explanations of gestational age-dependent expression of 

metabolic enzymes and transporters. Thus, we systematically investigated expression of all 

metabolic enzymes and transporters in the mouse maternal tissues and placenta across gestation, 

demonstrating significant changes in the expression of many genes including those important for 

drug, bile acid, and steroid hormone metabolism and transport. These data also provide novel 

insights into potential changes in drug PK during pregnancy, and support the growing foundation 

of evidence clinicians need to make decisions regarding drug dosage selection during pregnancy. 
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2.2  Materials and Methods 

Animal studies 

FVB wild-type mice, 7-10 weeks of age, were purchased from Taconic Farms (Hudson, 

NY), and cared for in accordance with the Guide for the Care and Use of Laboratory Animals 

published by the National Research Council. The animal protocol for this project was approved 

by the Institutional Animal Care and Use Committee at the University of Washington (protocol 

number 4035-01). Briefly, mice were maintained under 12-hour light/dark cycles, and food was 

provided ad libitum. Female mice, 7-10 weeks of age, were mated with male mice of the same 

age overnight. Gestation day (gd) 1 was defined as the presence of a sperm plug following 

overnight housing. Gd 0 was defined as non-pregnant mice. Progression of pregnancy was 

monitored by visual inspection and body weight increase. On gd 0, 7.5, 10, 15, and 19, female 

mice (n = 5-6 per gestational age) were sacrificed under anesthesia (isoflurane) by cardiac 

puncture, and the maternal liver, kidney, and small intestine were collected. The placentas were 

collected on gd 10, 15, and 19. All tissues were rinsed with phosphate-buffered saline, snap-

frozen in liquid nitrogen, and stored at -80°C until use. 

Total RNA extraction  

Total RNA was isolated from the snap-frozen mouse tissues using the miRNeasy mini kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions for purification of total 

RNA from animal tissues. The integrity of RNA samples was assessed with an Agilent 2100 

Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA),which is the recognized standard in 

the field. RNA integrity was evaluated using the RNA integrity number (RIN) and by observing 
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distinct and sharp 18s and 28s ribosomal RNA peaks. The RIN of all samples was greater than 9. 

RNA quantity and purity were determined with a Thermo Scientific NanoDrop™ 1000 

Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE) by measuring OD260, as 

well as OD260/280 and OD260/230 ratios, respectively. Samples with OD260/280 ratios greater than 1.9 

and OD260/230 ratios greater than 1.6 were considered acceptable for further processing. Five 

RNA samples per gestation day that passed these stringent quality control measures were 

selected from each tissue group for further processing. 

Microarray hybridization and data analysis  

Processing of the RNA samples was carried out according to the AffymetrixGeneChip 

Whole Transcript Sense Target labeling protocol (http://www.affymetrix.com/index.affx) as 

reported previously [23]. The arrays were scanned with an AffymetrixGeneChip® 3000 scanner. 

Image generation and feature extraction were performed using the AffymetrixGeneChip 

Command Console (AGCC) software. Affymetrix Mouse Gene 1.0 ST Arrays were used for this 

study. The output files from AGCC were further processed using the Bioconductor oligo 

package [24]. Raw data were normalized using quantile normalization and then summarized at 

the transcript level using a Robust Multi-array Average (RMA) method [25]. For the maternal 

tissues, we made univariate comparisons of gd 7.5, 10, 15, and 19 to gd 0 using the Bioconductor 

limma package, which fits an analysis of variance model to the data and then computes 

individual contrasts. For the placenta, univariate comparisons of gd 10 and 15 to gd 19 were also 

made using Bioconductor. The limma package uses an empirical Bayes adjustment on the 

variance estimate (based on all genes on the array) to increase power to detect true differences 

[26]. P-values were adjusted for multiplicity with the program q-value which allows the selection 
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of statistically significant genes while controlling the estimated false discovery rate (FDR) [27, 

28].  

The adjusted p-values or the FDR values are only interpretable when genes are ranked by 

unadjusted p-values, from the smallest to the largest. The corresponding FDR value for an 

unadjusted p-value of 0.05 varies for each gestational age and tissue. A given FDR value states 

that the group of genes listed above the corresponding unadjusted p-value cut-off has a particular 

FDR associated with it. This FDR value represents a percentage of genes within the group list 

whose fold-changes in expression are there by chance alone, i.e. false positive results. FDR 

values are therefore displayed as supplemental data for each gestation day comparison to gd 0 for 

maternal tissues or gd 19 for placenta (Supplemental Data PDF file, Tables 1-14). Microarray 

data presented in this study were deposited in the National Center for Biotechnology Information 

Gene Expression Omnibus data repository under accession number GSE41438. 

Filtration criteria for differentially expressed genes 

Expression patterns of differentially expressed genes were visualized by creating 

heatmaps of relevant genes. Ordering of genes in these plots was determined by hierarchical 

clustering of the gene expression values. For the overall gene expression trends shown in 

heatmaps, genes with a larger than 2-fold or less than 0.5-fold change in expression compared to 

gd 0, an unadjusted p-value less than 0.05, and a log2 average fluorescent intensity greater than 4, 

for at least one gestation day, were considered to be differentially expressed for the maternal 

liver, kidney, and small intestine. Because the placenta is an organ undergoing development as 

gestation progresses, the number of differentially expressed genes in this tissue, as determined 

using the above criteria, was much larger than the number of genes in the maternal tissues. To 
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limit the number of differentially expressed genes in the placenta to something comparable to the 

maternal tissues, we implemented a more stringent statistical criteria, namely, genes with a larger 

than 2-fold or less than 0.5-fold change on gd 10 or 15 compared to gd 19, an unadjusted p-value 

less than 0.00005, and a log2 average fluorescent intensity greater than 4, for at least one 

gestation day. Fluorescent intensity is an indication of signal strength and data integrity. Higher 

fluorescent intensity ensures that a detected change is not background noise and is therefore an 

important factor to consider before further examination of gene expression data.  

For changes in gene expression shown in relevant tables, expression of metabolic enzyme 

and transporter genes, namely, Cyp, Ugt, and Sult enzymes as well as Abc, Slc, and Slco 

transporters, were filtered based on a lower fold-change criteria that included genes 

demonstrating larger than 1.5-fold or less than 0.65-fold changes in expression, as well as 

unadjusted p-values less than 0.05 for maternal tissues and placenta, and average log2 fluorescent 

intensities greater than 4, for at least one gestation day compared to gd 0 (maternal tissues) or gd 

19 (placenta).  

In order to examine Cyp, Abc, and Slc genes that are important for drug metabolism and 

transport, but do not meet previous filtration criteria needed for inclusion in tables, we selected 

specific genes known to be involved in drug metabolism and disposition (e.g., Cyp1, Cyp2, and 

Cyp3 isoforms) and filtered them according to unadjusted p-values less than 0.01 and log2 

average fluorescent intensities greater than 4, for at least one gestation day compared to gd 0 for 

maternal tissues and gd 19 for placenta. Fold-changes in expression of these genes were smaller, 

but are meaningful to understand drug PK during pregnancy and were therefore presented in 

relevant figures.  
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Quantitative real-time PCR validation  

To validate microarray gene expression data, quantitative real-time PCR was used. We 

selected 3 genes from the 25 maternal liver tissues (n = 5 for gd 0, 7.5, 10, 15, and 19) and 7 

genes from the 15 placental tissues (n = 5 for gd 10, 15, and 19), which totaled 180 microarray 

gene expression data for validation. The three genes selected for RNA quantification in the 

maternal liver were Abcc3, Cyp17a1, and Cyp2d40. The seven genes selected for RNA 

quantification in the placenta were Abcb1a, Abcb1b, Abcg2, Cyp2s1, Slc22a3, Slco1a4, and 

Slco2b1. These genes were selected because they either demonstrated large changes in the 

microarray data or are important for xenobiotic metabolism and transport. Fluorogenic 5' 

nuclease-based assays were employed as previously described [23, 29, 30]. Actb (β-actin) 

amplification plots derived from serial dilutions of an established reference sample were used to 

create a linear regression formula to calculate expression levels. Variations in β-actin gene 

expression throughout gestation were small (< 25% in the maternal liver and < 18% in the 

placenta) (data not shown), and β-actin was therefore selected as an internal control to normalize 

the data for the respective tissue. 

2.3  Results 

Validation of microarray data by quantitative real-time PCR (qRT-

PCR)  

Gene expression levels determined by microarray analysis correlated well with mRNA 

levels determined by qRT-PCR (Pearson’s R coefficient of 0.99 and 0.95 for the liver and 

placenta, respectively) (Figure 2-1). A direct comparison of the approaches is shown in Figures 
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2-2 and 2-3. Cyp17a1, Cyp2d40, and Abcc3 (Mrp3) expression in the maternal liver is shown in 

Figure 2-2; placental expression of Cyp2s1, Abcb1a (Mdr1a), Abcb1b (Mdr1b), Abcg2 (Bcrp1), 

Slc22a3 (Oct3), Slco1a4 (Oatp4c1), and Slco2b1 (Oatp2b1) is shown in Figure 2-3. In both 

tissues, the absolute magnitude of change in expression was consistently greater for the qRT-

PCR data compared to the microarray data. Both approaches also agreed on the direction of 

change (up- or down-regulation), except for Cyp2d40 on gd 7.5 in the maternal liver as well as 

Abcg2 and Slco1a4 on gd 15 in the placenta where changes in gene expression were small. 

Taken together, these results establish the accuracy and reliability of our microarray analysis.  

Overall gestational age-dependent trends in gene expression 

Hierarchical one-dimensional clustering of differentially expressed genes for each tissue 

is shown in Figure 2-4. Gene expression levels in the liver and small intestine were similar 

between replicate samples within the same gestational age group. Changes in expression in the 

liver and small intestine (up- or down-regulation) were more robust as gestation progressed, 

peaking on gd 15 and/or gd 19 (Figure 2-4A and 2-4C). Interestingly, the kidney exhibited a 

bimodal pattern of gene expression that peaked on gd 10 and gd 19 (Figure 2-4B). This apparent 

trend is the result of replicate samples gd 10_3 and gd 10_6. In addition, the expression on gd 15 

in the placenta was not very different from term placenta (gd 19); however, large differences 

were visible on gd 10 compared to gd 19 (Figure 2-4D). Figure 2-4D also shows that the pattern 

of expression between placenta sample replicates was very similar, except for gd19_1, which 

appeared to be more robust in comparison to the other replicates in the gd 19 group. Although 

expression in the placenta was lower on gd 10, this is in comparison to gd 19 placenta levels, 

indicating that gene expression in the placenta is actually increasing throughout the course of 
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pregnancy. All tissues demonstrated a preference for up-regulation during pregnancy; however, 

the pattern of changes in gene expression throughout gestation was uniquely different for the 

kidney. 

The filtration criteria used to generate heatmaps in Figure 2-4 were also used to count the 

number of differentially expressed genes for each gestation day. In the liver, 56, 103, 216, and 

138 genes were differentially expressed on gd 7.5, 10, 15, and 19, respectively. In the kidney, 

there were 17, 163, 38, and 74 genes differentially expressed on gd 7.5, 10, 15, and 19, 

respectively. The small intestine had 37, 55, 47, and 75 differentially expressed genes on gd 7.5, 

10, 15, and 19, respectively. In the placenta, 856 genes were differentially expressed on gd 10, 

but only 8 genes were differentially expressed on gd 15. As a whole, this study identified 1,883 

differentially expressed genes in the maternal tissues and placenta. 

Drug metabolism during pregnancy 

Major gene families involved in drug metabolism (Cyp, Ugt, and Sult) were analyzed for 

gestational age-dependent changes in expression. Raw microarray data from these gene families 

were filtered based on three criteria. First, on at least one gestation day, fold changes in 

expression (compared to gd 0 for maternal tissues and gd 19 for placenta) had to be greater than 

1.5 or less than 0.65. Second, these fold changes had to have a corresponding unadjusted p-value 

that was less than 0.05. Third, for a particular fold change that was significant, the associated 

average log2 fluorescent intensity had to be larger than 4. The resulting genes are shown in 

Tables 2-1 through 2-4 for genes in the maternal liver, kidney, small intestine, and placenta, 

respectively.  
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In the maternal liver, Cyp and Slc gene families were most significantly altered during 

pregnancy; however, only a few genes had larger than two-fold changes in expression. By far the 

largest up-regulation occurred for Cyp17a1, which was increased 3.3-fold, 8.2-fold, and 10.4-

fold on gd 7.5/10, gd 15, and gd 19, respectively. Cyp4a12a/b was decreased by 70-80% as 

gestation progressed, which was the largest down-regulation in Cyp gene expression. Cyp2b13, 

Cyp2c50, Cyp2c54, Cyp2c55, Cyp2d9, and Cyp4a12 expression was also decreased throughout 

gestation. Many of the Cyp isoforms thought to be involved in drug metabolism, such as the 

Cyp1, Cyp2, and Cyp3 families, did not demonstrate large enough changes in gene expression to 

be included in Table 2-1. Therefore, time-dependent trends in the expression of Cyp1, Cyp2, and 

Cyp3 families are shown in Figure 2-5, which was generated with only two filtration criteria, 

namely, the unadjusted p-value associated with a fold change had to be less than 0.01 and the 

average log2 fluorescent intensity had to be greater than 4 for at least one gestational age. These 

criteria allowed us to examine with confidence smaller, but significant, changes in gene 

expression related to drug metabolism. The data in Figure 2-5 indicate that many genes from the 

Cyp1, Cyp2b, Cyp2c, and Cyp2d families are down-regulated as gestation progresses (Figure 2-

5A-C). This pattern is also true for Cyp3a11 (Figure 2-5A). While the majority of Cyp genes 

were down-regulated during pregnancy, Cyp2d40, Cyp3a16, Cyp3a41a, Cyp3a41b, and Cyp3a44 

were up-regulated (Figure 2-5D). Overall, changes in hepatic gene expression of Cyp isoforms 

important for drug metabolism were rather small (down-regulated by less than 50% or up-

regulated less than 1.5-fold).  

Cyp expression in the maternal kidney was very dynamic during pregnancy (Table 2-2). 

A few genes, namely Cyp2d9, Cyp2d12, and Cyp3a41a/b, were altered in a gestational age-

dependent manner. Cyp3a41a/b was highly up-regulated by ~12-fold on gd 19. In the small 
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intestine, only Cyp1a1, Cyp2a5, Cyp2c55, and Cyp2j6 displayed larger than1.5-fold changes in 

expression during pregnancy (Table 2-3). The Cyp isoforms that were most notably changed in 

the placenta during pregnancy are likely responsible for xenobiotic detoxification (Cyp2s1), 

arachidonic acid metabolism (Cyp4a14), bile acid synthesis (Cyp7b1), steroid biosynthesis 

(Cyp11a1, Cyp11b1, and Cyp17a1), and retinoic acid and vitamin D regulation (Cyp26a1 and 

Cyp2r1) (Table 2-4). In contrast to the liver, all Cyp enzymes in the placenta, except for Cyp2s1 

and Cyp7b1, were up-regulated during mid-gestation (gd 10) and decreased to term expression 

levels by mid to late gestation (gd 15). Placental Cyp1, Cyp2, and Cyp3 gene families were 

further evaluated for gestational age-dependent trends in expression (Figure 2-5E). All Cyp 

isoforms in the placenta were up-regulated on gd 10 compared to gd 19, with two exceptions. 

Cyp1a1 peaked on gd 15 rather than gd 10, and Cyp3a57 was down-regulated on gd 10 (rather 

than up-regulated) compared to gd 19.  

Across tissues, Sult and Ugt expression was relatively unaffected by pregnancy. In the 

maternal liver, Sult1d1 was decreased by as much as 60% on gd 15 (Table 2-1). In the kidney 

and small intestine, only a few Sult and Ugt isoforms were altered during pregnancy, but their 

relevance to drug metabolism is not well understood (Tables 2-2 and 2-3). In the placenta, 

Sult1a1, Sult5a1, and Ugt1a9 were only affected on gd 10 during pregnancy (Table 2-4). 

Specifically, Sult1a1 was down-regulated by 50% on gd 10 compared to gd 19, and Sult5a1 and 

Ugt1a9 were up-regulated more than 2-fold. Overall, the number of Sult and Ugt genes in the 

maternal tissues and placenta affected by pregnancy was small, but the magnitude of changes in 

expression for these genes was quite large.  



36 

Drug transport during pregnancy 

Gestational age-dependent expression of important drug transporter genes such as ATP-

binding cassette (Abc) and solute carrier transporters (Slc and Slco) were characterized using the 

same fold-change, unadjusted p-value, and fluorescent intensity filtration criteria as the 

metabolic enzymes. Abc transporter expression in maternal tissues appeared relatively unaffected 

by pregnancy compared to non-pregnant controls (gd 0), except for Abcc3 (Mrp3) and 

Abcb1a/1b (mouse P-gp or Mdr1a/1b) (Table 2-1 through 2-3). In the maternal liver, expression 

of Abcc3 and Abcb1a was decreased by ~70% and 40%, respectively, on gd 15. When the fold-

change filtration criteria was removed and the unadjusted p-value criteria was lowered to less 

than 0.01, Abcc6 (Mrp6) was down-regulated by 20-30% on gd 10 and 15 (Figure 2-6A). In the 

maternal kidney, Abcb1a expression was consistently decreased by 30-40 % throughout mid to 

late gestation (Figure 2-6C, Table 2-2). Abcc4 expression in the maternal kidney was also 

decreased by 20-30% on gd 10 and 15 and returned to non-pregnant levels by term (Figure 2-

6C). Changes in transporter expression in the small intestine were minimal compared to the liver 

and kidney (Table 2-3). There were many changes, however, in placental Abc transporters 

(Figure 2-6D, Table 2-4). Specifically, Abcb1a and Abcb1b were 70% and 80% lower, 

respectively, on gd 10 compared to gd19. Abcc5 (Mrp5) expression was 3-fold higher on gd 10 

compared to gd 19. It appears that most Abc transporters in the placenta, with a few exceptions, 

tend to be suppressed during mid to late gestation (gd 10 and 15) and then return to the control 

levels by birthing, i.e., gd 19. 

Expression of many Slc and Slco transporter genes in the maternal liver and kidney was 

significantly altered throughout gestation (Tables 2-1 and 2-2). In the liver, a large portion of 
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these Slc transporters were nutrient transporters, rather than xenobiotic transporters. Slco1b2 

(Oatp1b2, ortholog of human OATP1B3), Slc10a1 (Ntcp), and Slc47a1 (Mate1), were down-

regulated by ~25% on gd 15 and gd 19 (Figure 2-6B). In the maternal kidney, many Slc and Slco 

transporters demonstrated only moderate gestational age-dependent changes in expression (Table 

2-2). Slco4c1 (Oatp4c1), on the other hand, showed decreased expression (~60-70%) across 

gestation (Figure 2-6C). In the small intestine, several Slc transporter genes demonstrated 

gestational age-dependent changes in expression; however, their role in xenobiotic transport is 

not known. For example, Slc6a9, Slc10a5, and Slc12a6 were down-regulated by 20-30% on gd 

10 and/or gd 15, while Slc25a43, Slc31a1, Slc35c2, and Slc36a1 expression increased as much as 

2.3-fold during pregnancy (Table 2-3). In the placenta, Slc22a3 (Oct3) expression was 80% 

lower on gd 10 compared to gd 19 (Table 2-4). In contrast, Slc22a5 (Octn2) and Slc6a2 (Net) 

were both up-regulated more than 2.5-fold on gd 10 (Figure 2-6F). Overall, relatively few Slc 

and Slco transporter genes known to be involved in drug transport were affected during 

pregnancy. Changes in expression of Slco1b2 in the liver, Slco4c1 in the kidney, and Slc22a3 in 

the placenta, however, may affect drug pharmacokinetics during pregnancy. 

Metabolism and transport of endogenous substances during pregnancy 

Gestational age-dependent trends were also observed for genes involved in the 

metabolism and transport of endogenous substances such as bile acids and steroid hormones. 

According to our data, bile acid production may be altered during pregnancy, particularly in late 

gestation. For example, Cyp7a1 and Cyp7b1, the hepatic enzymes responsible for the rate-

limiting step in bile acid synthesis, were significantly induced as much as 1.5-fold across 

gestation. The expression of bile acid phase I metabolic enzyme, Cyp3a11, decreased by ~ 30% 
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in a gestational-age dependent manner (Table 2-1 and 2-5). The expression of bile acid 

transporters also changed. Abcb1a (Mdr1a), a canalicular bile acid efflux transporter, decreased 

by 40% on gd 15 (Table 2-5), and Abcc3 (Mrp3), the primary transporter responsible for 

basolateral efflux of bile acids from hepatocytes into the systemic circulation, decreased by 30%, 

70%, and 60% on gd 10, 15, and 19, respectively (Figure 2-6A, Table 2-5). Expression of bile 

acid hepatic uptake transporters Slc10a1 (Ntcp) and Slco1b2 (Oatp1b2) was decreased slightly 

by ~20-30% on gd 15 and 19 (Table 2-5).  

Fold-changes in steroidogenic enzyme expression were quite large in the maternal liver 

and placenta; however, the number of genes that changed throughout gestation was low. In the 

maternal liver, Cyp17a1, which oxidizes progesterone and pregnenolone to their 17α-OH 

metabolites, was induced 3- to 10-fold across gestation (Table 2-1). In the placenta, expression 

of Cyp11a1, which converts cholesterol to pregnenolone, was 2.8-fold higher on gd 10 compared 

to gd 19, yet 30% lower than term levels on gd 15 (Table 2-4). Likewise, Cyp17a1 was 2.7-fold 

higher on gd 10 compared to gd 19 (Table 2-4). Therefore, both Cyp11a1 and Cyp17a1 in the 

placenta were down-regulated during pregnancy, but their expression returns approximately to 

control levels by gd 15. The effects of pregnancy on hepatic and placental expression of 

aromatase (Cyp19a1), an enzyme that converts androstendione to estrogens, were very small 

(data not shown). Murine orthologs of other important human steroidogenic enzymes, such as 

3β-hydroxysteroid dehydrogenase (3β-HSD) and 17β-hydroxysteroid dehydrogenase (17β-HSD), 

are not known. Several mouse isoforms of Hsd genes were affected in a statistically significant 

way during pregnancy (Supplemental Data PDF file, Tables 13 and 14).  
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2.4 Discussion 

In the present study, we have performed the first comprehensive gestational age-

dependent analysis of metabolic enzyme and transporter gene expression in the maternal liver, 

kidney, small intestine, and placenta of pregnant mice using microarray analysis. Ten genes were 

selected for validation by qRT-PCR based on their robust changes in expression and/or 

involvement in drug metabolism or transport. Fold-changes in the qRT-PCR data were 

consistently higher than those in the microarray data, but the direction of changes was similar 

between the two approaches (Figures 2-2 and 2-3). These differences in magnitude are possibly 

due to higher detection sensitivity of qRT-PCR [31]. We did not expect differences in the 

reliability/accuracy of the microarray data across tissues because sample preparation was the 

same for all tissues; therefore, qRT-PCR validation for the liver and placenta was considered 

adequate. As a secondary validation, we confirmed our results with previously well-

characterized genes affected during pregnancy. These included induction of Cyp3a16 [13] and 

Cyp8b1 [32] in the liver and down-regulation of Abcc3 in the liver [32], Abcb1a in the kidney 

[13], and Abcc5 in the placenta [22] (Tables 2-1 through 2-4).  

In the kidney, a bimodal pattern of gene expression on gd 10 and 19 was produced by two 

kidney samples, gd10_3 and gd10_6. This inter-animal variability appears to be specific for the 

kidney because the liver, small intestine, and placenta collected from the same mice did not 

exhibit such a pattern. The reason for such an observation is not known; however, recent 

computational studies do predict that cooperative binding of transcription factors to DNA 

promotes a bimodal gene expression response in eukaryotic systems [33]. Thus, the same might 

explain the bimodal pattern of gene expression in the mouse kidney observed in this study. 
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The data from the small intestine and placenta should be interpreted with caution for the 

following reasons: The entire small intestine was used to isolate total RNA, resulting in a mixing 

of RNA from mucosal epithelium, submucosa (connective tissue), and smooth muscle. Our data 

therefore do not precisely reflect changes in gene expression in the more functionally relevant 

enterocytes (from a drug disposition perspective), nor does it reflect changes in specific regions 

along the small intestine. Consequently, we placed less of an emphasis on the small intestine 

data. The formation of placenta is different between mice and humans, which complicates 

translation of the placental data to human pregnancy. For example, development of the 

prominent chorionic villus structure occurs quickly in human pregnancy (by day 21 of 270), but 

not until gd 11.5 in the mouse. This may explain why the mouse placenta had more differentially 

expressed genes on gd 10 versus gd 15, and call into question whether it is relevant to analyze 

gene expression before gd 11.5. Interpretation of drug transport across the mouse placenta on gd 

15 and 19 is still relevant to human placenta, as both mice and humans use syncytiotrophoblasts 

to modulate the exchange of nutrients, hormones, and xenobiotics between the mother and fetus.  

Our study is the first to characterize gestational age-dependent changes in gene 

expression for all metabolic enzymes and transporters. Zhang et al. reported that while Cyp3a16, 

Cyp3a41, and Cyp3a44 were induced in the maternal liver during pregnancy, Cyp3a11, 

Cyp3a13, and Cyp3a25 were down-regulated [13]. This is consistent with our results (Figure 2-

5). Koh et al. examined gestational age-dependent expression of hepatic Cyp1a2, Cyp2a5, 

Cyp2b10, Cyp2c37, Cyp2d22, Cyp2e1, Cyp3a11, and Cyp3a41 using qRT-PCR [16]. Again, 

their observations mirror our data (Figure 2-5). In the placenta, Cyp up-regulation during mid-

gestation is also consistent with previous studies [34]. We are the first, however, to examine Cyp 

gene expression in the maternal kidney. Interestingly, Cyp3a41a and Cyp3a41b were markedly 
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induced in late gestation. Implications of Cyp3a41a/b induction are not known, but might 

include altered renal xenobiotic metabolism, increased bioactivation of nephrotoxic pathways, or 

increased sodium retention to control blood pressure [35].  

We also used our microarray data to explore CYP-mediated steroid hormone biosynthesis 

during pregnancy. CYP17A1 is a critical enzyme for steroid hormone biosynthesis. The large 

induction of hepatic Cyp17a1 (~3 to 10-fold) suggests increased production of 17α-

hydroxyprogesterone and 17α-hydroxypregnenolone during mouse pregnancy, which is 

consistent with reported increase in circulating 17α-OH progesterone in humans during 

pregnancy [36]. Increased levels of 17α-OH metabolites could ultimately increase estrogen 

production in the maternal liver; however, down-regulation of placental Cyp17a1 throughout 

gestation favors progesterone formation, not estrogen. Therefore, our microarray data support the 

general pattern of steroid hormone biosynthesis during pregnancy, that is, while progesterone 

and estrogen are increasingly produced as gestation progresses, the majority of progesterone is 

made by the placenta in late gestation [37]. Nevertheless, interpretation of placental 

steroidogenesis in mice should be done with caution as one study has shown that the pattern of 

gestational age-dependent expression of some steroidogenic enzymes can be opposite between 

mice and humans [38]. 

Our results revealed that Abc transporter gene expression was decreased during 

pregnancy, particularly Abcc3 in the liver, Abcb1a in the kidney, and Abcc5 in the placenta. 

Similarly, several Slc or Slco transporters important for drug disposition were moderately 

decreased during pregnancy (such as Slco1b2 in the liver and Slco4c1 in the kidney). Slc22a3 

(Oct3) and Slc6a2 (Net) in the placenta were down-regulated and up-regulated, respectively, to a 
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larger extent. The small number of transporters affected by pregnancy may still be enough, 

though, to explain reported increases in hepatic bile acid concentrations in late pregnancy in 

mice [32, 39]. Consistent with these previous studies, our data support increased bile acid 

synthesis (Cyp7b1) and decreased basolateral and canalicular bile acid efflux (Abcc3 and 

Abcb1a) during mouse pregnancy. Decreased expression of hepatic uptake transporters in the 

maternal liver may therefore be an adaptive response to manage increased intrahepatocellular 

bile acid concentrations.  

Translation of our findings to human pregnancy is not straightforward. One reason is that 

gene expression and protein levels are not always correlative [40]. In the placenta, Abcb1a/1b 

expression increases, however, its protein expression has been shown to decrease as gestation 

progresses [13]. Microarray data therefore may not entirely reflect pregnancy’s effect on protein 

expression/activity. In addition, the number of Cyp1, Cyp2, and Cyp3 isoforms in mice is greater 

than that in humans, and there are potential species differences in substrate specificity and/or 

enzymatic activity. All these factors make it challenging to predict drug metabolism during 

human pregnancy using the mouse data. If our microarray data does predict CYP activity, then 

xenobiotic substrates of CYP1 or CYP2 isoforms (which exhibit decreased activity in human 

pregnancy) may need to be given at smaller doses during pregnancy. Prediction for CYP3A 

substrates is less certain, because Cyp3a16, Cyp3a41a/b, and Cyp3a44 are up-regulated during 

pregnancy, yet Cyp3a11 and Cyp3a13 are down-regulated. Also, fold-changes in Cyp3a gene 

expression do not reflect the magnitude of increase we and others have shown for in vivo CYP3A 

activity in pregnant mice and humans [11, 14, 15]. Therefore, the Cyp isoform(s) that best 

represent in vivo CYP3A activity should be carefully evaluated.    
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Mouse Cyp3a11 is most closely related to human CYP3A4 with 76% amino acid identity 

and may be the dominant contributor to CYP3A activity in mouse liver [41]. However, 

CYP3A11 is likely not the mouse CYP3A isoform responsible for increased CYP3A activity in 

pregnant mice, as its gene expression was down-regulated over gestation. Cyp3a13 and Cyp3a16 

appear less important because hepatic Cyp3a13 levels are 5-10-fold lower than Cyp3a11 in non-

pregnant female mice; and Cyp3a16 is considered a fetal isoform [41]. On the other hand, 

Cyp3a41a/b and Cyp3a44 are female-specific isoforms expressed solely in the liver, and they are 

known to be induced by growth hormone, glucocorticoids, and estradiol [42-44]. Indeed, in mice 

maternal estradiol plasma concentrations triple from gd 10 to gd 17 [45], which parallels the 

trend of hepatic induction of Cyp3a41a/b and Cyp3a44 during gestation (Figure 2-5D). Clearly, 

isoform-specific quantitation of protein levels and activity is needed to further evaluate which 

isoforms are responsible for the in vivo CYP3A activity in pregnant mice.   

In summary, we have determined global gene expression profiles in the maternal tissues 

and placenta of pregnant mice, providing a genetic basis for understanding gestational-age 

dependent physiological and pharmacological changes during pregnancy. These data also offer a 

means to study the mechanisms of regulation behind such changes. Based on our findings, mid to 

late gestation (gd 10-15) may be the best time to study the full impact of mouse pregnancy on 

drug metabolism and disposition. 
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Tables and Figures for Chapter 2 

Table 2-1. Gestational age-dependent changes of metabolic enzyme and transporter genes 

in the maternal liver. 

Gene 

Symbol 

           Gd 7.5 Gd 10 Gd 15               Gd 19 

Fold 

Change p 
Fold 

Change p 
Fold 

Change p 
Fold 

Change p 

Cyp2b13 0.7 (0.024) 0.5 (< 0.001) 0.3 (< 0.001) 0.3 (< 0.001) 

Cyp2c50 0.9 (0.133) 0.6 (< 0.001) 0.4 (< 0.001) 0.5 (< 0.001) 

Cyp2c54 0.9 (0.047) 0.7 (< 0.001) 0.6 (< 0.001) 0.7 (< 0.001) 

Cyp2c55 0.8 (0.302) 0.8 (0.284) 0.5 (0.001) 0.7 (0.033) 

Cyp2d9 0.7 (< 0.001) 0.5 (< 0.001) 0.5 (< 0.001) 0.6 (< 0.001) 

Cyp2d40 1.0 (0.808) 1.5 (0.002) 1.7 (< 0.001) 1.9 (< 0.001) 

Cyp2g1 1.0 (0.66) 1.2 (0.094) 1.6 (< 0.001) 1.2 (0.027) 

Cyp3a16 1.4 (< 0.001) 1.4 (< 0.001) 1.6 (< 0.001) 1.4 (< 0.001) 

Cyp4a12a 0.2 (< 0.001) 0.3 (< 0.001) 0.2 (< 0.001) 0.2 (< 0.001) 

Cyp4a12b 0.3 (< 0.001) 0.3 (< 0.001) 0.3 (< 0.001) 0.3 (< 0.001) 

Cyp4a14 1.7 (0.24) 1.3 (0.598) 0.3 (0.021) 0.6 (0.237) 

Cyp4a31 1.5 (0.004) 1.6 (0.002) 1.8 (< 0.001) 1.9 (< 0.001) 

Cyp4f15 0.9 (0.242) 0.7 (< 0.001) 0.6 (< 0.001) 0.8 (0.066) 

Cyp7b1 1.5 (0.003) 1.3 (0.046) 1.5 (0.002) 1.5 (0.006) 

Cyp8b1 0.9 (0.322) 1.1 (0.598) 1.4 (0.064) 1.6 (0.006) 
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Cyp17a1 3.3 (< 0.001) 3.3 (< 0.001) 8.2 (< 0.001) 10.4 (< 0.001) 

Cyp26a1 1.0 (0.962) 2.1 (0.082) 2.9 (0.015) 1.1 (0.752) 

Cyp39a1 0.8 (0.103) 0.5 (< 0.001) 0.3 (< 0.001) 0.4 (< 0.001) 

Cyp51 1.0 (0.84) 0.8 (0.176) 0.8 (0.069) 0.6 (0.001) 

Sult1d1 0.9 (0.195) 0.6 (< 0.001) 0.4 (< 0.001) 0.7 (0.021) 

Ugt2b37 1.5 (0.004) 1.5 (0.005) 0.9 (0.354) 1.0 (0.836) 

Abca8a 0.9 (0.249) 0.7 (0.018) 0.5 (< 0.001) 0.8 (0.103) 

Abcb1a 1.1 (0.431) 0.9 (0.573) 0.6 (0.008) 0.9 (0.356) 

Abcb6 0.9 (0.032) 0.8 (0.006) 0.6 (< 0.001) 0.8 (< 0.001) 

Abcc3 0.9 (0.412) 0.7 (0.01) 0.3 (< 0.001) 0.4 (< 0.001) 

Abcg5 0.8 (0.157) 0.7 (0.013) 0.6 (< 0.001) 0.8 (0.092) 

Abcg8 0.8 (0.259) 0.6 (0.002) 0.8 (0.134) 1.0 (0.815) 

Slc1a2 0.9 (0.362) 1.1 (0.329) 1.7 (< 0.001) 2.1 (< 0.001) 

Slc3a1 1.7 (0.009) 1.7 (0.007) 1.8 (0.003) 2.1 (0.001) 

Slc6a9 1.1 (0.612) 2.1 (< 0.001) 4.3 (< 0.001) 2.8 (< 0.001) 

Slc7a2 0.7 (0.014) 0.5 (< 0.001) 0.6 (0.001) 0.7 (0.068) 

Slc7a8 1.3 (0.005) 1.5 (< 0.001) 1.2 (0.023) 1.0 (0.979) 

Slc9a3r1 1.0 (0.843) 0.9 (0.419) 0.6 (< 0.001) 0.8 (0.009) 

Slc13a2 1.0 (0.663) 1.2 (0.162) 1.5 (< 0.001) 1.1 (0.564) 

Slc15a1 1.0 (0.832) 0.9 (0.542) 1.7 (0.018) 1.0 (0.897) 

Slc15a4 0.7 (0.006) 0.6 (< 0.001) 0.6 (< 0.001) 0.8 (0.029) 

Slc16a1 1.1 (0.422) 1.4 (0.002) 1.7 (< 0.001) 1.3 (0.018) 

Slc16a12 1.0 (0.932) 0.7 (0.002) 0.4 (< 0.001) 0.7 (0.009) 

Slc16a13 0.9 (0.237) 1.2 (0.011) 1.6 (< 0.001) 1.3 (0.001) 

Slc16a6 1.2 (0.363) 3.4 (< 0.001) 8.9 (< 0.001) 2.7 (< 0.001) 

Slc17a1 1.0 (0.658) 0.8 (0.057) 0.5 (< 0.001) 0.7 (< 0.001) 

Slc17a2 1.0 (0.872) 0.7 (0.002) 0.4 (< 0.001) 0.6 (< 0.001) 

Slc17a4 0.8 (0.036) 1.4 (0.003) 1.6 (< 0.001) 1.3 (0.01) 

Slc17a8 0.7 (0.009) 0.6 (0.001) 0.6 (< 0.001) 0.7 (0.012) 

Slc19a2 0.8 (0.103) 0.7 (0.003) 0.6 (< 0.001) 0.9 (0.181) 

Slc22a15 0.9 (0.131) 0.8 (0.024) 0.6 (< 0.001) 0.9 (0.083) 

Slc22a2 1.1 (0.677) 1.0 (0.978) 3.6 (< 0.001) 1.9 (< 0.001) 

Slc22a23 1.1 (0.484) 1.1 (0.389) 1.6 (< 0.001) 1.2 (0.008) 

Slc24a3 0.9 (0.426) 0.9 (0.314) 1.7 (< 0.001) 1.3 (0.009) 

Slc24a6 1.1 (0.579) 0.5 (< 0.001) 0.5 (< 0.001) 1.2 (0.295) 

Slc25a4 0.6 (0.005) 0.8 (0.116) 0.7 (0.008) 0.6 (0.004) 

Slc25a25 0.7 (0.223) 1.0 (0.898) 1.3 (0.31) 0.6 (0.026) 

Slc25a30 1.5 (0.011) 1.3 (0.092) 1.8 (< 0.001) 1.4 (0.019) 

Slc25a32 0.7 (0.006) 0.7 (0.002) 0.6 (< 0.001) 0.8 (0.057) 
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Slc25a47 0.8 (0.063) 0.6 (0.001) 0.5 (< 0.001) 0.8 (0.226) 

Slc30a10 1.2 (0.118) 1.5 (0.001) 1.1 (0.362) 0.9 (0.288) 

Slc34a2 1.3 (0.211) 2.6 (< 0.001) 1.7 (0.034) 1.1 (0.657) 

Slc35c2 0.9 (0.215) 1.2 (0.013) 1.7 (< 0.001) 1.5 (< 0.001) 

Slc36a1 1.1 (0.161) 1.5 (< 0.001) 2.1 (< 0.001) 1.5 (< 0.001) 

Slc37a1 1.5 (0.018) 2.5 (< 0.001) 4.0 (< 0.001) 1.9 (< 0.001) 

Slc37a4 0.8 (0.028) 0.8 (0.052) 0.6 (< 0.001) 0.9 (0.452) 

Slc38a4 0.9 (0.216) 0.7 (0.001) 0.4 (< 0.001) 0.6 (< 0.001) 

Slc39a14 1.1 (0.213) 1.4 (0.001) 1.7 (< 0.001) 1.3 (0.022) 

Slc39a4 0.8 (0.011) 0.8 (0.002) 0.6 (< 0.001) 0.8 (< 0.001) 

Slc40a1 1.0 (0.732) 1.1 (0.054) 1.5 (< 0.001) 1.0 (0.988) 

Slc41a1 1.3 (0.011) 1.6 (< 0.001) 1.6 (< 0.001) 1.3 (0.01) 

Slc41a2 1.8 (0.073) 5.2 (< 0.001) 8.3 (< 0.001) 3.7 (< 0.001) 

Slc41a3 1.1 (0.159) 1.2 (0.06) 1.6 (< 0.001) 2.2 (< 0.001) 

Slc43a1 1.0 (0.813) 1.3 (0.008) 1.7 (< 0.001) 1.7 (< 0.001) 

Slc43a3 1.1 (0.375) 1.0 (0.69) 0.6 (< 0.001) 0.7 (< 0.001) 

Slc46a3 0.9 (0.123) 0.8 (0.02) 0.5 (< 0.001) 0.8 (0.006) 

Slco1a4 1.0 (0.901) 0.8 (0.074) 0.5 (< 0.001) 0.9 (0.367) 

This list of Cyp, Sult, Ugt, Abc, Slc, and Slco genes was generated using the following filtration 

criteria: fold-change > 1.5 or < 0.65, unadjusted p < 0.05, and log2 average fluorescent intensity 

> 4 on at least one gestation day (gd). Shown are fold-changes compared to gd 0. Fold-change is 

defined as the ratio of fluorescent intensity of the gene on a gestation day to that on gd 0. p, 

unadjusted p-value. 
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Table 2-2. Gestational age-dependent changes of metabolic enzymes and transporter genes 

in the maternal kidney. 

Gene 

Symbol 

           Gd 7.5 Gd 10 Gd 15               Gd 19 

Fold 

Change p 
Fold 

Change p 
Fold 

Change p 
Fold 

Change p 

Cyp1a2 1.1 (0.842) 3.4 (0.019) 1.1 (0.817) 2.1 (0.128) 

Cyp2a12 1.2 (0.775) 4.0 (0.032) 1.4 (0.604) 2.9 (0.089) 

Cyp2b9 1.3 (0.727) 5.3 (0.022) 1.6 (0.483) 3.7 (0.067) 

Cyp2b10 0.9 (0.779) 1.8 (0.026) 1.0 (0.911) 1.1 (0.667) 

Cyp2b13 1.0 (0.909) 2.9 (0.013) 1.1 (0.752) 1.4 (0.431) 

Cyp2c29 1.1 (0.924) 4.5 (0.042) 1.5 (0.571) 3.6 (0.082) 

Cyp2c37 1.1 (0.795) 2.1 (0.028) 1.1 (0.858) 1.4 (0.287) 

Cyp2c39 1.2 (0.802) 6.3 (0.022) 1.5 (0.6) 5.0 (0.041) 

Cyp2c40 1.2 (0.772) 5.1 (0.027) 1.7 (0.455) 4.2 (0.05) 

Cyp2c50 1.2 (0.796) 3.5 (0.028) 1.1 (0.846) 2.0 (0.205) 

Cyp2c54 1.1 (0.842) 3.0 (0.039) 1.1 (0.872) 1.8 (0.281) 

Cyp2c67 1.0 (0.995) 3.1 (0.036) 1.2 (0.664) 2.1 (0.15) 

Cyp2c70 1.3 (0.634) 4.3 (0.018) 1.4 (0.571) 2.8 (0.089) 

Cyp2d9 0.8 (0.036) 0.7 (0.002) 0.6 (< 0.001) 0.7 (0.002) 

Cyp2d12 1.6 (< 0.001) 1.4 (< 0.001) 1.3 (0.003) 1.6 (< 0.001) 

Cyp2d13 1.1 (0.794) 2.0 (0.039) 1.1 (0.836) 1.5 (0.238) 

Cyp2f2 1.2 (0.788) 3.8 (0.026) 1.4 (0.552) 3.0 (0.063) 

Cyp3a11 1.2 (0.747) 4.8 (0.021) 1.7 (0.402) 3.5 (0.063) 
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Cyp3a25 1.1 (0.888) 4.1 (0.025) 1.2 (0.708) 2.3 (0.165) 

Cyp3a25 1.1 (0.888) 4.1 (0.025) 1.2 (0.708) 2.3 (0.165) 

Cyp3a41a 1.8 (0.434) 9.5 (0.006) 3.4 (0.118) 11.3 (0.004) 

Cyp3a41b 1.8 (0.439) 9.9 (0.007) 3.5 (0.123) 12.4 (0.004) 

Cyp4f14 1.4 (0.128) 2.4 (0.001) 1.5 (0.117) 1.7 (0.028) 

Cyp4f15 1.1 (0.801) 2.0 (0.009) 1.0 (0.937) 1.3 (0.268) 

Cyp4v3 1.2 (0.344) 1.8 (0.012) 1.2 (0.366) 1.5 (0.077) 

Cyp7a1 1.3 (0.678) 3.3 (0.04) 1.4 (0.538) 2.7 (0.087) 

Cyp7b1 1.1 (0.554) 1.6 (0.032) 1.0 (0.989) 1.2 (0.433) 

Cyp24a1 0.8 (0.454) 0.5 (0.053) 0.4 (0.024) 1.5 (0.306) 

Sult3a1 1.4 (0.682) 6.9 (0.028) 2.4 (0.302) 7.4 (0.022) 

Ugt2a3 1.0 (0.962) 3.0 (0.033) 1.1 (0.908) 1.7 (0.313) 

Ugt2b1 1.3 (0.681) 5.6 (0.016) 1.3 (0.705) 3.2 (0.095) 

Ugt2b5 1.2 (0.525) 1.7 (0.047) 1.2 (0.494) 1.4 (0.208) 

Ugt2b36 1.5 (0.505) 4.8 (0.019) 1.5 (0.495) 3.4 (0.062) 

Abcb1a 0.8 (0.037) 0.7 (< 0.001) 0.6 (< 0.001) 0.7 (< 0.001) 

Abcb4 1.1 (0.704) 2.0 (0.013) 1.2 (0.56) 1.5 (0.157) 

Slc4a11 0.6 (0.037) 0.9 (0.483) 0.5 (0.006) 0.5 (0.005) 

Slc5a3 0.6 (< 0.001) 0.8 (0.038) 0.6 (< 0.001) 0.5 (< 0.001) 

Slc5a8 0.8 (0.031) 0.8 (0.062) 0.6 (< 0.001) 0.7 (< 0.001) 

Slc6a15 0.6 (0.024) 0.6 (0.059) 0.4 (0.001) 0.4 (< 0.001) 

Slc7a12 0.6 (0.118) 0.8 (0.569) 0.6 (0.073) 0.4 (0.008) 

Slc16a1 1.2 (0.249) 1.2 (0.158) 1.2 (0.161) 1.9 (< 0.001) 

Slc17a2 1.1 (0.672) 1.6 (0.021) 1.0 (0.939) 1.0 (0.921) 

Slc22a13 0.7 (0.162) 0.8 (0.389) 0.6 (0.021) 0.6 (0.009) 

Slc22a7 1.0 (0.977) 1.2 (0.502) 0.8 (0.299) 0.6 (0.043) 

Slc25a25 0.5 (< 0.001) 0.7 (0.005) 0.7 (0.004) 0.6 (0.002) 

Slc27a5 1.1 (0.732) 2.3 (0.042) 1.1 (0.814) 1.5 (0.279) 

Slc38a4 1.1 (0.759) 3.0 (0.018) 1.2 (0.73) 2.0 (0.133) 

Slc40a1 1.4 (< 0.001) 1.4 (< 0.001) 1.6 (< 0.001) 1.6 (< 0.001) 

Slco1a6 0.8 (0.287) 0.9 (0.511) 0.7 (0.069) 0.6 (0.008) 

Slco4c1 0.4 (< 0.001) 0.4 (< 0.001) 0.3 (< 0.001) 0.4 (< 0.001) 

 

This list of Cyp, Sult, Ugt, Abc, Slc, and Slco genes was generated using the following filtration 

criteria: fold-change > 1.5 or < 0.65, unadjusted p < 0.05, and average log2 fluorescent intensity 

> 4 for at least one gestation day (gd). Shown are fold-changes compared to gd 0. Fold-change is 
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defined as the ratio of the average fluorescence intensity of the gene at a gestation day to that at 

gd 0. p, unadjusted p-value. 

 

 

 

 

 

 

Table 2-3. Gestational age-dependent changes of metabolic enzymes and transporter genes 

in the maternal small intestine. 

Gene 

Symbol 

           Gd 7.5 Gd 10 Gd 15               Gd 19 

Fold 

Change p 
Fold 

Change p 
Fold 

Change p 
Fold 

Change p 

Cyp1a1 1.9 (0.145) 2.9 (0.017) 0.8 (0.555) 1.0 (0.909) 

Cyp2a5 1.2 (0.44) 1.3 (0.212) 1.6 (0.031) 1.7 (0.028) 

Cyp2c55 2.1 (0.13) 2.7 (0.046) 1.5 (0.378) 1.5 (0.372) 

Cyp2j6 1.0 (0.857) 1.0 (0.955) 0.6 (0.012) 0.7 (0.072) 

Sult1c2 0.8 (0.346) 0.7 (0.089) 0.6 (0.017) 0.5 (0.003) 

Ugt2b5 0.8 (0.29) 0.8 (0.214) 0.6 (0.013) 0.5 (0.002) 

Ugt2b35 0.9 (0.432) 0.9 (0.467) 0.6 (0.008) 0.7 (0.042) 

Ugt2b36 0.7 (0.042) 0.7 (0.054) 0.6 (0.021) 0.6 (0.008) 

Abcc2 0.9 (0.51) 0.9 (0.484) 0.6 (0.02) 0.8 (0.33) 

Slc5a4a 1.3 (0.307) 2.4 (0.002) 1.5 (0.097) 2.1 (0.008) 

Slc6a9 0.8 (0.057) 0.6 (< 0.001) 1.0 (0.864) 0.8 (0.02) 

Slc10a5 0.9 (0.34) 0.9 (0.433) 0.6 (< 0.001) 0.8 (0.151) 

Slc12a6 0.8 (0.041) 0.8 (0.008) 0.6 (< 0.001) 0.8 (0.084) 

Slc13a1 0.8 (0.436) 0.6 (0.057) 0.9 (0.672) 0.5 (0.041) 

Slc16a3 1.4 (0.063) 1.5 (0.016) 1.1 (0.575) 1.4 (0.067) 

Slc25a43 1.2 (0.05) 1.5 (< 0.001) 1.8 (< 0.001) 1.8 (< 0.001) 
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Slc31a1 1.1 (0.087) 1.5 (< 0.001) 1.5 (< 0.001) 1.5 (< 0.001) 

Slc35c2 1.4 (0.132) 1.6 (0.042) 1.2 (0.507) 1.3 (0.238) 

Slc35e3 1.0 (0.905) 0.9 (0.473) 0.6 (0.04) 0.9 (0.538) 

Slc36a1 1.8 (0.132) 2.3 (0.034) 1.4 (0.335) 1.4 (0.374) 

 

This list of Cyp, Sult, Ugt, Abc, Slc, and Slco genes was generated using the following filtration 

criteria: fold-change > 1.5 or < 0.65, unadjusted p < 0.05, and average log2 fluorescent intensity 

> 4 for at least one gestation day (gd). Shown are fold-changes compared to gd 0. Fold-change is 

defined as the ratio of the average fluorescence intensity of the gene at a gestation day to that at 

gd 0. p, unadjusted p-value. 

 

Table 2-4. Gestational age-dependent changes of metabolic enzymes and transporter genes 

in the placenta. 

Gene 

Symbol 

Gd 10 Gd 15 

Fold 

Change p 
Fold 

Change p 

Cyp1a1 1.1 (0.257) 1.9 (< 0.001) 

Cyp2b10 4.0 (0.003) 1.2 (0.664) 

Cyp2r1 4.5 (< 0.001) 1.2 (0.384) 

Cyp2s1 0.1 (< 0.001) 0.7 (0.006) 

Cyp4a14 1.6 (0.022) 0.9 (0.468) 

Cyp4v3 2.3 (0.001) 1.1 (0.55) 

Cyp7b1 0.5 (0.001) 0.7 (0.019) 

Cyp11a1 2.8 (0.001) 0.7 (0.188) 

Cyp11b1 7.2 (< 0.001) 1.2 (0.677) 

Cyp17a1 2.7 (0.001) 1.1 (0.59) 

Cyp20a1 1.7 (< 0.001) 1.2 (0.008) 

Cyp26a1 1.8 (< 0.001) 1.0 (0.945) 

Cyp27a1 1.9 (< 0.001) 0.8 (0.048) 

Cyp51 2.2 (< 0.001) 1.4 (0.01) 

Sult1a1 0.5 (0.001) 0.6 (0.006) 

Sult5a1 3.5 (< 0.001) 1.0 (0.698) 
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Ugt1a9 2.1 (0.007) 1.1 (0.73) 

Abca1 0.6 (< 0.001) 0.7 (0.002) 

Abca2 1.7 (0.001) 1.0 (0.945) 

Abca3 0.4 (< 0.001) 0.8 (0.043) 

Abca5 1.8 (< 0.001) 1.0 (0.774) 

Abca6 1.5 (< 0.001) 0.9 (0.458) 

Abca9 0.5 (< 0.001) 0.8 (0.149) 

Abcb1a 0.3 (< 0.001) 1.0 (0.839) 

Abcb1b 0.2 (< 0.001) 1.2 (0.375) 

Abcb8 0.6 (0.002) 1.1 (0.33) 

Abcb10 0.5 (< 0.001) 0.9 (0.172) 

Abcc5 3.0 (< 0.001) 0.9 (0.694) 

Abcd2 0.6 (0.021) 0.5 (0.01) 

Abcg1 0.3 (< 0.001) 0.6 (0.001) 

Slc1a1 0.1 (< 0.001) 0.5 (0.004) 

Slc1a4 0.2 (< 0.001) 0.5 (0.002) 

Slc1a5 0.4 (0.003) 1.0 (0.967) 

Slc2a1 0.4 (< 0.001) 1.1 (0.574) 

Slc2a5 1.7 (0.002) 1.0 (0.812) 

Slc2a12 5.2 (< 0.001) 0.9 (0.673) 

Slc4a1 0.5 (0.001) 1.2 (0.345) 

Slc4a2 0.4 (< 0.001) 1.2 (0.466) 

Slc4a4 0.4 (< 0.001) 0.7 (0.119) 

Slc4a5 0.5 (< 0.001) 1.0 (0.96) 

Slc5a3 0.2 (< 0.001) 0.8 (0.124) 

Slc5a6 0.2 (< 0.001) 0.6 (0.005) 

Slc5a8 1.7 (0.002) 0.9 (0.62) 

Slc6a2 2.8 (< 0.001) 2.0 (0.007) 

Slc6a12 2.5 (0.021) 1.3 (0.486) 

Slc6a14 0.3 (0.002) 1.1 (0.792) 

Slc7a1 0.3 (0.001) 1.0 (0.968) 

Slc7a2 0.2 (< 0.001) 1.2 (0.615) 

Slc7a5 0.4 (0.007) 1.2 (0.53) 

Slc9a2 0.5 (0.004) 1.2 (0.366) 

Slc9a3 0.5 (0.008) 1.0 (0.938) 

Slc9a3r1 0.5 (< 0.001) 0.8 (0.177) 

Slc9a6 0.3 (< 0.001) 1.0 (0.874) 

Slc9a8 0.6 (< 0.001) 0.9 (0.17) 

Slc10a6 2.0 (0.002) 0.6 (0.014) 

Slc11a1 0.6 (0.012) 0.7 (0.14) 
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Slc12a7 0.4 (0.001) 1.5 (0.091) 

Slc13a4 0.1 (< 0.001) 1.4 (0.433) 

Slc15a2 0.6 (< 0.001) 1.0 (0.998) 

Slc16a1 0.5 (0.002) 1.2 (0.228) 

Slc16a3 0.2 (< 0.001) 1.4 (0.063) 

Slc16a4 0.1 (< 0.001) 0.9 (0.702) 

Slc16a9 0.1 (< 0.001) 1.1 (0.78) 

Slc16a10 0.3 (< 0.001) 1.1 (0.861) 

Slc16a12 0.1 (< 0.001) 0.9 (0.609) 

Slc18a1 0.4 (0.01) 0.8 (0.36) 

Slc18a2 0.4 (< 0.001) 1.1 (0.465) 

Slc19a1 3.0 (< 0.001) 1.4 (0.171) 

Slc19a2 0.3 (< 0.001) 0.9 (0.569) 

Slc19a3 0.2 (< 0.001) 1.2 (0.41) 

Slc20a1 0.4 (< 0.001) 0.7 (0.056) 

Slc20a2 0.7 (0.013) 0.6 (0.009) 

Slc22a3 0.2 (< 0.001) 1.2 (0.58) 

Slc22a4 0.5 (0.012) 0.8 (0.449) 

Slc22a5 2.7 (< 0.001) 1.3 (0.078) 

Slc22a18 0.4 (0.001) 1.9 (0.002) 

Slc22a21 1.8 (< 0.001) 1.1 (0.191) 

Slc22a23 0.6 (0.016) 0.9 (0.628) 

Slc23a2 2.4 (0.002) 1.1 (0.636) 

Slc23a3 0.2 (0.003) 0.5 (0.187) 

Slc25a1 1.8 (< 0.001) 1.2 (0.035) 

Slc25a12 1.7 (0.001) 1.4 (0.036) 

Slc25a13 1.6 (0.001) 1.3 (0.075) 

Slc25a17 0.6 (0.002) 1.0 (0.906) 

Slc25a29 2.3 (< 0.001) 1.0 (0.872) 

Slc25a31 0.5 (< 0.001) 1.0 (0.892) 

Slc25a33 3.9 (< 0.001) 1.1 (0.44) 

Slc25a35 0.5 (0.003) 1.1 (0.532) 

Slc25a36 0.6 (< 0.001) 0.9 (0.431) 

Slc25a37 0.3 (< 0.001) 0.8 (0.359) 

Slc25a40 0.6 (0.004) 0.7 (0.079) 

Slc25a43 0.6 (< 0.001) 1.1 (0.241) 

Slc26a2 0.2 (< 0.001) 0.9 (0.336) 

Slc26a7 0.1 (< 0.001) 1.8 (0.118) 

Slc27a3 0.5 (0.001) 1.4 (0.044) 

Slc27a6 0.3 (0.001) 1.3 (0.353) 
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Slc28a3 0.4 (0.001) 2.2 (0.003) 

Slc29a1 2.8 (< 0.001) 1.2 (0.323) 

Slc29a3 0.5 (0.001) 1.1 (0.377) 

Slc30a3 3.1 (< 0.001) 0.4 (0.006) 

Slc33a1 2.5 (< 0.001) 1.0 (0.885) 

Slc34a2 0.2 (< 0.001) 1.2 (0.478) 

Slc35b1 2.1 (< 0.001) 1.1 (0.602) 

Slc37a1 0.4 (< 0.001) 0.9 (0.113) 

Slc37a3 0.4 (< 0.001) 1.0 (0.663) 

Slc38a3 2.1 (0.003) 1.3 (0.261) 

Slc38a4 0.2 (< 0.001) 1.2 (0.514) 

Slc39a2 6.2 (< 0.001) 1.3 (0.33) 

Slc39a4 0.2 (< 0.001) 0.5 (0.03) 

Slc39a6 2.0 (0.014) 1.1 (0.585) 

Slc39a7 1.9 (< 0.001) 1.0 (0.778) 

Slc39a11 1.6 (< 0.001) 1.1 (0.303) 

Slc39a14 2.1 (0.019) 1.4 (0.219) 

Slc40a1 0.1 (< 0.001) 1.0 (0.846) 

Slc41a1 0.3 (0.001) 0.7 (0.239) 

Slc43a2 0.4 (0.001) 0.7 (0.085) 

Slc43a3 1.7 (< 0.001) 0.9 (0.558) 

Slc44a2 2.7 (0.002) 1.1 (0.639) 

Slc44a3 0.3 (< 0.001) 1.1 (0.425) 

Slc45a3 0.5 (0.003) 1.0 (0.84) 

Slc45a4 0.3 (< 0.001) 1.0 (0.982) 

Slc46a3 0.5 (0.008) 0.7 (0.12) 

Slc48a1 0.6 (0.001) 0.8 (0.062) 

Slco4a1 0.3 (0.006) 1.1 (0.81) 

 

This list of Cyp, Sult, Ugt, Abc, Slc, and Slco genes was generated using the following filtration 

criteria: fold-change > 1.5 or < 0.65, unadjusted p < 0.05, and average log2 fluorescent intensity 

> 4 for at least one gestation day (gd). Shown are fold-changes compared to gd 19. Fold-change 

is defined as the ratio of the average fluorescence intensity of the gene at a gestation day to that 

at gd 19. p, unadjusted p-value. 
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Table 2-5. Summary of gestational age-dependent expression of genes in the maternal liver 

involved in bile acid synthesis, metabolism, and transport. 

Gene 

Symbol 

           Gd 7.5 Gd 10 Gd 15               Gd 19 

Fold 

Change p 
Fold 

Change p 
Fold 

Change p 
Fold 

Change p 

Bile acid synthesis  
        

  

Cyp7a1 1.0 (0.916) 1.3 (0.044) 1.5 (0.004) 1.0 (0.874) 

Cyp7b1 1.5 (0.003) 1.3 (0.046) 1.5 (0.002) 1.5 (0.006) 

Cyp8b1 0.9 (0.322) 1.1 (0.598) 1.4 (0.064) 1.6 (0.006) 

Cyp27a1 0.8 (0.003) 0.7 (< 0.001) 0.7 (< 0.001) 0.7 (< 0.001) 

Cyp39a1 0.8 (0.103) 0.5 (< 0.001) 0.3 (< 0.001) 0.4 (< 0.001) 

Bile acid Phase I metabolism  
        

  

Cyp2b10 0.7 (0.014) 0.8 (0.115) 0.8 (0.204) 0.9 (0.66) 

Cyp3a11 0.8 (0.049) 0.8 (0.004) 0.7 (< 0.001) 0.7 (0.001) 

Canalicular bile acid efflux into 

bile 

        

  

Abcb1a 1.1 (0.431) 0.9 (0.573) 0.6 (0.008) 0.9 (0.356) 

Abcb1b 1.0 (0.887) 1.0 (0.957) 1.0 (0.985) 1.1 (0.146) 

Abcb11 1.0 (0.542) 0.9 (0.319) 0.9 (0.346) 0.9 (0.05) 

Abcc2 0.9 (0.049) 0.9 (0.044) 1.0 (0.931) 0.9 (0.229) 
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Basolateral bile acid efflux  

into circulation  

        

  

Abcc3 0.9 (0.412) 0.7 (0.01) 0.3 (< 0.001) 0.4 (< 0.001) 

Abcc4 1.4 (0.014) 1.4 (0.017) 1.1 (0.68) 1.0 (0.94) 

Basolateral bile acid uptake 

into hepatocyte 

        

  

Slc10a1 1.0 (0.274) 0.9 (0.063) 0.7 (< 0.001) 0.9 (0.011) 

Slco1b2 1.0 (0.836) 0.9 (0.025) 0.8 (< 0.001) 0.8 (< 0.001) 

Slco1c1 0.9 (0.293) 0.9 (0.032) 0.9 (0.226) 1.0 (0.627) 

Shown are fold-changes compared to gd 0. Fold-change is defined as the ratio of the average 

fluorescence intensity of the gene at a gestation day to that at gd 0. p, unadjusted p-value. 

 

 
 

Figure 2-1. Correlation between quantitative real-time PCR (qRT-PCR) and microarray in 

the maternal liver and placenta.  

Shown are expression means from five animals for selected genes in the liver (A) on gd 7.5, 10, 

15, and 19, and placenta (B) on gd 10 and 15. Both panels are expressed as log2 fold changes 
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compared to gd 0 (liver) or gd 19 (placenta). The Pearson R correlation coefficient is 0.99 and 

0.95 in the liver and placenta, respectively. 

 

 

 

 

 

 

Figure 2-2. Comparison of microarray 

and qRT-PCR gene expression data in 

the maternal liver. 

Shown are means ± S.D. of gene expression 

data from five maternal liver samples on gd 

7.5 (A), gd 10 (B), gd 15 (C), and gd 19 (D) 

compared to those on gd 0 and expressed as 

log2 fold-changes. 
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Figure 2-3. Comparison of microarray and qRT-PCR gene expression data in the placenta. 

Shown are means ± S.D. of gene expression data from five placenta samples on gd 10 (A) and gd 

15 (B) compared to those on gd 19 and expressed as log2 fold-changes. 
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Figure 2-4. One-dimensional heatmaps of differentially expressed genes. 

Liver (A); kidney (B); small intestine (C); and placenta (D). Each individual replicate (n = 5 per 

gestation day) was compared with the average expression on gd 0 (A-C) or gd 19 (D). 

Differentially expressed gene lists were generated based on the following inclusion criteria: fold-

change > 2 or < 0.5 with an unadjusted p-value < 0.05 (unadjusted p < 0.00005 for placenta), and 
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the log2 average fluorescent intensity > 4. Red indicates an increase, and green indicates a 

decrease in gene expression. Color intensity is displayed on a log2 scale.  
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Figure 2-5. Gestational age-dependent trends in cytochrome P450 gene expression in the 

maternal liver and placenta. 

Shown are expression means ± S.E. for selected genes in the liver (A-D) and placenta (E) from 

five animals. All panels are expressed as relative fold changes compared to gd 0 (liver) or gd 19 
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(placenta). Data points in brackets share the same statistical significance. **, unadjusted p-value 

< 0.01; ***, unadjusted p-value < 0.001. 
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Figure 2-6. Gestational age-dependent trends in ATP-binding cassette and solute carrier 

transporter gene expression in the maternal liver, kidney, and placenta. 

Shown are expression means ± S.E. for selected genes in the liver (A and B), kidney (C and D), 

and placenta (E and F) from five animals. All panels are expressed as relative fold changes 
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compared to gd 0 (liver and kidney) or gd 19 (placenta). Data points in brackets share the same 

statistical significance. **, unadjusted p-value < 0.01; ***, unadjusted p-value < 0.001. 
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Chapter 3: Maternal-Fetal Disposition of Glyburide in 

Pregnant Mice is Dependent on Gestational Age 

This work was previously published by Shuster et al., in The Journal of Pharmacology and 

Experimental Therapeutics, 350(2):425-434, August 2014. 
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3.1  Introduction 

Gestational diabetes mellitus (GDM) complicates 5-14% of human pregnancies [1, 2]. 

Like Type-2 diabetes, the pathology of GDM is a combination of increased insulin resistance and 

decreased insulin sensitivity. If left untreated, GDM poses significant risks to the mother, fetus, 

and neonate. Such risks include maternal hypertension, preeclampsia, and cesarean delivery; 

fetal/neonatal morbidities include macrosomia, hypoglycemia, as well as increased risk of 

metabolic syndrome, Type-2 diabetes, and obesity for the offspring later in life [3, 4]. While 

insulin resistance occurs in normal pregnancy, women with GDM experience insulin resistance 

beyond their ability to compensate with increased insulin production, leading to hyperglycemia. 

Although insulin has been the standard of care for pharmacotherapeutic treatment of GDM, oral 
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anti-diabetic agents such as glyburide have gained increasing popularity because of their ease of 

administration, lower cost, and comparable efficacy to insulin [5].  

Diagnosis of GDM generally takes place during the second trimester of pregnancy. It has 

been well established that physiological, biochemical, and hormonal changes during pregnancy 

can alter the pharmacokinetics (PK) of drugs throughout gestation (e.g., increased hepatic blood 

flow and glomerular filtration, and/or changes in the expression of drug-metabolizing enzymes 

and transporters) [6]. However, data is quite limited regarding the PK of glyburide during 

pregnancy, particularly in relation to gestational age. One study estimated a 2-fold increase in the 

oral clearance of glyburide in women with GDM in the third trimester of pregnancy, compared 

to non-pregnant women with Type-2 Diabetes Mellitus [7]. Formation clearance of 4-trans-

hydroxycyclohexyl glyburide (M1), a pharmacologically active metabolite, was also increased 

more than 2-fold in the GDM group. Glyburide crosses the human placenta, but at a much slower 

rate compared to the placental transfer marker antipyrine [8]. This was not expected given the 

low molecular weight and high lipophilicity of glyburide. Moreover, the low rate of placental 

transfer could be explained by extremely high plasma protein binding of glyburide [8] and efflux 

transport at the apical membrane of the syncytiotrophoblasts in humans and mice. The ATP-

Binding Cassette (ABC) transporters breast cancer resistance protein (BCRP) and P-glycoprotein 

(P-gp) have been implicated as placental barriers to glyburide [9-12]. Although multidrug 

resistance proteins (MRP1 and MRP3) also transport glyburide [11{Hemauer, 2010 #603, 12], 

human placenta perfusion studies suggest that MRPs may only play a minor role in the transport 

of glyburide across the human placenta [13]. The time-course and mechanism by which 

pregnancy changes glyburide PK throughout gestation remain largely unexplained. Therefore, 
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the main objective of this study was to investigate gestational age-dependent changes in 

maternal-fetal disposition of glyburide and the mechanisms behind these changes.  

Since hepatic CYP3A and CYP2C9 activities are significantly induced during pregnancy 

[14, 15], CYP induction could be one possible mechanism for the increased maternal glyburide 

clearance during pregnancy. Like in humans, glyburide clearance in pregnant mice was similarly 

doubled on gestation day (gd) 15 compared to non-pregnant controls [16], suggesting that the 

pregnant mouse may be an appropriate animal model to study glyburide PK during pregnancy. 

The mRNA levels of several hepatic Cyp3a isoforms and CYP3A activity in pregnant mice are 

significantly increased in a gestational age-dependent manner compared with non-pregnant 

controls [17, 18]. Therefore, we used pregnant mice to study gestational age-dependent effects 

on maternal-fetal disposition of glyburide. 

In vitro microsomal incubation studies suggest that glyburide is extensively metabolized 

in the liver by CYP3A4, CYP2C9, and CYP2C19 to six major metabolites: 4-trans-

hydroxycyclohexyl glyburide (M1), 4-cis-hydroxycyclohexyl glyburide (M2a), 3-cis-

hydroxycyclohexyl glyburide (M2b), 3-trans-hydroxycyclohexyl glyburide (M3), 2-trans-

hydroxycyclohexyl glyburide (M4), and ethylene-hydroxylated glyburide (M5) [19, 20]. Because 

M1 and M2b are potentially pharmacologically active [21] and limited data exists regarding 

metabolite PK in pregnant and non-pregnant individuals, we also examined maternal-fetal 

disposition of metabolites. 

In the present study, we first determined maternal-fetal PK of glyburide and its 

metabolites throughout gestation in pregnant mice. We then investigated whether the intrinsic 

clearance of glyburide in microsomes isolated from the livers of pregnant mice was increased in 
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a gestational age-dependent manner. The data obtained in this study will facilitate mechanistic 

understanding of changes in maternal-fetal PK of glyburide and its metabolites throughout 

gestation, which is imperative for gestational age-dependent therapeutic strategies. 

3.2  Materials and Methods 

Materials 

Glyburide (Gly) and glipizide were purchased from Sigma-Aldrich (St. Louis, MO). 

Glyburide metabolites: 4-trans-hydroxycyclohexyl glyburide (M1), 4-cis-hydroxycyclohexyl 

glyburide (M2a), 3-cis-hydroxycyclohexyl glyburide (M2b), and 3-trans-hydroxycyclohexyl 

glyburide (M3) were purchased from Toronto Research Chemicals (Toronto, Ontario, Canada). 

2-Trans-hydroxycyclohexyl glyburide (M4), and ethylene-hydroxylated glyburide (M5) are not 

commercially available, and therefore were not included in our metabolite analyses. Internal 

standards glyburide-d11 and 4-trans-hydroxycyclohexyl glyburide-d3,13C were also purchased 

from Toronto Research Chemicals. [Cyclohexyl-2,3-
3
H(N)]-glyburide ([

3
H]-Gly) (50 Ci/mmol) 

was obtained from PerkinElmer Life (Waltham, MA). β-nicotinamide adenine dinucleotide 2′-

phosphate reduced (NADPH) tetrasodium salt hydrate, potassium phosphate monobasic 

(KH2PO4), and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich. 

Optima-grade (or HPLC grade) methanol, dimethyl sulfoxide, polyethylene glycol 400, ethanol, 

n-hexane, methylene chloride, formic acid, ammonium formate and water were obtained from 

Thermo Fisher Scientific (Waltham, MA) or Acros Organics (Pittsburgh, PA). Phosphate-

buffered saline (PBS) was purchased from Corning Cellgro (Manassas, VA). 
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Animal Studies  

Wild-type FVB mice, 7-10 weeks of age, were purchased from Taconic Farms 

(Germantown, NY) and cared for in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the National Research Council. The animal protocol for this 

study was approved by the Institutional Animal Care and Use Committee at the University of 

Washington. Briefly, mice were maintained under 12-hour light/dark cycles, and food was 

provided ad libitum. Female mice, 7-10 weeks of age, were mated with male mice of the same 

age overnight using a female to male ratio of 2:1. Gestation day (gd) 1 was defined as the 

presence of a sperm plug following overnight housing; non-pregnant mice were defined as gd 0. 

Progression of pregnancy was monitored by visual inspection and body weight increase. Body 

weight was recorded on the day of dosing. 

Glyburide was dissolved in 0.5 % (v/v) dimethyl sulfoxide, 10% (v/v) ethanol, 39.5% 

(v/v) saline, and 50% (v/v) polyethylene glycol 400 at a concentration of 0.5 mg/ml. Under 

anesthesia (2-5% isoflurane), pregnant (gd 7.5, 10, 15, and 19) or non-pregnant (gd 0) mice were 

administered 20 µg glyburide per mouse by retro-orbital injection (40 µl each injection). The 20 

μg dose was selected to achieve maternal plasma concentrations in the 10-1,000 ng/ml range 

which is comparable to steady-state plasma concentrations observed in pregnant women during 

the third trimester of pregnancy, as we demonstrated in previous studies with pregnant and non-

pregnant mice receiving a glyburide dose of 1 mg/kg body weight [7, 9, 16]. The same dose of 

glyburide (20 µg) was used across gestational ages because the increase in body weight during 

pregnancy is mainly due to the presence of placenta and fetuses, which do not significantly 

contribute to the overall distribution volume and metabolic clearance of glyburide. Additionally, 
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in clinical practice, glyburide is not administered based on body weight, therefore maintaining 

the same dose across gestation better mimics clinical scenarios. Depth of anesthesia was 

evaluated using the front-toe pinch method. At various times (0.5, 5, 10, 20, 40, 60, 120, 180, 

and 240 min) after glyburide administration, animals (n = 3-5 per time point) were sacrificed 

under anesthesia by cardiac puncture (i.e., a total of ~30 samples for each gd). Maternal blood 

was collected in heparinized microcentrifuge tubes (BD Biosciences, San Jose, CA) and 

centrifuged at 1,000 × g for 10 minutes at 4°C. Plasma was collected and stored at -80°C until 

further analysis. Individual whole fetuses were collected from mice dosed on gd 15 and 19. 

Maternal mouse livers were also collected (n = 5-6 per gd) for microsomal preparation from 

mice that had not been dosed with glyburide. Tissues were immediately rinsed with phosphate-

buffered saline (PBS), snap-frozen in liquid nitrogen, and stored at -80°C until use. 

Quantification of glyburide and metabolites in maternal plasma and 

fetal homogenates  

Glyburide and metabolite quantification in maternal plasma and fetal homogenates was 

performed using a previously validated HPLC-MS method, with some modifications [22]. Most 

notable was the use of protein precipitation for the isolation of glyburide and metabolites from 

maternal plasma and fetal homogenates in place of liquid-liquid extraction. In brief, for every 

100 µl of maternal plasma, 450 µl of methanol and 20 µl of working internal standards (0.5 ng/µl 

glyburide-d11 and 0.15 ng/µl 4-trans-hydroxycyclohexyl glyburide-d3,13C) were added into a 

1.5 ml microcentrifuge tube. Plasma samples were briefly vortexed and centrifuged at 20,800 × g 

for 10 min at 4°C. Supernatants were transferred to disposable clean glass tubes and evaporated 

using nitrogen gas. Samples were reconstituted in 75 µl initial mobile phase and 2 µl were 
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injected per sample for HPLC-MS analysis. A calibration curve was prepared identically using 

human plasma as a matrix with a dynamic range of 10-4,000 ng/ml for glyburide and 1.2-120 

ng/ml for M1-M3.  

Individual whole fetuses were homogenized in 1.5-2.5 ml of PBS using an Omni Bead 

Ruptor Homogenizer (Omni International, Kennesaw, GA). For every 500 µl of fetal 

homogenates, 50 µl of 2 M HCl, 4 mL of 60/40 (v/v) n-hexane/methylene chloride, and 20 µl of 

working internal standard (0.5 ng/µl glyburide-d11) were added in a 13 × 100-mm borosilicate 

glass culture tube. Fetal samples were vortexed 30 s and centrifuged at 1,970 × g for 10 min at 

4°C. Supernatants were transferred to disposable clean glass tubes and evaporated using nitrogen 

gas. Each sample was reconstituted in 75 µl of 1% formic acid in methanol and 2 µl were 

injected per sample for HPLC-MS analysis. A calibration curve for glyburide was prepared using 

500 µl of blank fetal homogenate (matched by gestational age) as matrix, over a dynamic range 

of 0.05-2 ng glyburide. Calibration according to analyte amount was chosen for fetal tissue 

analysis to accommodate the variations in fetal tissue specimen size and homogenate dilutions.  

No matrix effect was observed; i.e., glyburide extraction recovery and instrument response did 

not vary over the range of fetal homogenate concentrations prepared on samples taken from gd 

15 and 19 (0.06-0.6 g fetus/ml PBS).  

The previously validated HPLC-MS method did not include quantification of M2a and 

M3 for lack of commercially available standards at the time [22]. Those standards are now 

available; therefore, we modified the above method slightly to incorporate the separation and 

quantification of M1-M3 in maternal plasma. These metabolites were quantifiable in maternal 

plasma, but not detectable in fetal tissue samples. 
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In brief, HPLC-MS was performed using an Agilent series 1100 HPLC interfaced with an 

Agilent G1956B single quadrupole mass spectrometer (Agilent Technologies, Palo Alto, CA). 

Separation of glyburide and all metabolites in maternal plasma and fetal homogenates was 

achieved using an Ace 3 C8 column (150 mm × 2.1 mm, 3 micron) with gradient elution. The 

mobile phases consisted of methanol containing 5 mM ammonium formate (B) and water 

containing 5 mM ammonium formate at pH 6.0 (A). The flow rate was set to 0.4 ml/min. The 

gradient was 42.5% methanol for the first 5 min, then increased linearly to 90% for 5.1 min, and 

finally decreased back to 42.5% for the remainder of the 11-min run time. The mass 

spectrometer was run in API-ES positive ionization mode with a capillary voltage of 3500 V and 

a fragmentation voltage of 90 V for M1-M3 and trans-4-hydroxy glyburide-d3,13C or 115 V for 

glyburide and glyburide-d11. The drying gas temperature was 350ºC, the nitrogen drying gas 

flow rate was 12 L/min, and the nebulizer pressure was 35 pound-force per square-inch-gauge. 

Ions monitored were 494 m/z for glyburide, 505 m/z for glyburide-d11, 510 m/z for M1-M3, and 

514 m/z trans-4-hydroxy glyburide d3,13C. Select ion chromatograms generated from sample 

extracts and that demonstrate the separation of glyburide and metabolites are presented in Figure 

3-1. The lower limit of quantification in maternal plasma was 10 ng/ml for glyburide and 1.2 

ng/ml for M1-M3 (Figure 3-2). Blank human plasma spiked with glyburide and metabolites was 

used for quality control samples for maternal plasma and fetal homogenate analyses. Inter- and 

intra-day variability of glyburide and metabolites were less than 5% and 2%, respectively. 

Plasma Protein Binding 

Mouse plasma protein binding was determined by ultrafiltration using Microcon-10 kDa 

Centrifugal Filters with Ultracel-10 membranes (EMD Millipore Corporation, Billerica, MA). 
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[
3
H]-Glyburide (1 ng) in methanol was aliquoted into 1.5 ml Eppendorf® tubes and evaporated 

to dryness. Maternal plasma collected after glyburide administration on gd 0, 7.5, 10, 15 and 19 

was added to each tube to a total volume of 220 µl. Samples were briefly vortexed and allowed 

to equilibrate for 30 min at 37°C. Two 100 µl aliquots from each sample were transferred to 

ultrafiltration cartridges, equilibrated for 30 min at 37°C, and centrifuged at 1,000 × g for 10 

min. Eight microliters of filtrate and unfiltered plasma were counted on a liquid scintillation 

counter. The fraction unbound (fu) of glyburide was calculated as the percentage of radioactivity 

of the filtrate to the radioactivity of the corresponding unfiltered plasma. Non-specific binding of 

[
3
H]-Gly was determined using PBS rather than plasma, and was 15.8 ± 4.8% (n = 5 

determinations done in duplicate).   

Glyburide depletion kinetics in maternal mouse liver microsomes  

Microsomes were prepared from individual maternal mouse livers (n = 5-6 per gd) as 

previously described [23, 24]. Briefly, approximately 1 g of mouse liver tissue was homogenized 

in 3 ml of homogenization buffer (50 mM KPi buffer containing 0.25 M sucrose and 1 mM 

EDTA) using an Omni Bead Ruptor Homogenizer (Omni International, Kennesaw, GA).  The 

homogenate was centrifuged at 15,000 × g for 30 min at 4°C, and the supernatant at 120,000 × g 

for 70 min at 4°C. Microsomal pellets were carefully resuspended in washing buffer (10 mM 

KPi, 0.1 mM KCl, and 1 mM EDTA, pH 7.4) and centrifuged again at 120,000 × g for 70 min at 

4°C. Microsomal pellets were finally resuspended in 1 ml of storage buffer (50 mM KPi, 0.25 M 

sucrose, and 10 mM EDTA, pH 7.4), and stored at -80°C until use. Microsomal protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, 

Rockford, IL) with bovine serum albumin as the standard.  
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Glyburide depletion reaction mixtures contained 0.3 mg/ml microsomal protein and 0.5 

µM glyburide (dissolved in <1% v/v methanol) in 200 µl of 100 mM KH2PO4 buffer (1 mM 

EDTA, pH 7.4). The concentration of glyburide selected was below the Km values of CYP3A4 

and CYP3A5 for glyburide depletion, which are both reported to be ~5 µM [25]. After pre-

incubating for 5 min, reactions were initiated by adding NADPH to a final concentration of 1 

mM. Incubations without NADPH were used as negative controls. Reactions were stopped at 0, 

3, 6, 10, 15, 20, and 30 min with 200 µl of ice-cold methanol. Following the addition of 20 µl of 

glipizide (internal standard, 1 ng/µl), samples were briefly vortexed and centrifuged at 20,800 × 

g for 10 min at 4°C. The supernatant was transferred to a 96-well plate and 1 µl was injected for 

analysis by HPLC-MS. Glyburide concentration remaining at the various time points was 

analyzed graphically on a semilogarithmic plot. The first-order rate constant for glyburide 

depletion (kdep, 1/min) was estimated by least-squares regression of the log-linear portion of the 

depletion curve. The intrinsic clearance (CLint) was calculated using the following equation: 

CLint = [kdep × incubation volume in ml]/amount of microsomal protein in mg 

Statistically significant differences of CLint between gd 0 and other gestation days were 

determined using the Kruskal-Wallis test followed by the Dunn’s Multiple Comparison test 

assuming a significance level of 0.05. 

Quantification of glyburide in mouse liver microsomes 

Chromatographic separation of glyburide in extracts of mouse liver microsomal incubates 

was achieved using an Agilent Extend C18 column (50 mm × 2.1 mm, 5 micron) with gradient 

elution. The mobile phases consisted of methanol (B) and water containing 0.1% formic acid 

(A). The flow rate was set to 0.4 ml/min. The gradient was 30% methanol for the first 2 min, 
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increased linearly to 75% for 3 min, held for 1 min at 75% methanol, and finally decreased back 

to 30% for the remainder of the 9-min run time. The mass spectrometer was run in API-ES 

positive ionization mode with a capillary voltage of 3500 V and a fragmentation voltage of 90 V 

for glyburide and glipizide. The drying gas temperature was 350ºC, the nitrogen drying gas flow 

rate was 10 L/min, and the nebulizer pressure was 35 pound-force per square-inch-gauge. Ions 

monitored were 494 m/z for glyburide and 446 m/z for glipizide. 

Pharmacokinetic and statistical analysis of glyburide and metabolites in 

pregnant mice 

Maternal PK parameters were estimated for each gd using a pooled data bootstrap 

method as previously described [26], with some modifications. Briefly, the following steps were 

used to obtain PK parameter estimates: 1) Concentration-time points from one gd group were 

sampled randomly with replacement 30 times using R programming software [27]; 2) A two-

compartment model was fit to the bootstrapped pseudo concentration-time profiles using the 

following equation and upper constraint: Ct = Ae
-αt

 + Be
-βt

, (A+B ≤ 12,500 ng/ml), where Ct is 

the plasma concentration at time t after dosing. The upper constraint for the sum of A and B was 

set to the highest possible blood concentration of glyburide in a 20 g female mouse given a 20 µg 

retro-orbital dose, i.e., 20 µg distributed in a blood volume of 1.6 ml or 8% of mouse total body 

weight; 3) A, B, α, β and average body weight of mice in the given pseudo-profile were used to 

calculate AUC0-240 min, CL with and without body weight normalization (CL and CLbw), central 

volume of distribution with and without body weight normalization (Vc and Vc, bw), volume of 

distribution at steady-state or beta phase with and without body weight normalization (Vss and 

Vss, bw or Vβ and Vβ, bw), and mean body residence time (MBRT). The average body weight of 
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the mice used to generate the pseudo-profile was also used to calculate body weight normalized 

estimates of clearance and volume of distribution; 4) Steps 1-3 were repeated 10,000 times to 

create a distribution of PK parameter estimates; 5) Based on the distribution of PK parameter 

estimates, 95% confidence intervals were obtained for all PK parameters. The above five steps 

were repeated for all gd groups. To determine whether PK parameters for pregnant mice (gd 7.5, 

10, 15, and 19) were significantly different from those of non-pregnant mice (gd 0), we 

calculated two-sided p-values using permutation tests with 10,000 replications [28]. If the p-

value was less than 0.05, the difference was considered to be statistically significant. 

Maternal metabolite AUCs for each gd group and fetal glyburide AUCs for gd 15 and 19 

were estimated using the same bootstrapping method as described above. Fetal glyburide 

concentrations were determined in individual fetuses and averaged by litter prior to bootstrap 

analysis. Due to the complexity of maternal metabolite kinetics and fetal glyburide kinetics, only 

non-compartmental analyses were feasible. We chose to estimate AUCs using the linear 

trapezoidal rule. To evaluate if compartmental and non-compartmental approaches produce 

comparable results, the AUCs of glyburide in maternal plasma were estimated using non-

compartmental analysis as well. This allowed calculations of the maternal metabolite to 

glyburide AUC ratios as well as the fetal to maternal glyburide AUC ratios. Statistical 

significance between maternal metabolite AUCs and metabolite to glyburide AUC ratios 

estimated on gd 7.5, 10, 15 or 19 versus gd 0 were determined as described in the above 

paragraph. Likewise, statistical comparisons of fetal glyburide AUCs or AUC ratios between gd 

15 and 19 were conducted using the same method.  
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Differences in fetal glyburide concentrations were compared between gd 15 and 19 at 

each of nine time points (from 0 to 240 minutes) and evaluated for statistical significance. 

Because glyburide was quantified in individual fetuses, fetal concentrations derived from the 

same litter were not considered statistically independent. For that reason, a generalized-

estimating-equation (GEE) approach was used to account for that dependence. Differences in 

fetal glyburide concentrations between gd 15 and 19 at each time point (between 0 and 240 

minutes) were therefore determined using GEE with an independent correlation structure. The 

same approach was used to model differences between fetal-maternal glyburide concentration 

ratios on gd 15 and 19 at each time point. In both cases, the R package geepack [29, 30] was 

used to perform the calculations, and calculated p-values were adjusted for multiple testing using 

a Bonferroni correction.    

3.3  Results 

Maternal glyburide disposition changed in a gestational age-dependent 

manner.  

Wild-type FVB mice of various gestational ages (gd 0, 7.5, 10, 15 and 19) were 

administered 20 µg glyburide per mouse by retro-orbital injection. As shown in Figure 3-3, 

within each gd group, maternal plasma glyburide concentrations decreased over time from 0 to 

240 min in a biexponential fashion. As gestation advanced, glyburide concentrations showed 

progressive decrease at nearly every time point; the largest differences between gestational ages 

occurred in the first 60 min after dosing. These changes are reflected by decreases in the 

coefficient of the slow exponential term (B) when the bootstrapped plasma concentration data 
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were fit to a biexponetnial equation. However, distribution (α) and elimination (β) rate constants 

remained unchanged during pregnancy (Table 3-1). All the derived two-compartmental model 

parameters for the maternal plasma glyburide PK are shown in Table 3-1. The AUC0-240 min of 

glyburide steadily decreased throughout gestation by as much as 50% on gd 15 and 19 compared 

to non-pregnant controls (20.7, 21.2, and 47.9 µg·min/ml on gd 15, 19, and 0, respectively; p = 

0.001). Accordingly, glyburide CL increased more than 2-fold on gd 15 and 19 compared to non-

pregnant controls (0.97, 0.94, and 0.42 ml/min on gd 15, 19, and 0, respectively; p < 0.05). Body 

weight normalized estimates of CL (CLbw) also demonstrated a gestational age-dependent 

increase (~1.5-fold increase on gd 15 and 19 versus gd 0). Vc was unaffected by pregnancy; 

however, Vβ and Vss showed a significant 2-fold increase on gd 10 and nearly tripled on gd 15 

and 19 compared to non-pregnant controls. MBRT did not significantly change throughout 

gestation since the distribution and elimination rate constants did not vary across gestational 

ages. Maternal plasma protein binding (fu) of glyburide was not significantly affected by 

pregnancy throughout gestation. 

Maternal metabolite exposure relative to glyburide exposure was 

unchanged during pregnancy 

Primary metabolites of glyburide, M1, M2a, M2b and M3, were also quantified in all 

maternal plasma samples collected. As shown in Figure 3-4, within each gd group, maternal 

plasma concentrations of all four metabolites first increased to a maximum at times around 30-60 

min and then decreased over time to 240 min. The concentrations of all four metabolites (0-4 

ng/ml) were approximately 1,000 times lower compared to those of glyburide (10-6,000 ng/ml). 

Similar to glyburide, metabolite concentrations at most time points tended to decrease as 
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gestation progressed; however, the differences in metabolite concentrations and AUC0-240 min 

estimates compared to non-pregnant controls were greatest on gd 15 and slightly reversed on gd 

19 (rather than the sustained increase on gd 15 and 19 in the case of glyburide). Indeed, AUC0-240 

min for M1 significantly decreased by 200% on gd 15 and 150% on gd 19 compared to gd 0 (129 

and 141 ng·min/ml compared to 251 ng·min/ml, respectively) (Table 3-2). AUC0-240 min of M2a, 

M2b, and M3 all decreased by 300% on gd 15 compared to gd 0 (Table 3-2). Though the 

metabolite to glyburide AUC ratios for M1 and M2a on gd 10 or for M2b and M3 on gd 15 were 

significantly increased or decreased, respectively, these ratios were <1% for all metabolites 

across all gestational ages. Maternal plasma AUCs of glyburide estimated using non-

compartmental analysis shown in Table 3-2 were comparable to those calculated using a two-

compartmental model shown in Table 3-1.  

Fetal exposure to glyburide doubled from mid to late gestation 

On gd 15 and 19, individual fetuses were collected simultaneously to determine fetal 

exposure to glyburide and metabolites. Concentrations of glyburide in fetal homogenates ranged 

from ~1-10 ng/g fetus, and were lower overall on gd 15 compared to gd 19 (Figure 3-5A). The 

fetal-to-maternal plasma concentration ratios of glyburide on gd 19 were also generally greater 

than those on gd 15 at several time points from 0.5 to 240 min (Figure 3-5B). Consequently, the 

fetal AUC0-240 min of glyburide on gd 19 was significantly increased 2-fold compared to gd 15 

(905 versus 462 ng·min/g, respectively; p < 0.001) (Table 3-3). The fetal-to-maternal plasma 

AUC0-240 min ratio of glyburide doubled from gd 15 to 19 as well (1.8% versus 3.7%, 

respectively; p = 0.007). Fetal concentrations of all four metabolites were below the detection 

limit for all time points on gd 15 and 19.  
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Gestational age-dependent changes in maternal glyburide metabolism 

We hypothesized that increased glyburide CL in pregnant mice versus non-pregnant 

controls is the result of increased CYP-mediated metabolism of glyburide in the liver. To test this 

hypothesis, glyburide depletion rate was measured in microsomes prepared from maternal livers 

collected on gd 0, 7.5, 10, 15 and 19. Mean time courses of glyburide depletion during 

incubation with liver microsomes for the five gestational age groups are shown in Figure 3-6A. 

There was indeed a gestational age-dependent increase in glyburide CLint in the liver, which 

doubled by gd 19 versus gd 0 (0.17 versus 0.09 ml/min/mg protein,
 
respectively) (Figure 3-6B). 

3.4 Discussion 

Previous clinical studies showed that the oral clearance of glyburide increased 2-fold 

during the third trimester in pregnant women with GDM compared to non-pregnant controls [7]. 

Diagnosis and treatment of GDM most often occur in the second trimester [31]. In addition, 

women at risk for developing GDM or with a previous history of GDM may be screened and 

treated earlier in pregnancy [31]. Therefore, it is important to understand glyburide PK changes 

throughout gestation, and how such changes affect glycemic control. In this study, we 

characterized maternal-fetal glyburide disposition throughout gestation in a pregnant mouse 

model, since it is not feasible to obtain data at this level of detail in pregnant women.  

We found that the maternal plasma PK of glyburide changes in a gestational age-

dependent manner, with the largest alterations occurring in mid-late gestation on gd 15 and 19 

(Figure 3-3 and Table 3-1). In particular, maternal glyburide CL, Vβ, and Vss steadily increased 

over gestation and were approximately doubled by mid-late gestation. Glyburide is a low hepatic 
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ER drug (ER = ~0.1) with no significant renal CL. Therefore, the increase in maternal systemic 

CL could be accounted for by changes in fraction unbound in plasma and CLint of glyburide in 

the liver. The fraction unbound (fu) did not increase throughout gestation (Table 3-1), which was 

somewhat unexpected, considering that plasma albumin is known to decrease during pregnancy 

[32].  However, the fu of glyburide also did not change in pregnant women with GDM compared 

to non-pregnant controls [7]. The reasons why the fu was unaffected by pregnancy are not clear. 

It is possible that glyburide can bind to other lipoproteins in the plasma and/or there are 

biochemical changes in maternal plasma that have offsetting modulation on plasma protein 

binding of glyburide. Since the fu of glyburide in maternal plasma did not significantly change 

throughout gestation, the increase in maternal glyburide CL and CLbw is most likely caused by an 

increase in hepatic CLint. Indeed, the glyburide depletion rate in mouse liver microsomes steadily 

increased as gestation progressed (Figure 3-6). Using ketoconazole as a CYP3A inhibitor, we 

previously showed that glyburide was primarily metabolized by CYP3A in mouse liver [16]. 

This is consistent with the finding that hepatic CYP3A activity is significantly induced by 

pregnancy both in humans and mice [14, 17]. The present study further confirmed that hepatic 

CYP3A activity in pregnant mice is induced in a gestational age-dependent manner. It is not 

known which mouse CYP3A isoforms are responsible for increased glyburide metabolism 

during pregnancy as we and others have shown that mRNA levels of Cyp3a16, Cyp3a41, and 

Cyp3a44 are induced, while Cyp3a11, Cyp3a13, and Cyp3a25 genes are down-regulated in a 

gestational age-dependent manner [17, 18]. Increases in Vss and Vβ most likely reflect increases 

in total body water and fat content during pregnancy, and further suggest that distribution of 

glyburide into maternal tissues is increased during pregnancy.  
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Although the pharmacodynamics and therapeutic window of glyburide have not been 

well characterized, it is possible that 1.5-2-fold increases in glyburide CL (and CLbw) and 

corresponding decreases in AUC warrant consideration when determining appropriate 

therapeutic management of glyburide in pregnant women. If our animal data indeed reflect 

gestational age-dependent changes in maternal glyburide CL and AUC in humans, dosing 

adjustments may be required as early as the first or second trimester. This would be particularly 

important for pregnant women treated with glyburide starting in the first or second trimester.  

Understanding maternal disposition of primary metabolites of glyburide is also important 

as some metabolites (e.g. M1 and M2b) are pharmacologically active [21, 33]. We had expected 

that increased glyburide CL across gestation would lead to either no change or increase in 

formation of M1-M3, if they are all derived from pathways that are up-regulated; instead, 

maternal plasma AUCs of each of the measured metabolites decreased progressively reaching a 

nadir by gd 15 and slightly reversed by gd 19 (Figure 3-5 and Table 3-2).  

AUC of a metabolite represents the balance of its formation and elimination rates. A 

decrease in metabolite AUC can possibly be explained by an increase in elimination clearance of 

the metabolite. Accelerated metabolite elimination could be due to increased secondary oxidative 

metabolism, increased Phase II conjugation, and/or increased renal clearance of the metabolites. 

In humans, M1 undergoes glucuronidation mediated by uridine 5'-diphospho-

glucuronosyltransferases (UGTs) and M2b is excreted unchanged in the urine [22]. UGT1A1 and 

UGT1A4 expression is indeed induced during human pregnancy [15]; however, mRNA levels of 

UGTs in pregnant mice are relatively unchanged [18]. Mechanisms of renal clearance (i.e. active 

tubular secretion and/or reabsorption) remain unknown for all glyburide metabolites in humans 
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and mice. Further investigation is required to elucidate the mechanisms of the putative increase 

in metabolite elimination. 

Another possible explanation for a decrease in metabolite AUC as gestation progresses is 

that the increase in glyburide CL is due to an increase in normally minor metabolic pathway(s) 

not represented by the measured metabolites; that is, up-regulation of competing pathway(s) 

resulting in a decrease in formation of the measured metabolites. M1, M2a, M2b, M3, M4 and 

M5 are the primary metabolites of glyburide produced by the human liver, and glyburide is 

metabolized primarily to M5 in human placenta by CYP19 [19]. It is therefore possible that 

decreases in concentrations of M1-M3 could be due to increased formation of M4 and/or M5 in 

maternal liver and placenta. However, without commercially available standards for M4 and M5, 

we were unable to quantify gestational age-dependent changes in maternal concentrations of M4 

and M5. 

Table 3-2 also presents the metabolite-to-glyburide AUC ratio, which is governed by the 

ratio of a given metabolite’s formation clearance to its elimination clearance. It is a quantitative 

index reflecting either the joint or opposing effects of simultaneous changes in formation and 

elimination clearances of a primary metabolite. Mean AUC ratios for M1and M2a were elevated 

on gd 10 and declined to near the gd 0 values by gd 15 and 19. This suggests that the increase in 

formation clearance of these two metabolites outpaced the increase in their elimination 

clearances by gd 10; moreover, the changes in formation and elimination clearances became 

comparable as gestation progressed beyond gd 10. For M2b and M3, their AUC ratios declined 

across all the gestation days studied, suggesting that there was a greater increase in elimination 

clearance compared to formation clearance. 
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Fetal exposure to glyburide was <5% of maternal exposure, but was doubled on gd 19 

versus gd 15 (Table 3-3 and Figure 3-5). This change is consistent with the finding that protein 

expression of BCRP in mouse placenta on gd 15 is 2-3 times greater than that on gd 19 [34]. 

Glyburide is a substrate of mouse and human BCRP, which limit the transport of glyburide 

across the placenta barrier [9, 11, 12]. As BCRP protein expression decreases from gd 15 to gd 

19, glyburide penetration across the placenta to the fetus increases. P-gp could also contribute to 

the gestational age-dependent changes in fetal exposure to glyburide because both human and 

mouse P-gp expression in the placenta decreases as gestation progresses [17, 35, 36]. M1-M3 

were not detectable in fetal homogenates, suggesting that fetal exposure to these primary 

metabolites is negligible due to their low concentrations in maternal circulations. Since glyburide 

is highly bound to plasma proteins with a low volume of distribution, the actual fetal plasma 

concentrations may be higher than what we observed in fetal homogenates. Indeed, one clinical 

study showed that the mean ratio of umbilical cord glyburide concentration at delivery to 

maternal plasma glyburide concentration was ~0.7 [7], indicating that a substantial amount of 

glyburide can cross the placenta to the fetus. Therefore, while total fetal exposure in human 

pregnancy is not known, there could be times following drug administration that fetal 

concentrations are nearly as high as maternal plasma concentrations. While the current dosage of 

glyburide is safe for use during pregnancy, dosage increases based on gestational age could raise 

concerns for fetal safety. In addition, since BCRP expression in human placenta decreases from 

~28 weeks of gestation towards term [37], increased fetal exposure to glyburide in late 

pregnancy would be expected and may pose a safety concern that conflicts with the consideration 

to increase glyburide doses during pregnancy for improved maternal efficacy.  
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In summary, we have demonstrated gestational age-dependent maternal-fetal glyburide 

PK in pregnant mice. Results of this study suggest the possible need for increased glyburide 

dosages even in early pregnancy should the same PK changes occur in humans, and that the 

pregnant mouse is an appropriate animal model to study glyburide disposition during pregnancy. 
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Tables and Figures for Chapter 3 

Table 3-1. Gestational age-dependent pharmacokinetics of glyburide in maternal plasma using a two-compartmental model  

Parameter 

Gd 0 Gd 7.5 Gd 10 Gd 15 Gd 19 

Mean ± SD or             

(95% CI) 
Mean ± SD or             

(95% CI) 
p Mean ± SD or             

(95% CI) 
p Mean ± SD or             

(95% CI) 
p Mean ± SD or             

(95% CI) 
p 

AUC0-240 min 

(µg·min/ml) 
47.9 (40.5-54.1) 37.2 (30.6-42.1) 0.021 29.5 (23.1-35.0) 0.002 20.7 (16.1-26.3) 0.001 21.2 (16.3-25.5) 0.001 

CL (ml/min) 0.42 (0.37-0.49) 0.54 (0.48-0.65) 0.025 0.68 (0.57-0.87) 0.003 0.97 (0.76-1.24) 0.025 0.94 (0.79-1.23) 0.020 

CLbw                 

(ml/min/g) 

0.018 (0.016-0.021) 0.022 (0.020-0.027) 0.038 0.026 (0.022-0.033) 0.010 0.030 (0.024-0.039) 0.036 0.028 (0.023-0.036) 0.030 

Vc (ml) 2.1 (1.7-5.2) 4.0 (2.4-32.9) 0.124 3.9 (1.7-56.3) 0.205 5.2 (2.7-50.2) 0.137 3.5 (1.8-8.7) 0.398 

Vc, bw (ml/g) 0.09 (0.07-0.22) 0.17 (0.10-1.33) 0.143 0.15 (0.07-2.24) 0.240 0.161 (0.084-1.630) 0.310 0.102 (0.052-0.254) 0.837 

Vβ (ml) 35.5 (29.1-48.3) 43.7 (34.7-57.0) 0.219 68.8 (51.7-103.3) 0.012 89.9 (67.2-152) 0.039 93.6 (65.0-170) 0.030 

Vβ, bw (ml/g) 1.51 (1.24-2.06) 1.82 (1.45-2.37) 0.270 2.61 (1.95-3.93) 0.023 2.81 (2.10-4.84) 0.089 2.73 (1.92-4.88) 0.146 

Vss (ml) 21.2 (18.2-27.1) 29.2 (23.2-41.2) 0.067 39.8 (28.3-61.7) 0.014 56.2 (38.4-84.6) 0.013 49.3 (33.3-71.5) 0.014 

Vss, bw (ml/g)  0.90 (0.77-1.15)  1.22  (0.97-1.71)  0.090 1.51  (1.09-2.31)  0.033 1.75  (1.20-2.69)  0.052 1.44 (0.98-2.13) 0.135 

A (ng/ml) 9020 (3432-11154) 4602 (454-7999) 0.150 4851 (250-11317) 0.210 3680 (251-7316) 0.155 5556 (1565-10891) 0.280 

α (1/min) 0.67 (0.38-0.83) 0.60 (0.20-0.84) 0.600 0.68 (0.19-0.98) 0.939 0.84 (0.18-1.35) 0.750 0.82 (0.37-1.28) 0.657 

B (ng/ml) 431 (325-543) 382 (283-462) 0.465 243 (169-299) 0.007 189 (127-238) 0.023 159 (93-216) 0.020 

β (1/min) 0.012 (0.009-0.014) 0.012 (0.01-0.014) 0.712 0.010 (0.007-0.012) 0.287 0.011 (0.006-0.015) 0.756 0.010 (0.006-0.013) 0.558 

MBRT 

(1/min) 

50.8 (44.9-59.3) 54.3 (46.7-64.4) 0.532 58.7 (48.3-72.9) 0.288 58.1 (43.0-75.5) 0.548 52.2 (40.8-63.7) 0.870 

Fu (%) 2.19 ± 0.25 2.45 ± 0.67 0.394 2.27 ± 0.59 0.766 2.00 ± 0.11 0.260 2.27 ± 0.52 0.741 

Body  

Wt (g) 

24 ± 2.2  24 ± 1.2    26  ± 1.7    32  ± 2.3    34  ± 4.7    
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Data reported as mean ± SD or (95% confidence interval). PK parameters on gd 7.5, 10, 15 or 19 with statistically significant (p < 

0.05) differences versus gd 0 were bolded. Gd, gestation day; bw, body weight normalized; D, dose; AUC, area under the 

concentration-time curve; CL, clearance; V, volume of distribution; MBRT, mean body residence time; fu, fraction unbound ; p-

values, p. Fraction unbound data are shown as mean ± S.D. from 6 maternal plasma samples for each gestation day, with duplicate 

determinations for each maternal plasma sample. Body weight data are means ± SD from n ≈ 30 mice per gestation day. 
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Table 3-2. Gestational age-dependent AUCs of glyburide and metabolites in maternal plasma using non-compartmental 

analyses 

Parameter 
Gd 0 Gd 7.5 Gd 10 Gd 15 Gd 19 

Mean (95% CI) Mean (95% CI) p Mean (95% CI) p Mean (95% CI) p Mean (95% CI) p 

GLY AUC 

(ng·min/ml) 
55169 

(46859-

65378) 
39729 

(32827-

46781) 
0.013 29308 

(25112-

33771) 
<0.001 25302 

(19276-

31635) 
<0.001 24216 

(19689-

30361) 
<0.001 

M1 AUC 

(ng·min/ml) 
251 (204-294) 187 (156-219) 0.084 232 (205-258) 0.596 129 (88-172) 0.006 141 (114-163) 0.011 

M2a AUC 

(ng·min/ml) 
359 (305-401) 221 (166-265) 0.001 256 (206-295) 0.007 101 (61-149) <0.001 131 (97-169) <0.001 

M2b AUC 

(ng·min/ml) 
238 (208-274) 159 (134-188) 0.009 141 (112-177) 0.005 47 (30-63) <0.001 83 (66-99) <0.001 

M3 AUC 

(ng·min/ml) 
251 (223-285) 188 (148-237) 0.044 137 (107-170) 0.002 50 (32-67) <0.001 70 (57-82) <0.001 

M1/GLY AUC 

Ratio (%) 
0.44 (0.37-0.51) 0.46 (0.37-0.55) 0.793 0.77 (0.67-0.88) <0.001 0.49 (0.36-0.64) 0.534 0.57 (0.43-0.69) 0.091 

M2a/GLY AUC 

Ratio (%) 
0.63 (0.53-0.71) 0.54 (0.40-0.67) 0.270 0.85 (0.70-0.98) 0.028 0.39 (0.25-0.55) 0.036 0.53 (0.38-0.70) 0.298 

M2b/GLY AUC 

Ratio (%) 
0.42 (0.35-0.48) 0.39 (0.32-0.47) 0.576 0.47 (0.37-0.57) 0.485 0.18 (0.12-0.24) 0.003 0.33 (0.25-0.42) 0.231 

M3/GLY AUC 

Ratio (%) 
0.44 (0.37-0.51) 0.46 (0.36-0.60) 0.767 0.45 (0.36-0.55) 0.867 0.19 (0.13-0.25) 0.003 0.28 (0.21-0.35) 0.041 
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Data are reported as mean (95% confidence interval). Parameters on gd 7.5, 10, 15 or 19 with statistically significant (p < 0.05) 

differences versus gd 0 were bolded. The metabolite to glyburide AUC ratios were corrected for differences in the molarity between 

glyburide (494 g/mol) and metabolites (510 g/mol). Gd, gestation day; AUC, area under the concentration-time curve; p-values (p). 
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Table 3-3. Gestational age-dependent maternal-fetal AUCs of glyburide using non-

compartmental analyses  

Parameter 
Gd 15 Gd 19 

Mean (95% CI) Mean (95% CI) p 

Maternal AUC0-240 min  (ng·min/ml) 26129 (20129 - 32478) 24216 (19576 - 30273) 0.657 

Fetal AUC0-240 min  (ng·min/g) 462 (349 - 529) 905 (726 - 1013) <0.001 

Fetal/Maternal AUC Ratio (%) 1.8 (1.4 - 2.2) 3.7 (2.8 - 4.6) 0.007 

 

Data reported as mean (95% confidence interval). Statistically significant (p < 0.05) differences 

between gd 19 and 15 were bolded. Gd, gestation day; AUC, area under the concentration-time 

curve; p-values (p). 
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Figure 3-1. Extracted ion chromatograms (EICs) of glyburide, metabolites, and internals 

standards.  

EIC taken from highest calibration standard injection (corresponding to 4,000 ng/ml glyburide). 
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Figure 3-2. Extracted ion chromatograms of glyburide, metabolites, and internals 

standards corresponding to the lower limit of quantification (LLOQ) in maternal plasma. 

The LLOQ was 10 ng/ml glyburide and 1.2 ng/ml M1-M3 in maternal plasma. 
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Figure 3-3. Maternal plasma concentration-time profiles of glyburide in wild-type FVB 

pregnant mice throughout gestation. 

Mice were administered 20 µg of glyburide per mouse by retro-orbital injection. Data from 

gestation day 0 (gd 0) (solid circles), gd 7.5 (open squares), gd 10 (solid triangles), gd 15 (solid 

diamonds), and gd 19 (open diamonds) are shown as mean ± S.D. (n = 3-5 mice per time point). 

The main figure shows a semilogarithmic plot and the insert in the upper right-hand corner 

shows a rectilinear plot (including data from 5 – 240 min). Non-pregnant mice are referred to as 

gd 0.  
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Figure 3-4. Maternal plasma concentration-time profiles of metabolites M1-M3 in wild-

type FVB pregnant mice throughout gestation.  

A, M1; B, M2a; C, M2b; D, M3. Data from gestation day 0 (gd 0) (solid circles), gd 7.5 (open 

squares), gd 10 (solid triangles), gd 15 (solid diamonds), and gd 19 (open diamonds) are shown 

as mean ± S.D. (n = 3-5 mice per time point). Non-pregnant mice are referred to as gd 0.  
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Figure 3-5. Fetal glyburide concentration-time profiles and fetal-to-maternal plasma 

concentration ratios in mid-late gestation. 

Data from gestation day (gd) 15 (open diamonds) and gd 19 (solid diamonds) are shown as mean 

± S.D. (n = 20-40 fetuses per time point). A, semilogarithmic plot of fetal glyburide 

concentration over time; B, fetal to maternal plasma glyburide concentration ratios. Statistically 

significant differences in fetal concentrations and fetal-to-maternal plasma concentration ratios 
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between gd 15 and 19 were determined using a generalized estimating-equation (GEE) approach 

with an independent correlation structure. P-values were adjusted for multiple testing using a 

Bonferroni correction assuming a significance level of 0.05. * p < 0.05; ** p < 0.01; *** p < 

0.001. 
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Figure 3-6. Gestational age-dependent depletion kinetics of glyburide in mouse liver 

microsomes. 

A, semilogarithmic plot of glyburide depletion over time in mouse liver microsomes. Data from 

gestation day 0 (gd 0) (solid circles), gd 7.5 (open squares), gd 10 (solid triangles), gd 15 (solid 

diamonds), and gd 19 (open diamonds) are shown as mean ± S.D. (n = 4-6 livers per gd). B, 

gestational age-dependent changes in glyburide CLint. Shown are mean ± S.D. (n = 4-6 livers per 
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gd). Statistically significant differences between gd 0 and gd 7.5, 10, 15 or 19, as indicated by an 

asterisk (*), were determined by the Kruskal-Wallis test followed by the Dunn’s Multiple 

Comparison test assuming a significance level of 0.05. Non-pregnant mice are referred to as gd 

0. 
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Chapter 4: Identification of CYP3A7 for Glyburide 

Metabolism in Human Fetal Livers 

 

4.1  Introduction 

During pregnancy, 5-14% of women will be diagnosed with gestational diabetes mellitus 

(GDM) [1, 2]. Glyburide is an oral hypoglycemic drug that is prescribed more commonly for the 

treatment of GDM [3]. Though glyburide exhibits nearly comparable efficacy to insulin, the 

incidence rates of adverse fetal effects associated with glyburide verses insulin therapy, such as 

neonatal hypoglycemia and large for gestational age infants, are conflicting [4-8]. At present, 

there are no long-term safety data for infants whose mothers were treated with glyburide. In 

addition, studies are needed to understand the mechanistic determinants of fetal exposure that 

impact the fetal safety of glyburide. 

Glyburide is extensively metabolized in the maternal liver by CYP3A4, CYP2C9, and 

CYP2C19 to several metabolites, such as 4-trans-hydroxycyclohexyl glyburide (M1), 4-cis-

hydroxycyclohexyl glyburide (M2a), 3-cis-hydroxycyclohexyl glyburide (M2b), 3-trans-

hydroxycyclohexyl glyburide (M3), 2-trans-hydroxycyclohexyl glyburide (M4), and ethylene-

hydroxylated glyburide (M5); though there may be more [9, 10]. As treatment of GDM with 

glyburide is optimized, there will be several factors that could be important determinants of fetal 

exposure to glyburide and its metabolites, (and ultimately its safety profile), including maternal 

exposure, transplacental clearance, placental metabolism, and fetal elimination. Maternal 

exposure to conventional doses of glyburide during human pregnancy is reduced compared to 
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non-pregnant women, suggesting the need for increased doses [11]. Glyburide concentrations, 

which are measurable in umbilical cord blood at the time of delivery, suggest that glyburide can 

cross the placenta [11]. ATP-binding cassette (ABC) efflux transporters, particularly breast 

cancer resistance protein (BCRP) and P-glycoprotein (P-gp) are highly expressed in the placenta 

and may limit fetal glyburide exposure to some extent [12-18]. Since the expression of ABC 

transporters in the placenta changes as gestation progresses [15] and the placenta grows larger 

with gestational age, penetration of glyburide into the fetal compartment across the placental 

barrier may also change over gestation. In addition, glyburide can be metabolized in human term 

placenta [9, 10, 19, 20], specifically by the cytochrome P450 (CYP) enzyme CYP19 

(aromatase). Although the relative contribution of placental drug-metabolizing enzymes to the 

overall maternal disposition of glyburide may in fact be minimal, glyburide metabolism in such 

close proximity to the fetus could possibly affect fetal exposure to glyburide and its metabolites. 

Metabolite transplacental clearances have not been determined, however. Finally, fetal exposure 

to glyburide may also be influenced by fetal liver metabolism upon entrance into the fetal 

circulation. At present, little is known about glyburide metabolism in human fetal livers.   

CYP3A7 is the predominant CYP enzyme in the human fetal liver [21-23]. CYP3A5 has 

also been found in the human fetal liver [24], but at much lower amounts relative to CYP3A7. In 

a panel of human fetal livers (n ~10), the mRNA levels of CYP3A5 were approximately 700-fold 

lower than those of CYP3A7, and CYP3A5 protein was detected in just one liver (CYP3A5 

genotype was not determined) [23]. Previous studies using adult human liver microsomes 

(HLMs) and recombinant enzymes have shown that glyburide is a substrate of CYP3A4 and 

CYP3A5 [9, 25], suggesting the plausibility of glyburide metabolism by other CYP3A isoforms 

such as CYP3A7. Indeed, CYP3A7 has been shown to metabolize endogenous substrates of 
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CYP3A4, such as testosterone and dehydroepiandrosterone (DHEA), but with different oxidation 

site preferences [22, 26]. Several in vitro studies have also shown that both embryonic (less than 

60 days) and fetal livers can metabolize endogenous compounds (i.e. testosterone, retinoic acid, 

and DHEA) and xenobiotics (i.e. warfarin, benzyloxyresorufin, and coumarin), as well as 

activate promutagens and procarcinogens [27, 28]. CYP3A7 preferentially metabolizes 

testosterone to its 2α–OH metabolite, rather than its 6β–OH metabolite, which is primarily 

produced by CYP3A4 [22], suggesting the metabolic profile of glyburide in human fetal livers 

could differ from that in adult livers. Given that glyburide can cross the placental barrier [11, 29] 

and that CYP3A7 expression/activity is variable in human fetal livers [22], it is important to 

investigate CYP3A7-mediated metabolism of glyburide and characterize the variability of 

glyburide metabolism in human fetal livers. Understanding fetal metabolism of glyburide is 

clinically relevant because this may govern fetal exposure to not only glyburide, but its major 

metabolites such as M1 and M2b, which are believed to be pharmacologically active [30].  

In this study, we determined the kinetics of glyburide depletion by CYP3A4, CYP3A5, 

and CYP3A7 supersomes, measured the Clint of glyburide in human fetal liver microsomes 

(HFLMs), and compared the metabolite profiles generated by CYP3A supersomes, HFLMs, and 

HLMs. We examined the correlation between glyburide Clint and metabolism of DHEA (a known 

CYP3A7 probe substrate) as well as midazolam (a CYP3A substrate) in human fetal livers. To 

better understand sources of variability in fetal metabolism, we also investigated the relationship 

between glyburide Clint and CYP3A7 protein levels in human fetal livers, fetal liver gestational 

age, fetal sex, CYP3A7 genotype, and other fetal demographics. Results from this study will 

have important clinical implications for informing fetal exposure and the fetal safety profile of 

glyburide in early and mid-gestation.  
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4.2  Materials and Methods 

Materials 

Glyburide and glipizide (internal standard) were purchased from Sigma-Aldrich (St. 

Louis, MO). The following glyburide metabolites were purchased from TLC PharmaChem 

(Vaughan, Ontario, Canada): 4-trans-hydroxycyclohexyl glyburide (M1), 3-cis-

hydroxycyclohexyl glyburide (M2b), and 3-trans-hydroxycyclohexyl glyburide (M3). 4-cis-

hydroxycyclohexyl glyburide (M2a) was a generous gift from Mary Hebert. [Cyclohexyl-2,3-

3
H(N)]-glyburide ([

3
H]-Gly) (50 Ci/mmol) was obtained from PerkinElmer Life and Analytical 

Sciences (Waltham, MA). Midazolam (MDZ) was purchased from Sigma-Aldrich (St. Louis, MO). 

1′-OH Midazolam (1′-OH MDZ) and 4′-OH Midazolam (4′-OH MDZ) were purchased from 

Ultrafine (Manchester, England). Internal standards for the metabolites of MDZ, 15N3-1′-OH MDZ 

and 15N3-4′-OH MDZ, were prepared as previously described [31]. Dehydroepiandrosterone 

(DHEA) and its metabolite, 16α-hydroxydehydroepiandrosterone (16α-OH DHEA) were 

purchased from Steraloids (Newport, RI). Iodoacetamide, dithiothreitol and sequencing grade 

trypsin were purchased from Pierce Biotechnology (Rockford, IL). Ammonium bicarbonate was 

purchased from Acros Organics (Geel, Belgium). Sodium deoxycholate was purchased from MP 

Biologicals (Santa Ana, California). Synthetic light peptides for CYP enzyme quantification 

were procured from New England Peptides (Boston, MA), with purity established by amino acid 

analysis. Heavy stable isotope labeled amino acids, [
13

C6
15

N2]-lysine and [
13

C6
15

N4]-arginine, 

were purchased from Pierce Biotechnology, Inc. (Rockford, IL). β-Nicotinamide adenine 

dinucleotide 2′-phosphate  reduced (NADPH) tetrasodium salt hydrate, potassium phosphate 

monobasic and dibasic, ethylenediaminetetraacetic acid (EDTA), and HPLC-grade formic acid 

were purchased from Sigma-Aldrich (St. Louis, MO). Potassium phosphate dibasic, ethyl 
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acetate, and HPLC-grade methanol, acetonitrile, and ammonium formate were obtained from 

Thermo Fisher Scientific (Waltham, MA). CYP3A4, CYP3A5 and CYP3A7 Supersomes™ were 

purchased from BD Biosciences (San Jose, California). Pooled HLMs were purchased from 

Xenotech (Lenexa, KS).  

Preparation of human fetal liver microsomes (HFLMs) 

Sixteen human fetal livers from first and second trimester pregnancies were obtained 

from the University of Washington Birth Defects Research Laboratory. HFLMs were prepared as 

described previously [32, 33]. Briefly, approximately 1 g of fetal liver tissue was homogenized 

in 3 ml of homogenization buffer (50 mM KPi buffer containing 0.25 M sucrose and 1 mM 

EDTA, pH 7.4) using an Omni Bead Ruptor Homogenizer (Omni International, Kennesaw, GA).  

The homogenate was centrifuged at 15,000 × g for 30 min at 4° C, and the supernatant at 

120,000 × g for 70 min at 4° C. Microsomal pellets were resuspended in 1 ml storage buffer (50 

mM KPi buffer, 0.25 M sucrose, and 10 mM EDTA, pH 7.4), and stored at -80° C until use. 

Microsomal protein concentrations were determined using the Pierce BCA Protein Assay Kit 

(Thermo Scientific, Rockford, IL) with bovine serum albumin as the standard.  

DNA isolation and CYP3A genotyping of human fetal livers 

DNA was isolated from 16 human fetal liver samples using a Qiagen (Valencia, 

California) DNeasy Blood and Tissue Kit according to the manufacturer’s recommendations. For 

allele nomenclature, the CYPallele Nomenclature Guidelines (http://www.imm.ki.se/cypalleles) 

were used with CYP3A5*1 and CYP3A7*1 as reference sequences. Genotyping for alleles 

CYP3A5*3 (C__26201809_30) and *6 (C__30203950_10) as well as CYP3A7*2 

http://www.imm.ki.se/cypalleles
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(C__25474551_10) and *1C (T>A: C__30634321_20; G>T: C__30634326_10) was performed 

using pre-developed TaqMan assays purchased from Invitrogen (Grand Island, NY).  

Quantification of CYP protein in human fetal liver microsomes by 

HPLC-MS/MS  

Simultaneous quantification of multiple CYP enzymes was carried out using a surrogate 

peptide-based HPLC-MS/MS method. The surrogate light peptides were first selected based on 

previously reported criteria [34, 35]. The corresponding heavy peptides containing labeled 

[
13

C6
15

N2]-lysine or [
13

C6
15

N4]-arginine residues were used as internal standards. Prior to CYP 

quantification, fetal liver microsomal samples were diluted to 2 mg/ml, and 20 μl (40 μg of 

protein) was subsequently digested using a previously validated protocol with a few 

modifications [36]. Briefly, microsomal samples were denatured and reduced via incubation with 

4 µl of 100 mM dithiothreitol, 10 µl of sodium deoxycholate (2.6 % w/v) and 10 µl of 

ammonium bicarbonate buffer (100 mM) at 95° C for 5 min. The protein samples were then 

cooled and alkylated using 4 µl of 200 mM iodoacetamide at room temperature in the dark. The 

samples were digested with 10 µl of trypsin in a final volume of 48 μl at 37° C for 22 hours. The 

reaction was stopped by the addition of 20 μl of peptide internal standard cocktail (prepared in 

50% acetonitrile in water containing 0.1% formic acid) and 10 μl of the neat solvent, i.e., 50% 

acetonitrile in water containing 0.1% formic acid. The samples were vortexed and centrifuged at 

3500 × g for 5 min. Calibration curve standards were prepared by spiking standard working 

solutions of peptides into a solution containing all of the above mentioned reagents plus 

microsomal storage buffer to replace microsomal sample. Eight calibration concentrations 

ranging from approximately 0.3 to 600 fmol peptide (on column) were used for various CYP 
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enzymes. For each standard, working stock solutions of the peptide (10 μl) were added in the last 

step instead of the neat solvent. The supernatant was transferred to HPLC vials and stored at -20° 

C until further analysis by HPLC-MS/MS. Digestion and quantification were performed in 

triplicate for each HFLM sample. Two pooled (n = 10) HLM samples from adult donors were 

also processed similarly to serve as quality controls for the HPLC-MS/MS method.   

The CYP protein quantification assays were performed on a triple-quadrupole LC-MS 

instrument (Agilent 6460A) coupled to an Agilent 1290 Infinity LC system (Agilent 

Technologies), in ESI positive ionization mode. Approximately 2 µg of the trypsin digest (5 µl) 

was injected onto the column (Kinetex 1.7 µ, C18 100A; 100 × 2.1 mm, Phenomenex, Torrance, 

CA). Mobile phases consisted of water (A) and acetonitrile (B) (both containing 0.1% formic 

acid) at a flow rate of 0.3 ml/min. The gradient was 3% mobile phase B for 2.0 min, followed by 

gradient elution program with mobile phase B concentration of 3 to 18% (2.0-4.0 min), 18 to 

22% (4.0-8.0 min), 22 to 24% (8.0-10 min), 24% (10-12.2 min), 24 to 34% (12.2-12.5 min) and 

34 to 38% (12.5-15.0 min). This was followed by washing with 80% mobile phase B for 0.9 min 

and re-equilibration for 4.9 min. Surrogate peptides and internal standards were monitored in 

multiple reaction monitoring (MRM) mode using instrument parameters provided in Table 4-1. 

HPLC-MS/MS data were processed using the MassHunter (Agilent Technologies) and Skyline 

software. 

Glyburide depletion kinetics in CYP3A supersomes and HFLMs, and 

quantification by HPLC-MS 

Incubations and reaction conditions were adapted from published methods [22, 25]. 

Briefly, supersome reaction mixtures contained varying glyburide concentrations (0.01-20 μM) 
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dissolved in methanol (<1% v/v), CYP3A4, CYP3A5, or CYP3A7 supersomes, and 100 mM 

potassium phosphate buffer (1 mM EDTA, pH 7.4), in a final volume of 200 µl. The 

concentrations of CYP3A4, CYP3A5 or CYP3A7 supersomes in reaction mixtures were 10, 30, 

and 50 pmol/ml, respectively. HFLM reaction mixtures were prepared similarly, except that only 

one concentration of glyburide was used (0.05 µM) with 0.8 mg/ml of microsomal protein. After 

pre-incubation in a shaking 37° C water bath for 5 min, reactions were initiated by adding 

NADPH to a final concentration of 1 mM. Supersome reactions were stopped at 0, 5, 10, 15, 20, 

30, and 45 min; HFLM reactions were stopped at 0, 15, 30, and 45 min, both with 200 µl of ice-

cold methanol (for glyburide concentrations ≤ 0.5 µM) or 1 ml of ice-cold methanol (for 

glyburide concentrations > 0.5 µM). Incubations without NADPH at 0 and 45 min served as 

negative controls. No depletion was observed in the absence of NADPH. Following the addition 

of 20 µl of glipizide (internal standard, 1 ng/µl in methanol), samples were briefly vortexed and 

centrifuged at 20,800 × g for 10 min at 4° C. The supernatant was transferred to a 96-well plate 

and 1 µl was injected for analysis by HPLC-MS. To determine CYP3A supersome kinetics, three 

experiments were performed for each CYP3A isoform. In a given experiment, triplicate 

determinations were performed for each time point. To determine the intrinsic clearance (Clint) of 

glyburide in individual HFLMs, one experiment was performed using duplicate determinations 

for each time point. Due to the limited amount of fetal liver microsomal protein, only one 

depletion experiment was performed for each HFLM. Glyburide concentrations were quantified 

using a validated HPLC-MS assay as previously described [37]. Two calibration curves (low and 

high) were prepared using potassium phosphate buffer as a matrix over the concentration ranges 

of 2.5 – 500 ng/ml (5 nM – 1 µM) and 25 – 10,000 ng/ml (0.05 – 20 µM) glyburide.  
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Glyburide concentrations remaining at various time points were analyzed graphically on 

a semilogarithmic plot. The first-order rate constant for glyburide depletion (kdep, min
-1

) was 

estimated by least-squares regression of the entire depletion curve using the Graphpad Prism 

6.04 software (La Jolla, CA). For CYP3A supersome kinetics, depletion rates were converted to 

reaction velocities (v) using the following equation: 

v = (kdep · [S0]) / [rCYP]  

where [S0] is the initial glyburide concentration (ranging from 0.01-20 µM) and [rCYP] 

is the concentration of the recombinant enzyme used in the incubation. Reaction velocities were 

plotted against initial glyburide concentrations ([S0]), and kinetic parameters (Km and Vmax) were 

estimated from a least-squares regression fit to a Michaelis-Menten equation using the Graphpad 

Prism 6.04 software [38]. As mentioned previously, three separate experimental determinations 

were completed to estimate kinetic parameters for each of the CYP3A isoforms. Statistically 

significant differences between mean parameter estimates of different CYP3A isoforms were 

determined using one-way ANOVA analysis followed by the Tukey’s multiple comparison test 

(n = 3 per CYP3A isoform).  

For individual HFLM’s, the Clint was calculated as previously described using the 

following equation [37, 38]: 

Clint = kdep/microsomal protein concentration 

Linear correlations between glyburide Clint, CYP3A7 protein levels, 16α-OH DHEA 

formation, 1′-OH MDZ formation and 4′-OH MDZ formation were evaluated by estimating the 

Pearson correlation coefficient (r) using the Graphpad Prism 6.04 software.  
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Metabolite profile of glyburide in CYP3A supersomes, HFLMs, and 

HLMs and relative abundance by HPLC-MS/MS 

The metabolite profile of glyburide was determined with CYP3A4, CYP3A5 and 

CYP3A7 supersomes as well as pooled HFLMs and pooled HLMs. Reaction mixtures contained 

0.05 µM glyburide dissolved in methanol (< 1% v/v), 30 pmol/ml CYP3A supersomes or 0.8 

mg/ml microsomal protein, and 100 mM potassium phosphate (KH2PO4) buffer (1 mM EDTA, 

pH 7.4), in a final volume of 200 µl. Incubations were performed according to section 2.5, except 

for two minor modifications: reactions were stopped at 30 min rather than 45 min, and 5 µl of 

supernatant were injected for HPLC-MS/MS analysis. One experiment was performed using 

duplicate determinations for each time point. 

Metabolites M1-M5 were identified by HPLC-MS/MS using an Agilent series 1200 

HPLC interfaced with an Agilent 6410 triple quadrupole mass spectrometer (Agilent 

Technologies, Palo Alto, CA). Separation of M1-M5, glyburide, and glipizide was achieved 

using an ACE C8 300 column (150 mm × 2.1 mm × 3 µ) with gradient elution. The mobile 

phases consisted of methanol (B) and water containing 0.1 % formic acid (A). The flow rate was 

set to 0.4 ml/min. The gradient was 40% methanol for the first 5 min, increased linearly to 90% 

for 4 min, held for 2 min at 90% methanol, and immediately decreased to 40%, and held at 40% 

for the remainder of the 15 min run time. The mass spectrometer was run in ESI positive 

ionization mode with a capillary voltage of 3500 V and a fragmentation voltage of 110 V for all 

metabolites and 87 V for glipizide. The drying gas temperature was 350º C, the nitrogen drying 

gas flow rate was 10.0 L/min, and the nebulizer pressure was 35 pound-force per square-inch-

gauge. Since a standard for M5 is not commercially available, metabolite identification was 

based on elution order and ion transitions as previously described [39]. The following ion 
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transitions were monitored in MRM mode: m/z 510.2 >169.0, 367.0, and 369.0 for M1-M5, m/z 

494.2 >169.0 for glyburide, and m/z 446.2 >321.1 for glipizide. HPLC-MS/MS data were 

processed using MassHunter (Agilent Technologies). Peak area ratios were used to compare 

relative abundance of metabolites between CYP3A supersomes, HFLMs, and HLMs, assuming 

that fragment ion signal to on-column injected molar amount is about the same for all the 

analytes. 

16α-OH-DHEA formation in HFLMs and quantification by HPLC-MS 

16α-OH-DHEA formation in HFLMs was performed as previously described with minor 

modifications [22]. Briefly, reaction mixtures contained 100 µM DHEA (dissolved in 100% v/v 

methanol, dried down under air, and reconstituted in HFLM protein/buffer mixture), 0.8 mg/ml 

HFLMs, and 100 mM potassium phosphate buffer (1 mM EDTA, pH 7.4), in a final volume of 

100 µl. After pre-incubating in a shaking 37° C water bath for 5 min, reactions were initiated by 

adding NAPDH to a final concentration of 1 mM. Reactions were stopped at 0 and 10 min with 1 

ml of ice-cold methanol. Incubations using HFLMs without NADPH at 0 and 10 min served as 

negative controls. Following the addition of 20 µl of progesterone (internal standard, 5.0 µg/ml 

in methanol), samples were briefly vortexed and centrifuged at 20,800 × g for 10 min at 4° C. 

The supernatant was transferred to a 96-well plate and 1 µl was injected for analysis by HPLC-

MS. Due to the limited amount of fetal liver microsomal protein, only one depletion experiment 

was performed for each HFLM; however, duplicate determinations were performed for each time 

point. Under these conditions, the depletion of DHEA did not exceed 20%. 

DHEA and 16α-OH-DHEA concentrations were quantified by HPLC-MS using an 

Agilent series 1100 HPLC interfaced with an Agilent G1956B single quadrupole mass 
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spectrometer (Agilent Technologies, Palo Alto, CA). Separation of DHEA and 16α-OH-DHEA 

was achieved using a Zorbax C18 extend column (50 mm × 2.1 mm × 5 µ) with gradient elution. 

The mobile phases consisted of methanol (B) and water containing 0.1 % formic acid (A). The 

flow rate was set to 0.3 ml/min. The gradient was 40% methanol for the first 3 min, increased 

linearly to 80% for 7 min, and held for 2 min at 80% methanol for the remainder of the 12 min 

run time. The mass spectrometer was run in API-ES positive ionization mode with a capillary 

voltage of 3750 V and a fragmentation voltage of 70 V for DHEA and 100 V for 16α-OH-DHEA 

and progesterone. The drying gas temperature was 350º C, the nitrogen drying gas flow rate was 

10.0 L/min, and the nebulizer pressure was 35 pound-force per square-inch-gauge. Ions 

monitored were 271 m/z for DHEA, 315 m/z for progesterone, and 322 m/z for 16α-OH-DHEA. 

A calibration curve was prepared using potassium phosphate buffer as a matrix over the 

concentration range of 500 - 20,000 ng/ml (1.6 – 65 µM) DHEA. The lower limit of 

quantification in potassium phosphate buffer was 473.5 ng/ml with an accuracy of 103% and a 

precision of 11.4%. 

1′-OH MDZ and 4′-OH MDZ formation in HFLMs and quantification 

by HPLC-MS/MS 

1′-OH MDZ and 4′-OH MDZ formation in HFLMs was performed as previously 

described with minor modifications [31]. Briefly, reaction mixtures contained 8 µM midazolam 

dissolved in < 1% (v/v) methanol, 0.1 mg/ml HFLMs, and 100 mM potassium phosphate 

(KH2PO4) buffer (3 mM MgCl2, 1 mM EDTA, pH 7.4), in a final volume of 250 µl. After pre-

incubating in a shaking 37° C water bath for 5 min, reactions were initiated with 1 mM NADPH. 

Reactions were stopped at 0 and 5 min with 0.25 ml of ice-cold Na2CO3 solution (final pH 11). 
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Incubations using 0.1 mg/ml HLMs with and without NADPH at 0 and 5 min served as positive 

and negative controls, respectively. Following the addition of 50 µl of the internal standards 

(
15

N3-labeled 1′-OH MDZ and 4′-OH MDZ), samples were briefly vortexed and 3 ml ethyl 

acetate was added. Samples were then horizontally shaken for 20 min and centrifuged at 3700 × 

g for 20 min at room temperature. The supernatant was evaporated in a 37° C water bath with 

nitrogen gas. Residues were finally resuspended in 200 µl of 50:50 acetonitrile:water, 100 µl was 

transferred to a 96-well plate, and 10 µl was injected for analysis by HPLC-MS/MS. Duplicate 

determinations were performed for each sample. Under these conditions, the depletion of MDZ 

did not exceed 20%.  

1′-OH and 4′-OH MDZ concentrations were quantified by HPLC-MS/MS using an 

Agilent series 1290 HPLC interfaced with an Agilent 6410B triple quadrupole mass spectrometer 

(Agilent Technologies, Palo Alto, CA). Separation of 1′-OH and 4′-OH MDZ was achieved 

using a Zorbax SB-C18 column (150 mm × 2.1 mm × 5 µ) heated to 35° C. Metabolites were 

separated with isocratic elution: 35% mobile phase B from 0-6 minutes, followed by 95% B at 6-

9 minutes for column rinsing, and finally returned to 35% for the remainder of the 14 min run 

time. The mass spectrometer was run in ESP positive ionization mode with a capillary voltage of 

1800 V and a fragmentation voltage of 150, 145, and 152 V for the internal standard, 1′-OH 

MDZ, and 4′-OH MDZ, respectively. The drying gas temperature was 350º C, the nitrogen 

drying gas flow rate was 11.0 L/min, and the nebulizer pressure was 35 pound-force per square-

inch-gauge. The following ion transitions were monitored: m/z 342.1> 324.1 for 1′-OH MDZ, 

m/z 342.1> 297.1 for 4′-OH MDZ, and m/z 347.1> 329.2 for internal standards.  



118 

Glyburide fraction unbound in CYP supersomes and HFLMs 

Protein binding of glyburide in CYP3A4, CYP3A5, and CYP3A7 supersomes as well as 

HFLMs and HLMs was determined by ultrafiltration using Microcon-10 kDa Centrifugal Filters 

with Ultracel-10 membranes (EMD Millipore Corporation, Billerica, MA). [
3
H]-Glyburide (~1.5 

ng) in methanol was aliquoted into 1.5 ml eppendorf tubes and evaporated to dryness. [
3
H]-

Glyburide was reconstituted in 100 mM potassium phosphate buffer (1mM EDTA, pH7.4) 

containing varying concentrations of glyburide (0.01, 0.05, and 20 µM) and protein 

concentrations identical to those used in depletion studies, in a total volume of 350 µl. Samples 

were briefly vortexed, and aliquots (110 µl) were transferred to ultrafiltration cartridges, 

equilibrated for 30 min at 37° C, and centrifuged at 1,000 × g for 10 min. Eight microliters of 

filtrate and unfiltered samples were counted on a liquid scintillation counter. The fraction 

unbound (fu) of glyburide was calculated as the percentage of radioactivity of the filtrate to the 

radioactivity of the corresponding unfiltered incubation buffer/protein mixture. Triplicate 

determinations were performed for each sample. HLMs served as a positive control. Incubation 

buffer was used to determine non-specific binding of [
3
H]-glyburide, which was 6.9 ± 3.7% (n = 

9 replicates).  

4.3  Results 

Glyburide depletion kinetics of CYP3A supersomes   

We first compared the kinetics of glyburide metabolism with recombinant CYP3A4, 

CYP3A5 and CYP3A7 supersomes. Substrate depletion kinetic parameters were estimated and 

the data are shown in Table 4-2. The kinetic profiles from a representative experiment are 

depicted in Figure 4-1. Km and Vmax values were estimated from three independent experiments. 
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The fraction unbound (fu) remained constant for each CYP3A isoform over 0.01 – 20 µM 

glyburide. The fu was 5-7% for CYP3A4 and CYP3A7 and ~15% for CYP3A5 (Table 4-2). 

Although apparent Km values (Km, app) did not significantly differ between CYP3A isoforms, Km 

values corrected for protein binding (Km, u) did, with CYP3A7 having the highest affinity to 

glyburide (in the nM range), followed by CYP3A4 and CYP3A5. CYP3A4 had the highest 

capacity to metabolize glyburide (Vmax = 8.3 nmol/min/nmol P450), followed by CYP3A5 and 

CYP3A7 (Vmax = 3.6 and 1.8 nmol/min/nmol P450, respectively). Consequently, Clint, u of 

CYP3A4 was nearly 3-fold greater than that of CYP3A7 and 4-fold greater than that of CYP3A5 

(37.1 versus 13.0 and 8.7 ml/min/nmol P450, respectively).  

Human fetal liver demographics and CYP protein quantification 

Estimated gestational age, fetal sex, race, post-mortem interval (time between death and 

tissue collection), genotype, and maternal medications or xenobiotics are listed for sixteen 

human fetal livers in Table 4-3. Nearly equal numbers of male and female fetal livers were 

collected (7 and 9, respectively). Estimated gestational age spanned from 13 to 21 weeks of 

gestation; however, most fetal livers were between the ages of 13 and 16 weeks of gestation. The 

composition of races among the fetal livers that were collected nearly reflects the composition of 

the population within the state of Washington. The top three maternal medications or xenobiotics 

recorded were alcohol, cigarettes, and marijuana. CYP3A5*3/*3 and CYP3A7*1/*1 were the 

most abundant variant CYP3A genotypes. Of the CYP isoforms quantified by HPLC-MS/MS, 

only CYP3A7 and P450 reductase were detected in quantifiable amounts; however multiple CYP 

isoforms were detected in pooled HLM quality controls. The CYP3A7 protein levels in HFLMs 

ranged between 10 and 160 pmol/mg protein (Figure 4-2). CYP3A5 protein was detectable in 

some of the HFLMs, but was not quantifiable due to a somewhat high LLOQ (lower limit of 
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quantification) (0.475 fmol/µg microsomal protein). The relationship between selected 

demographics and human fetal liver CYP3A7 protein levels was explored (Figure 4-2). CYP3A7 

content did not appear to be sex-dependent, or affected by CYP3A7*1C and *2C genotype (p = 

0.45 and 0.40, respectively) (Figure 4-2). Given the small estimated gestational age range of the 

human fetal livers, it was not possible to evaluate the relationship between CYP3A7 protein 

content and gestational age or post-mortem intervals (all less than 6 hours) (Figure 4-2). Overall, 

none of these potential effectors significantly influenced protein levels of CYP3A7 in the human 

fetal liver samples of this study.  

Metabolic profiles of glyburide generated by CYP3A supersomes, 

HFLMs, and HLMs  

The primary metabolites of glyburide, M1-M5, are all mono-hydroxylated metabolites. 

Given the same CYP3A isoform concentration (30 pmol/ml), M5 was the dominant metabolite 

formed (of the metabolites measured) following a 30 min incubation with CYP3A4, CYP3A5 or 

CYP3A7 supersomes, the relative abundance of which was approximately 73, 57, and 96%, 

respectively (Figure 4-3, Table 4-4). Differences were observed between the relative abundance 

of M1-M5 across CYP3A isoforms. M5 appears to be predominant metabolite for all three 

CYP3A isoforms (57-96%); however, CYP3A7 produced ≤ 1% M1-M4 which was far less than 

5-15% of M1-M4 formed by CYP3A4 or CYP3A5. The relative abundance of M1-M5 in 

CYP3A supersomes was independent of incubation time (30-90 min) and glyburide 

concentration (0.05-20 µM) (data not shown). With the same protein concentration (0.8 mg/ml), 

pooled HFLMs and pooled HLMs also predominantly formed M5 (97.0 and 64.9%, respectively) 

(Figure 4-4, Table 4-4). Interestingly, the metabolite profile in pooled HFLMs mirrored the 
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profile generated by CYP3A7. On the other hand, the metabolic profile from pooled HLMs 

mirrored that from CYP3A4 (Figures 4-3 and 4-4). However, the relative abundance of M1 in 

pooled HLMs on average was higher (~10%) than that in CYP3A4 or CYP3A5 (~5%). Again, 

the relative abundance of M1-M5 in HFLMs was not dependent on incubation time (30-90 min) 

or glyburide concentration (0.05-20 µM) (data not shown).  

Correlation of glyburide depletion in HFLMs with CYP3A7 protein 

content, 16α-OH DHEA formation, and 4′-OH MDZ formation   

Since M5 was the predominate metabolite formed by HFLMs, which cannot be 

quantified due to lack of commercially available standard, glyburide depletion as shown in 

Figure 4-5 was performed to estimate glyburide Clint in individual HFLMs. Glyburide depletion 

in HFLMs was NADPH-dependent, supporting the hypothesis that CYP3A7 in the fetal liver is 

the predominant enzyme responsible for glyburide metabolism. The average fraction unbound of 

glyburide across all sixteen HFLMs was 27.0 ± 7.9% (n = 3 replicates per liver) compared to 

17.4 ± 1.4% (n = 3) in pooled HLMs (p = 0.055). In order to confirm that fetal CYP3A7 protein 

content in HFLMs was indeed correlated with CYP3A7 activity, DHEA metabolism to 16α-OH 

DHEA (a reaction specific to CYP3A7) was measured. We found that CYP3A7 protein levels 

were indeed highly correlated with 16α-OH DHEA formation (Pearson r = 0.76, p < 0.001) 

(Figure 4-6, panel A). CYP3A7 protein levels were also tightly correlated with Clint for glyburide 

depletion (Pearson r = 0.80, p < 0.001) (Figure 4-6, panel B), supporting the hypothesis that 

glyburide is primarily metabolized by CYP3A7 in human fetal livers. Figure 4-6, panel C also 

shows that glyburide depletion is directly correlated with 16α-OH DHEA formation (Pearson r = 

0.80, p < 0.001). Midazolam, a probe CYP3A substrate, was also used to discern CYP3A7 
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activity. 1′-OH MDZ formation was moderately correlated with Clint for glyburide depletion 

(Pearson r = 0.52, p = 0.037) (Figure 4-7, panel A), while 4′-OH MDZ formation was highly 

correlated with glyburide Clint (Pearson r = 0.89, p < 0.001) (Figure 4-7, panel B) as well as 

CYP3A7 protein levels (Pearson r = 0.68, p = 0.004) (Figure 4-7, panel C). There was no 

correlation between the 1′-OH/4′-OH metabolite ratio and glyburide Clint (data not shown).  

Glyburide depletion is not dependent on CYP3A5 genotype 

We also examined whether CYP3A5 genotype impacts glyburide depletion and found 

that CYP3A5 genotype did not affect 16α-OH DHEA formation or glyburide Clint (Figure 4-8, 

panels A and B). The 1′-OH/4′-OH MDZ metabolite ratio was nearly two-fold larger for the 

single homozygous CYP3A5*1/*1 expresser compared to the heterozygous (CYP3A5*1/*3 and 

CYP3A5*1/*6) and homozygous (CYP3A5*3/*3, CYP3A5*3/*6, and CYP3A5*6/*6) variant 

genotypes, which are associated with decreased CYP3A5 protein levels [40] (Figure 4-8, panel 

C). Due to only one sample with the CYP3A5*1/*1 genotype, statistical analyses between 

groups was not performed.  

4.4 Discussion 

Glyburide is frequently used to treat GDM. However, a major concern of pregnant 

women using glyburide is the safety of the drug for the developing fetus. It is critical that we 

understand the mechanisms that control fetal exposure to glyburide, such as placental penetration 

and placental and fetal metabolism of glyburide. Previous studies including those from our 

laboratory have identified that ABC transporters such as BCRP play an important role in limiting 

transfer of glyburide across the placenta [16-18]. Placental metabolism of glyburide primarily by 

CYP19 has also been demonstrated [9, 10, 19]. Prior to this work, no studies have been done to 
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evaluate fetal metabolism of glyburide. Thus, the purpose of this study was to systematically 

investigate glyburide metabolism by human fetal livers.   

Since CYP3A7 is known to be the predominant drug-metabolizing CYP enzyme in 

human fetal livers [21-23], we first characterized glyburide depletion kinetics of CYP3A7 

supersomes and compared the data with those of CYP3A4 and CYP3A5 (Figure 4-1 and Table 

4-2). CYP3A7 was able to catalyze glyburide depletion but with a relative lower (~65%) 

efficiency than CYP3A4. The Km, u values of CYP3A4 and CYP3A7 after correction for protein 

binding were comparable; however, the Vmax of CYP3A4 was 4-5 times greater than that of 

CYP3A7, resulting in a nearly 3-fold difference in Clint, u (Table 4-2). On the other hand, the 

Clint,,u values of CYP3A5 and CYP3A7 were similar. Given the lower Clint, u of CYP3A7 versus 

CYP3A4, quantifying CYP3A7 protein levels in human fetal livers is important in the effort to 

determine the overall contribution of CYP3A7 to glyburide metabolism in human fetal livers.  

Thus, we performed absolute quantification of CYP enzymes in 16 individual HFLMs 

using a targeted mass spectrometry approach. Of the enzymes examined: CYP3A4, CYP3A5, 

CYP3A7, CYP2C9, CYP2C19, CYP2A6, and CYP2D6, only CYP3A7 protein levels were 

quantifiable in HFLMs. CYP3A5 was detectable in some of the HFLMs, but not quantifiable due 

to a somewhat high LLOQ. Other CYPs were not detectable at all. These results suggest that 

CYP3A7 is likely the major enzyme capable of metabolizing glyburide in human fetal livers, 

even if it has a relatively lower Clint, u compared to CYP3A4. We noted that CYP3A7 protein 

levels in individual HFLMs were only slightly variable, ranging from approximately 50 to 160 

pmol/mg protein with only one sample at around 10 pmol/mg protein (Figure 4-2). The protein 

levels of CYP3A7 in human fetal livers are in a similar range to the protein levels of CYP3A4 in 

human adult livers, but are much higher than those of CYP3A5 (up to 20 pmol/mg protein) [41]. 
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Thus, CYP3A7 could significantly contribute to drug metabolism in human fetal livers, affecting 

fetal exposure to drugs. This study is the first to report CYP3A7 protein quantification by 

surrogate peptide-based HPLC-MS/MS in individual human fetal livers. The fetal livers were 

collected from women using medications and other substances. Alcohol, marijuana and 

cigarettes were the three most common substances used, though they did not seem to affect 

CYP3A7 microsomal protein levels. CYP3A7 protein content also did not seem to be affected by 

sex of the fetus, CYP3A7 genotype, estimated gestational age, or post-mortem interval (Figure 4-

2). One fetal liver (ID# 25458) had a post-mortem interval of >24 hours and showed a notably 

lower level of CYP3A7 protein content (Figure 4-2). It is possible that the longer post-mortem 

interval would leave time for protein degradation to occur, and ultimately decrease CYP3A7 

protein levels. Other factors may also play a role as another fetal liver (ID# 25217) with a post-

mortem interval of 21 h possessed CYP3A7 protein levels comparable to other fetal livers with 

much shorter post-mortem intervals.   

We then characterized the metabolic profiles of glyburide by CYP3A4, CYP3A5, 

CYP3A7, HFLMs, and HLMs. M5 was the predominant metabolite (of the metabolites 

measured) by CYP3A4, CYP3A5, and CYP3A7 with a relative abundance of 60-70% for 

CYP3A4 or CYP3A5 and of 96% for CYP3A7 (Figure 4-3 and Table 4-4). Likewise, of the 

metabolites measured, M5 accounted for nearly 97.0% of relative abundance in HFLMs versus 

64.9% in HLMs (Figure 4-4 and Table 4-4). This pattern of metabolic profile again supports the 

notion that CYP3A7 is likely the major enzyme in human fetal livers responsible for glyburide 

metabolism. In a previous clinical study, steady-state concentrations of glyburide in women with 

GDM were reported to range from 3 nM to 250 nM over a 12-h dosing interval [11]. These 

concentrations are well below the apparent Km of CYP3A7 but similar to its Km, u. As glyburide 
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can cross the placenta and reach umbilical cord concentrations that are 70% of maternal 

concentrations at term [11], we anticipate that the predominant metabolite of glyburide produced 

by human fetal livers would be M5, followed by minimal levels of M1-M4. Extrahepatic fetal 

metabolism and placental metabolism may also influence the overall fetal metabolism and 

metabolite profile of glyburide in the fetus. Fetal adrenal metabolism has been reported for 

endogenous compounds such as testosterone [43]. CYP3A7 activity in fetal adrenal microsomes 

was evaluated via testosterone metabolism to 6β-OH testosterone; 6β-OH formation was 33% of 

that measured in fetal liver microsomes with matched tissues between 24-39 weeks of  gestation 

[44]. Thus, fetal adrenal metabolism of glyburide by CYP3A7 may also contribute to overall 

fetal metabolism of glyburide, but is not expected to change the metabolite profile of glyburide 

in the fetus. Human term placenta has also been shown to metabolize glyburide, predominantly 

to M5 via CYP19 [9, 10, 20]. If M5 formed in the placenta can access the fetal circulation, 

placental metabolism could alter the overall metabolic profile of glyburide in the fetus. Although 

M5 is a major metabolite of both fetal and placental metabolism of glyburide, whether it is 

pharmacologically active is not known. This would be of considerable importance to investigate 

in future studies given that the other metabolites, M1 and M2b, are pharmacologically active 

[30].  

After having established that CYP3A7 and HFLMs are capable of metabolizing 

glyburide, we performed further studies to confirm that CYP3A7 is the major enzyme in HFLMs 

responsible for glyburide metabolism using selective probe substrates. First of all, with 16 

individual HFLMs, we found that 16α-OH DHEA formation, a reaction specific to CYP3A7, 

was highly correlated with CYP3A7 protein levels (Figure 4-6, panel A). Glyburide Clint was 

highly correlated with CYP3A7 protein levels (Figure 4-6, panel B) and 16α-OH DHEA 
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formation (Figure 4-6, panel C), supporting the conclusion that CYP3A7 is the enzyme 

responsible for glyburide metabolism in HFLMs.  

We noted that HFLMs were also capable of metabolizing MDZ (Figure 4-7). It has been 

reported that the Km values of CYP3A4 for 1′-OH MDZ and 4′-OH MDZ formation differ by a 

magnitude of 10 (2-6 µM versus 40-60 µM, respectively) [41]. The starting MDZ concentration 

in our incubations with HFLMs was 8 µM; therefore, if CYP3A4 or CYP3A5 were expressed in 

HFLMs, we might expect preferential formation of 1′-OH MDZ and the corresponding 1′-OH/4′-

OH metabolite ratio to be far greater than 1. The metabolite ratio, however, was less than or 

around unity for 12 out of the 16 HFLMs (Figure 4-7, panel C), suggesting that CYP3A4 may 

not expressed in this set of fetal livers. In addition, glyburide Clint (Figure 4-7, panel B) and 

CYP3A7 protein content (Figure 4-7, panel C) were highly correlated with 4′-OH MDZ 

formation, confirming that CYP3A7 can catalyze 4′-OH MDZ formation. Considering 

CYP3A7’s perhaps preferential formation of 4′-OH MDZ (given the MDZ incubation 

concentration used), and the fact that CYP3A5 protein was not quantifiable in these HFLMs, it is 

understandable why the 1′-OH/4′-OH MDZ ratio was ≤ 1 for the majority of HFLMs. For the 

metabolite ratios that were >1, CYP3A5 was likely present to a sufficient degree to form more 

1′-OH MDZ, thus changing the metabolite ratio. The highest observed 1′-OH/4′-OH ratio (3.4) 

came from a fetal liver with the CYP3A5*1/*1 genotype, which is associated with expression of 

functional CYP3A5 (Figure 4-8, panel C). This supports the likelihood that CYP3A5 is present 

in some HFLMs and plays a role in the fetal metabolism of MDZ. The results of midazolam 

metabolism provide further evidence that CYP3A7 is the major CYP3A isoform in the fetal 

liver, and that CYP3A7 preferentially oxidizes substrates at sites that may be different from that 

of other CYP3A isoforms.              
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16α-OH DHEA formation was unaffected by CYP3A5 genotype (Figure 4-8, panel A), 

which is expected because 16α-OH DHEA formation is specific to CYP3A7 [20]. Given the low 

concentration of glyburide used in correlation studies (0.05 µM) and that the Km, u of CYP3A7 

for glyburide is 2-3 times lower than that of CYP3A5 (Table 4-2), contribution of CYP3A5 to 

glyburide depletion would perhaps be unobservable. Therefore, glyburide Clint was not affected 

by CYP3A5 genotype either. Given the low content of CYP3A5 in human fetal livers, 

contribution of CYP3A5 to fetal liver metabolism of glyburide is expected to be much lower 

than CYP3A7. 

In summary, we have shown that CYP3A7 is substantially expressed in in human fetal 

livers and for the first time mediates metabolism of glyburide to the primary metabolite M5. 

Microsomal CYP3A7 protein content in human fetal livers was not affected by sex of the fetus, 

genotype, or gestational age, and correlated well with glyburide Clint, 16α-OH DHEA formation, 

and 4′-OH MDZ formation. These results are of significant clinical value for understanding and 

predicting fetal exposure to glyburide and informing fetal safety of the drug.    
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Tables and Figures for Chapter 4 

Table 4-1. Optimized MS/MS parameters used for quantification of surrogate peptides and 

internal standards of CYP enzymes in trypsin digested microsomes  

Enzyme 

 

Peptide 

 

Precursor 

Ion (m/z) 

Product 

Ion 

(m/z) 

Fragmentor 

(V) 

Collision 

Energy 

(eV) 

LLOQ 

(fmol 

on-

column) 

CYP3A4 LSLGGLLQPEKPVVLK 564.6 746 100 9 0.3 

564.6 689.4 100 10 

 LSLGGLLQPEKPVVLK 567.3 750 100 9 

  567.3 693.4 100 9 

 CYP3A5 DSIDPYIYTPFGTGPR 900.0 995.7 130 28 1 

 900.0 684.9 130 20 

 DSIDPYIYTPFGTGPR 904.9 1005.5 130 28 

  904.9 689.9 130 28 

 CYP3A7 FNPLDPFVLSIK 695.4 918.4 110 16 0.1 

 695.4 564.7 110 16 

 FNPLDPFVLSIK 699.4 926.5 110 16 

  699.4 568.8 110 16 

 CYP2C9 GIFPLAER 451.9 585.4 75 7 0.15 

  451.9 366.8 75 7 

 GIFPLAER 456.8 595.3 75 7 

   456.8 371.7 75 7 

 CYP2C19 IYGPVFTLYFGLER 838.0 1145.4 145 28 1 

  838.0 998.3 145 28 

 IYGPVFTLYFGLER 843.0 1155.6 145 28 

   843.0 1008.5 145 28 

 CYP2A6 GTGGANIDPTFFLSR 777.1 982.5 130 22 0.4 

 777.1 867.2 130 26 

 GTGGANIDPTFFLSR 781.9 992.5 130 26 

  781.9 877.5 130 26 

 CYP2D6 GTTLITNLSSVLK 673.9 974.4 110 16 0.6 

 673.9 861.3 110 16 

 GTTLITNLSSVLK 677.9 982.4 110 16 

  677.9 869.3 110 16 

 CYP 

reductase 

FAVFGLGNK 476.9 734.3 100 9 0.05 

 476.9 635.3 100 9 

 FAVFGLGNK 480.8 742.4 100 9 

  480.8 643.4 100 9 
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Underlined residues represent the internal standards with the labeled [
13

C6
15

N2]-lysine or 

[
13

C6
15

N4]-arginine.  
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Table 4-2. Glyburide depletion kinetics in CYP3A supersomes 

 Km, app (µM) Km, u (µM)
 Vmax (nmol/min/ 

nmol P450) 

Clint, u (ml/min/ 

nmol P450) 
fu (%) 

CYP3A4 3.1 ± 1.1  0.22 ± 0.08
a 

8.3 ± 4.8 37.1 ± 13.1
a,c 

7.1 ± 6.1 

CYP3A5 3.0 ± 0.1 0.41 ± 0.01
a,b 

3.6 ± 0.3 8.7 ± 0.5
a
 13.6 ± 4.2

d
 

CYP3A7 2.6 ± 0.9 0.15 ± 0.05
b 

1.8 ± 0.6 13.0 ± 3.0
c
 5.7 ± 3.9

d 

a 
p < 0.05 between CYP3A4 and CYP3A5; 

b
 p < 0.01 between CYP3A5 and CYP3A7; 

c
 p < 0.05 

between CYP3A4 and CYP3A7; 
d
 p < 0.05 between CYP3A5 and CYP3A7; Shown are means ± 

SD of three independent experiments. Fraction unbound (fu) is reported as mean ± SD (n = 6). 

Km, app represents Km apparent; Km, u represents Km unbound; Clint, u represents unbound intrinsic 

clearance 
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Table 4-3. Demographics of human fetal livers 

ID 
EGA 

(wk) 
Sex Race 

PMI 

(hr) 

CYP3A5 

Genotype 

CYP3A7 

Genotype 
Maternal Medications 

25423 13 F H Unk *3/*3 *1/*1 Unk 

25421 13 F CA 3:20 *3/*3 *1/*1 Alcohol, cigarettes 

25422 13 F NA 2:37 *1/*1 *1/*2C Alcohol, cigarettes, 

marijuana 

25448 13 M Unk Unk *3/*6 *1/*2C Unk 

25458 14 M CA > 24:00 *1/*3 *1/*1 Alcohol, cigarettes, 

marijuana 

25351 15 M CA 6:13 *3/*3 *1/*1 Alcohol, levothyroxine 

25279 15 M PI, S 3:08 *1/*3 *1/*2C Alcohol 

25346 15 F H 2:10 *3/*6 *1/*1C Albuterol, alcohol, 

cigarettes, crystal 

methamphetamine, 

marijuana, acetaminophen/ 

hydrocodone 

25452 15 F CA 2:38 *1/*3 *1/*2C Unk 

25217 15 F AA, H 21:00 *1/*6 *1/*2C Unk 

25435 15 F CA, EI 1:07 *3/*3 *1/*1 Alcohol, cigarettes, crystal 

methamphetamine  

25447 15 M CA 4:36 *3/*3 *1/*1 Cigarettes  

25449 15 F CA 2:22 *3/*3 *1/*1 Ibuprofen, marijuana 

25453 15 M CA 5:20 *3/*3 *1/*1 Alcohol, ibuprofen, 

marijuana  

25388 16 F CA, H Unk *3/*3 *1/*1 Cigarettes, ibuprofen, 

marijuana, prenatal 

vitamins 

25212 21 M CA 5:15 *1/*3 *1C/*2C Alcohol, birth control pill, 

amphetamine/ 

dextroamphetamine 

 

EGA, estimated gestational age; Unk, unknown; H, Hispanic; CA, Caucasian; NA, Native 

American; PI, Pacific Islander; S, Samoan; AA, African-American; EI, East Indian; PMI, post-

mortem interval 
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Table 4-4. Relative distribution (%) of glyburide’s metabolic profile in CYP3A supersomes, 

HFLMs, and HLMs  

  M1 M2a M2b M3 M4 M5 

CYP3A4
a 5.0 ± 1.2 5.6 ± 1.2 4.6 ± 1.3 7.4 ± 1.3 4.8 ± 1.1 72.6 ± 6.2 

CYP3A5
a 5.6 ± 0.3 8.0 ± 0.4 7.4 ± 0.8 8.6 ± 0.3 13.5 ± 0.9 57.0 ± 2.1 

CYP3A7
a 1.1 ± 0.05 0.5 ± 0.02 1.0 ± 0.1 1.0 ± 0.1 0.4 ± 0.2 96.1 ± 0.3 

HFLM
b 1.2 ± 0.4 0.2 ± 0.2 0.7 ± 0.3 0.9 ± 0.3 0.05 ± 0.2 97.0 ± 0.9 

HLM
c 10.5 ± 0.4 7.0 ± 0.5 6.0 ± 0.4 7.3 ± 0.4 4.4 ± 0.5 64.9 ± 0.8 

 

Shown are means ± SD of CYP3A supersomes measured in duplicate from two separate 

experiments
a
; sixteen human fetal livers measured in duplicate from one experiment

b
; and pooled 

human liver microsomes measured in duplicate from two experiments
c
.  
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Figure 4-1. Representative kinetic profiles of glyburide depletion velocity versus initial 

glyburide concentration in CYP3A4 (A), CYP3A5 (B), and CYP3A7 (C) supersomes. 

Shown are means ± SD of three replicate determinations per time point in a representative 

experiment. S0, initial substrate (glyburide) concentration at time zero.     
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Figure 4-2. Effects of gender (A), CYP3A7 genotype (B), estimated gestational age (C), and 

post-mortem interval (D) on CYP3A7 protein content in sixteen human fetal livers.  

Protein levels are shown as means of triplicate determinations from a single experiment. Using 

an unpaired Student’s t-test (p < 0.05), no statistically significant differences in CYP3A7 protein 

levels were observed based upon gender (p = 0.45) or CYP3A7 genotype (p = 0.40). Statistical 

analyses were performed using the Graphpad Prism version 6.04 software.      
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Figure 4-3. Representative metabolite profile of glyburide in CYP3A4 (A), CYP3A5 (B), 

and CYP3A7 (C) supersomes.  

Mass ion chromatograms for extracts of supersome incubates showing the presence of the 

following metabolites: M1, M2a, M2b, M3, M4, and M5. 
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Figure 4-4. Representative metabolic profile of glyburide in human liver microsomes (A) 

and human fetal liver microsomes (B).  

Mass ion chromatograms for extracts of supersome incubates showing the presence of the 

following metabolites: M1, M2a, M2b, M3, M4, and M5. 
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Figure 4-5. Time courses of glyburide depletion in human fetal liver microsomes.  

Shown are means ± SD of sixteen individual HFLMs from a single experiment. Duplicate 

determinations were performed at all time points; however, the mean and SD was calculated 

from all 16 fetal livers.    
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Figure 4-6. Correlation between CYP3A7 protein content and 16α-OH DHEA formation (A) or Clint of glyburide depletion 

(B), as well as correlation between Clint of glyburide depletion and 16α-OH DHEA formation (C) in human fetal liver 

microsomes.  

Shown are means of duplicate incubations from single experiments. Statistically significant correlations (p < 0.001) were determined 

by the Pearson correlation analysis using the Graphpad Prism version 6.04 software.  
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Figure 4-7. Glyburide Clint is correlated with 4′-OH midazolam formation in HFLMs.  

Shown are means of duplicate incubations from single experiments. Statistically significant correlations (p < 0.05) between glyburide 

Clint and 1′-OH midazolam formation (A), 4′-OH midazolam formation (B), as well as correlations between CYP3A7 protein content 

and 4′-OH midazolam (C) were determined by the Pearson correlation analysis using the Graphpad Prism version 6.04 software.  
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Figure 4-8. Effects of CYP3A5 genotype on 16α-OH DHEA formation (A), glyburide Clint (B), and 1′-OH/4′-OH midazolam 

formation ratios (C) in HFLMs.  

Shown are means of duplicate incubations from single experiments.  
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Chapter 5: Glyburide and Metformin Pharmacodynamics 

(PD) in Women with Gestational Diabetes 

Mellitus (GDM): An Interim Analysis of 

Monotherapy versus Combination Therapy 

 

5.1  Introduction 

Gestational diabetes mellitus (GDM) complicates 5-14% of human pregnancies [1, 2]. 

Similar to type-2 diabetes mellitus (T2DM), the pathology of GDM can be explained by 

decreased pancreatic production/secretion of insulin, decreased insulin sensitivity, or a 

combination of the two. If left untreated, GDM poses significant risks to the mother, fetus, and 

neonate. Such risks include maternal hypertension, preeclampsia, and cesarean delivery, and 

fetal/neonatal morbidities such as macrosomia and hypoglycemia, as well as increased risk of 

metabolic syndrome, type-2 diabetes, and obesity for the offspring later in life [3, 4]. While 

insulin resistance naturally occurs in normal pregnancy, women with GDM experience insulin 

resistance beyond their ability to compensate with increased insulin production, leading to 

hyperglycemia. While insulin injection has been the standard of care for pharmacotherapeutic 

treatment of GDM, oral anti-diabetic agents such as glyburide and metformin have gained 

increasing popularity because of their ease of administration, lower cost, and comparable 

efficacy to insulin [5, 6]. Glyburide is a second generation sulfonylurea that inhibits ATP-

dependent potassium channels on the cellular membrane of beta-islet cells in the pancreas, which 
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ultimately triggers the release of insulin [7]. Metformin, on the other hand, is a biguanide with a 

mechanism of action that is not fully understood, though it is believed to suppress glucose 

production and increase peripheral glucose uptake (an insulin sensitizer) [8].   

 It has been well established that physiological, biochemical and hormonal changes during 

pregnancy can alter the pharmacokinetics (PK) of drugs throughout gestation [9]. Thus, it is 

quite likely that the pharmacodynamics (PD) of drugs used to treat GDM are altered during 

pregnancy. Unfortunately, data is quite limited in regards to the PK/PD relationship of oral 

hypoglycemic agents such as glyburide and metformin during pregnancy, despite the fact that 

previous studies have shown that both glyburide and metformin exhibit altered PK during 

pregnancy. Specifically, the oral clearance of glyburide was found to double during the third 

trimester in women with GDM versus non-pregnant women with T2DM as controls, an effect 

thought to be due to increased hepatic CYP3A activity [10]. The renal clearance of metformin 

was also increased by 49% in mid-pregnancy and 29% in late pregnancy in women with GDM, 

type-2 diabetes, or polycystic ovary syndrome (all of which are conditions treated with 

metformin therapy) [11]. Despite this knowledge, the corresponding effects of decreased 

exposure on drug efficacy (PD) have not been fully characterized. 

Insulin sensitivity and insulin secretion (beta-cell function) have been proposed as 

quantitative biomarkers to characterize glucose tolerance, and therefore have been used as PD 

biomarkers to evaluate oral hypoglycemic therapeutic efficacy [10, 12]. These indices can be 

estimated from serum glucose, insulin, and C-peptide concentrations following a glucose 

tolerance test dose, and provide mechanistic understanding of underlying disease pathology as 

well as response to drug therapies. Furthermore, insulin sensitivity and beta-cell function are 

believed to be related hyperbolically, i.e. reflecting the regulated feedback mechanisms that exist 
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between blood glucose and insulin [13]. Over the years, biomathematical models have been 

developed to describe the dynamic temporal relationship between serum glucose, insulin, and C-

peptide concentrations in response to oral glucose and mixed meal tolerance tests (OGTTs and 

MMTTs) [14, 15]. One such class of these models is called the oral minimal model of glucose 

and C-peptide kinetics. Importantly, they have been implemented successfully to estimate insulin 

sensitivity and beta-cell function in pregnant women with GDM [10].  

Considering the heterogeneous pathology of GDM (insulin resistance and/or beta-cell 

dysfunction) and the different mechanisms of action of glyburide and metformin, there may be 

individuals that would preferentially benefit from glyburide or metformin monotherapy, or 

require a combination of glyburide/metformin therapy to achieve optimal glycemic control. The 

purpose of the clinical study described herein was to characterize the PD of glyburide 

monotherapy, metformin monotherapy, or glyburide/metformin combination therapy in women 

with GDM compared to healthy pregnant women and non-pregnant women newly diagnosed 

with type-2 diabetes mellitus that were treated with metformin. Insulin sensitivity and beta-cell 

function were estimated from modeling of data acquired after mixed-meal tolerance tests 

(MMTTs) before and during chronic drug treatment. This chapter presents preliminary findings 

from an interim analysis as the study is currently still ongoing. Results from the full study will be 

used to optimize the design of a Phase II comparative trial of oral hypoglycemic therapy for the 

management of GDM. 
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5.2  Methods 

Subjects 

This ongoing prospective Phase I/II longitudinal PD study is supported by the National 

Institute for Child Health and Disorders (NICHD) and implemented through the network of 

Obstetric-Fetal Pharmacology Research Units (OPRU). Recruitment sites include University of 

Washington, University of Texas Medical Branch in Galveston, University of Pittsburgh, and 

University of Indiana. This study was approved by the Institutional Review Boards (IRBs) at 

each site and was conducted in accordance with their guidelines. There were three groups of 

women recruited for this study: pregnant women with GDM, non-pregnant women with T2DM, 

and healthy pregnant women. Pregnant women (singleton pregnancy), ages 18-45 years old, 

diagnosed with GDM between 20-32 weeks of gestation who failed diet therapy and required 

drug treatment according to the criteria listed in Table 5-1 were randomized to one of three 

treatment arms: glyburide monotherapy (GLY), metformin monotherapy (MET), or 

glyburide/metformin combination therapy (Combo). Treatment was initiated on or before 32 

weeks of gestation. The control groups included (1) non-pregnant women, ages 18-45 years old, 

newly diagnosed with T2DM (hemoglobin A1C > 7%) who planned to be treated with 

metformin, and (2) healthy pregnant (HP) women (singleton pregnancy), ages 18-45 years old, 

between 20-32 weeks of gestation with normal 1 h glucose tolerance test (GTT) results. Women 

using medications that were expected to interact with glyburide or metformin, or alter blood 

glucose concentrations were excluded from the study. Additional exclusion criteria for women 

with GDM or T2DM included the following: serum creatinine > 1.2 mg/dL; hematocrit < 28%; 

allergy to glyburide, metformin, or sulfa-drugs; severe liver disease; congestive heart failure or 
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history of myocardial infarction; moderate to severe pulmonary disease; and adrenal or pituitary 

insufficiency. Likewise, healthy pregnant women with a hematocrit < 28% or known kidney, 

liver, heart, pulmonary, adrenal or pituitary disease were excluded from this study. Additionally, 

healthy pregnant women receiving hypoglycemic agents or corticosteroids were excluded. 

Demographics of available subjects as of September 17, 2014 are listed in Table 5-2. All subjects 

provided informed, written consent. 

Figures 5-1, 5-2 and 5-3 are respective flow diagrams showing the dose titration regimens 

and study times for the GLY, MET, and Combo therapy groups. In the GLY treatment arm, 

subjects initially received 5 mg of glyburide daily. Doses were increased until blood glucose 

levels were considered controlled (based on criteria listed in Table 5-1), i.e., not to exceed a 

maximum dose of 26.25 mg of glyburide daily (Figure 5-1). In the MET treatment arm, subjects 

initially received 1 g of metformin daily, which could be increased to as much as 2 g daily to 

control blood glucose (Figure 5-2). Finally, in the Combo group, subjects received 5 mg of 

glyburide and 1 g of metformin daily, which could be increased to as much as 20 mg glyburide 

and 2 g metformin daily in order to maintain euglycemia (Figure 5-3). If subjects failed treatment 

based on criteria listed in Table 5-1, they were switched to insulin therapy.  

PD study design 

Insulin sensitivity (SI), beta-cell responsivity (Φ), and the resultant disposition index (DI) 

were estimated pre- and post-treatment (study day 1 and 2, respectively) using a mixed-meal 

tolerance test (MMTT) consisting of one can of Boost Plus® energy drink, two slices of whole 

wheat toast, and two teaspoons of margarine consumed within ten minutes. Subjects that failed 

treatment received a MMTT prior to switching to insulin therapy. Serial blood samples (4 mL 
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each) were collected over four hours to measure serum glucose, insulin, and C-peptide 

concentrations at the following time points: baseline (pre-MMTT, time = 0 min), as well as 10, 

20, 30, 60, 90, 120, 150, 180, 210, and 240 min post-MMTT. Glucose concentrations were 

measured using the glucose oxidase/peroxidase assay [16]. Insulin and C-peptide concentrations 

were measured using previously described radioimmunoassays [17, 18]. 

PD modeling 

The complicated interplay and feedback between insulin and glucose can be described in 

a piece-meal fashion by two separate stimulus-response models [19, 20]. The first model 

estimates insulin sensitivity (SI) by assuming serum insulin as the stimulus and changes in serum 

glucose concentration as the observed biological response (efficacy). The second model 

estimates pancreatic beta-cell function (Φ) by assuming serum glucose as the stimulus and 

changes in serum concentration of C-peptide as a surrogate for proximate (hepatoportal) released 

of insulin as the observed biological response. C-peptide concentration was used rather than 

insulin concentration because C-peptide and insulin are secreted from beta-cells into the portal 

vein in a 1:1 molar ratio, yet C-peptide does not undergo hepatic extraction as does insulin. 

These are referred to as the oral minimal models of glucose and C-peptide kinetics, respectively. 

The reciprocal feedback relationship between glucose utilization and insulin release is further 

recognized by the hyperbolic disposition Index (DI). A previous OPRU study utilized these oral 

minimal models for estimating SI, Φ, and DI in pregnant women with GDM [10]. 

Insulin sensitivity (SI): oral minimal model of glucose kinetics 

Insulin sensitivity was estimated using the oral minimal model of glucose kinetics shown 

in Figure 5-4 [14, 19]. Briefly, glucose is absorbed through the gastrointestinal (GI) tract into the 
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bloodstream, where it distributes to the liver and peripheral tissues such as muscle and adipose 

for storage and/or consumption. Serum insulin (model stimulus) distributes into the remote 

insulin compartment (site of action), which represents the interstitial fluid of the liver and 

peripheral tissues. This model is described by two differential equations:  

  ( )

  
  
  ( )

 
    ( ( )    )   ( ) ( )           ( )             (   ) 
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      ( )    ( ( )    )                  ( )             (   ) 

Equation 5.1 describes changes in serum glucose concentration over time, which is driven 

by remote insulin concentration; Equation 5.2 describes changes in insulin action at the remote 

site over time, and is also driven by remote insulin concentration. X(t) refers to the concentration 

of insulin in the remote insulin compartment at time t, which is expressed in the form of a 

constant (min
-1

) for first-order utilization of serum glucose by the peripheral tissues (mainly 

muscle). G(t) refers to serum glucose concentrations at time t. Gb refers to baseline glucose 

concentrations at t = 0. Ra(t)/V is the rate of appearance of glucose due to its absorption from the 

GI tract into systemic circulation. Ra(t) is further defined, however, by a piece-wise linear 

function with a set number of break points: 
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where ki is the rate (slope) at time point ti, and n is the number of break points. ki is assumed to 

decline towards baseline according to the terminal exponential constant α after the last glucose 

sample at tn. For the MMTT used in this study, there were ten intervals with eleven break points 

at 0, 10, 20, 30, 60, 90, 120, 150, 180, 210, and 240 minutes.  
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In equation 5.1, serum glucose concentration is depleted by (1) insulin action to promote 

peripheral utilization of glucose: –X(t)G(t); and (2) glucose inhibition of its own production in 

the liver as well as stimulation of its uptake and utilization by the liver: –p1(G(t) – Gb). The rate 

constant p1 (min
-1

) is associated with glucose effectiveness (GE), a term describing glucose’s 

ability to promote glucose uptake and utilization as well as inhibition of its production. GE is 

calculated by p1V (dL/kg/min), where V is the volume of distribution of glucose. In order to 

make the model identifiable, V and p1 were fixed to the population means 1.45 dL/kg and 0.015 

min
-1

, respectively [14]. Hence, G(t) was solvable given an estimate of X(t), which is calculated 

using equation 5.2 In equation 5.2, the rate constant p2 (min
-1

) governs the increase and decline 

of insulin action in the remote compartment. p3 (min
-2

 per µU/mL) is a scaling factor that 

translates serum insulin concentration to a given magnitude of insulin action in the remote 

compartment. At t = 0 remote insulin concentration is set to zero to indicate that prior to the 

MMTT (baseline) there is no net insulin action. Lastly, insulin sensitivity (min
-1

 per µU/ml) was 

estimated using the following equation: 

   
  
  
                                                                           (   ) 

Several model assumptions were made in order to estimate insulin sensitivity. First, if 

glucose concentrations failed to return to basal levels at the end of the MMTT, it was assumed 

that Ra declined monoexponentially after the last time point at a previously reported rate of 

0.017 min
-1

 [14]. It was also assumed that a known fraction (f = 0.9) of the ingested glucose dose 

was absorbed during the MMTT following splanchnic extraction [14, 21]. Additionally, 

parameter p2 was previously difficult to estimate with precision, hence, a maximum a posteriori 

Bayesian estimation was used for p2, assuming that the square root is normally distributed with 

mean 0.11 min
-1

 and CV 10% [22]. The measurement error associated with glucose 
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concentrations was assumed to be Gaussian (mean = 0, CV = 2%) and independent, as described 

previously [22]. Lastly, serum insulin concentration was assumed to be without error because it 

serves the input function.  

Beta-cell responsivity (Φ): oral minimal model of C-peptide kinetics 

Beta-cell function was measured using the oral C-peptide minimal model illustrated in 

Figure 5-5 [15]. Pancreatic secretion of insulin was biphasic in response to the rise in serum 

glucose generated by a MMTT. The first phase of insulin secretion, that of dynamic secretion 

(Φd), is an immediate response proportional to the rate of rise in serum glucose concentration 

(derivative of the glucose concentration with respect to time) over the first 60-90 min. The 

dynamic secretion phase is believed to be comprised of multiple steps including insulin 

localization to the beta cell membrane followed by exocytosis. The second phase, that of static 

secretion (Φs), is proportional to the elevation in glucose concentration above baseline; it 

represents a delayed response in insulin secretion caused by de novo synthesis, processing, and 

packaging of insulin. Glucose concentrations and the time derivative of the glucose 

concentration in-between sampling times were linearly-interpolated, error-free inputs for the oral 

C-peptide minimal model.  

Serum C-peptide concentrations (pmol/L) were described using a two-compartment 

model and the following differential equations: 

    ( )
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    ( )

  
        ( )        ( )                                    ( )             (   ) 
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where kij represents various rate constants labeled in Figure 5-5, and CP1 and CP2 are C-peptide 

concentrations above basal levels in the central and peripheral compartments, respectively. The 

error associated with C-peptide measurement was assumed to be Gaussian (mean = 0) with an 

unknown, but constant variance. 

Secretion rate, SR(t), during a MMTT is comprised of static and dynamic secretion as 

shown in equation 5.7.  

  ( )      ( )     ( )                                                     (   ) 

SRs(t) can be simplified as the provision (Y(t)) of C-peptide to pancreatic beta cells: 

   ( )    ( )                                                                 (   ) 

The change in provision over time is defined in equation 5.9: 

  ( )
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where α (min
-1

) is the rate constant for the provision and β (min
-1

) is the static phase sensitivity 

to glucose concentrations. G(t) refers to serum glucose concentrations at time t, and h is the 

threshold glucose concentration needed to elicit insulin secretion (typically, h is larger than Gb). 

When glucose concentrations increase, Y(t) approaches a steady-state value that is linearly 

related to (G(t) – h) by β. The time constant 1/α governs the approach of Y to steady-state. 

Dynamic secretion (SRd) is defined in equation 5.10: 
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kd refers to the dynamic control of glucose on insulin secretion, and Gt is the glucose threshold 

concentration above which no additional increase in insulin secretion is possible. In this model of 
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dynamic insulin secretion, SRd is proportional to the derivative of glucose; however, that 

proportionality is allowed to vary with changes in glucose concentrations. 

The oral model provides three indices of beta-cell function: Φb, Φs, and Φd as defined by 

the following equations: 
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where k01CPb is the baseline secretion rate and Peak G is the maximum glucose concentration 

during the MMTT. In some instances of estimating Φd, particularly for subjects in the T2DM and 

GDM groups, the estimate of Gt was less than Gb, which violates the conditions listed following 

equations 5.10 and 5.13. For those situations, we relied on a simpler model of dynamic insulin 

secretion, which assumes that the proportionality between SRd and the derivative of glucose is 

constant [23]:  
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          (    ) 

Gt values that were estimated again using equation 5.14 were no longer less than Gb, and no 

longer violated conditions used for calculation of SRd. Using the simpler model in equation 5.14, 

Φd reduces to equation 5.15: 

  ( )               (    ) 
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 The static and dynamic indices can also be combined to form phi total (Φt) which is the 

average insulin secretion above basal secretion divided by the total glucose stimulus/exposure 

(area under the curve) still above threshold levels: 

       
  (         )

∫ [ ( )   ]
 

 
  
                                            (    ) 

Disposition index 

The disposition index (DI) is the product of the insulin sensitivity index (SI) and the beta-

cell function index (Φt). This assumed relationship between SI and Φt is referred to as the 

hyperbolic law of glucose tolerance and has provided insight into the underlying mechanisms of 

insulin insufficiency and resistance for glucose intolerance [13]. 

Calculations and statistical analysis 

Kernel density plots (smoothed histograms) comparing time to attain glycemic control 

across GDM treatment groups were generated using R programming software [24]. Average time 

to glycemic control was calculated using R programming software; statistically significant 

differences in the average duration to glycemic control were determined by two-way analysis of 

variance (ANOVA) followed by the Tukey post-hoc test assuming a significance level of 0.05. 

Model parameters were estimated for individual subject datasets by nonlinear least squares 

regression using the SAAM II software (version 2.3, The Epsilon Group, Charlottesville, VA). 

Statistically significant differences in PD parameter estimates between study day 1 and 2 were 

estimated using a paired t-test and Wilcoxon signed-rank test. 
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5.3  Results 

Demographics 

Subject demographics were similar across treatment groups (Table 5-2). On average, 

subjects were approximately 30 years old, weighed 90 kg, and stood 160 cm tall. The majority of 

subjects were white and/or Hispanic. The average gestational age of pregnant subjects on SD 1 

and SD 2 was 30.7 and 35.4 weeks of gestation, respectively. On average, subjects in the Combo 

group achieved glycemic control 10.7 days faster than the GLY group (p = 0.0023) (Figure 5-6). 

The average time to attain glycemic control was not statistically different between Combo and 

MET groups (4.6 days earlier, respectively, p = 0.36), nor was it different between MET and 

GLY groups (6.2 days earlier, respectively, p = 0.17) (Figure 5-6). This difference in average 

duration to glycemic control did not appear to relate to treatment failure, as the failure rate was 

the same for the GLY and Combo groups (~31%), and as high as 50% for the GDM MET group. 

Serum glucose, insulin, and C-peptide concentrations 

Averaged serum concentration-time profiles of glucose, insulin, and C-peptide following 

a four-hour MMTT are shown in Figure 5-7, 5-8, and 5-9, respectively for all five study groups 

pre- and post-drug treatment (referred to as study days SD 1 and SD 2). The shape of the serum 

glucose concentration-time profiles (Figure 5-7) remained consistent between SD 1 and SD 2 for 

all groups. Glucose concentrations at individual time points were lower on SD 2 in all groups 

except healthy pregnant (HP) women, who had no noticeable difference in the profiles between 

SD 1 and SD 2 (Figure 5-7, panel B). Following treatment, the shape of the insulin 

concentration-time profile shifted in the Combo and GLY groups (Figure 5-8). In the Combo 

group, insulin concentrations peaked 30 min earlier on SD 2 compared to SD 1; however, peak 
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concentrations (Imax) were not altogether different before and after treatment (149 and 143 

µU/mL, respectively). In the GDM GLY group, the time associated with Imax (tmax) was 30 min 

later on SD 2 versus SD 1, rather than earlier; however, Imax was nearly identical on SD 1 and 2 

(103 versus 102 µU/mL, respectively). Insulin levels remained unchanged between SD 1 and SD 

2 for the HP and T2DM groups, but decreased on SD 2 for the Combo and MET groups. The 

shape of the C-peptide concentration-time profile was essentially unchanged by treatment for all 

groups (Figure 5-9). C-peptide concentrations increased on SD 2 compared to SD 1 or remained 

consistent with the SD 1 levels for all groups except for the MET group. Mean C-peptide 

concentrations following treatment on SD 2 were below the SD 1 baseline levels in the MET 

group.  

Individual PD parameter estimates 

Individual PD parameter estimates are listed by treatment group in Tables 5-3 through 5-

7. To visualize the effect of treatment, Figures 5-10 through 5-16 provide line plots connecting 

individual parameter estimates (Φb, Φs, Φd, Φt, SI and DI) on SD 1 versus SD 2. In our 

preliminary analysis we found no statistically significant differences between pre- and post-

treatment for the majority of parameters. Changes in Φs, Φd, Φt and SI between study days were 

not significant for any treatment group (Figures 5-11 through 5-15, respectively). Estimates of 

Φb increased from SD 1 to SD 2 in the GLY group (p = 0.02 with paired t-test; p = 0.02 with 

Wilcoxon sign-ranked test) and the HP group (p < 0.001 with paired t-test; p < 0.001 with 

Wilcoxon sign-ranked test) (Figure 5-10). Additionally, the DI increased from SD 1 to SD 2 in 

the Combo group (p = 0.03 with paired t-test; p = 0.03 with Wilcoxon sign-ranked test), but 

decreased in the HP group (p = 0.04 with paired t-test; p = 0.06 with Wilcoxon sign-ranked test) 

(Figure 5-16). Because of the limited number of subjects, particularly in the GDM groups as well 
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as the T2DM group, the trend (increasing or decreasing parameter estimates) between SD 1 and 

SD 2 is not well defined. 

Hyperbolic disposition index curves  

The hyperbolic relationship between beta-cell function and insulin sensitivity is 

illustrated by treatment group in Figures 5-17 through 5-21. For each treatment group, individual 

beta cell function (Φt) on each study day was plotted against the corresponding inulin sensitivity 

(SI) and the scatter-plot was fitted with the rectangular hyperbolic function; i.e., Φt = DI/SI. In 

addition, a line was drawn connecting the individually plotted points from SD 1 to SD 2; these 

lines indicating the magnitude and direction of change in DI as a result of drug treatment and 

progression in gestation are herein referred to as vectors. Across the GDM treatment groups, 

most subjects’ vector began at about the same starting position, which was most often the lower 

left region of the DI plot corresponding to low insulin sensitivity (SI < 5∙10
-4

 min
-1

 µU
-1

 mL) and 

moderately low beta-cell function (50 < Φt < 150∙10
-9

 min
-1

) (Figures 5-17 through 5-19). 

Subjects failing treatment (indicated in red) were present in all three GDM groups. Several 

subjects in the GDM groups displayed odd treatment vectors; they were characterized as odd for 

one of two reasons: either the SD 1 estimate of DI was already well-within the region of the 

hyperbolic curve corresponding to HP subjects, which calls into question the original GDM 

diagnoses, or the final SD 2 vector ended in the HP region, which calls into question why these 

subjects were declared to have failed their drug therapy. 

We hypothesized that treatment with glyburide would increase Φt resulting in vertical, 

upward moving vectors; in contrast, treatment with metformin would increase SI, resulting in 

horizontal, rightward moving vectors. For the Combo group, we hypothesized diagonal vectors, 
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moving in the upper-right hand direction, which reflects improvements in both Φt and SI. 

Subjects in the GLY group (Figure 5-17) showed recognizable vertical vector movement, 

corresponding to slight increases in Φt. Subjects in the MET group (Figure 5-18) showed 

minimal rightward vectors only in a few subjects, especially if we were to exclude nearly one-

half of the subjects who were declared failures on MET monotherapy. Contrary to our 

hypothesis, the Combo group showed mostly vertical vectors; in fact, some subjects showed 

remarkable increases in beta-cell function and little to no change in SI (Figure 5-19). The SD 2 

hyperbolic curve for Combo and MET groups nearly overlapped with the control HP group on 

SD 2, which indicates achievement of glycemic control normal for pregnancy. Interestingly, the 

GLY curve on SD2 shifted diagonally to the left, away from the healthy pregnant group, 

indicating lack of improvement if not slight worsening of gestational diabetes. 

There was a gestational age-dependent shift in the hyperbolic DI curve over the course of 

~5.1 weeks between SD 1 and SD 2 in the healthy pregnant control group. Additionally, the 

distribution of DI estimates about the hyperbolic curves began as one, but split into two distinct 

clusters starting at SI estimates between 5 and 10 ∙10
-4

 min
-1

 µU
-1

 mL. One cluster deviated from 

the rectangular hyperbolic curve, flattening out at or below Φt values ~100 ∙10
-9

 min
-1

; the other 

cluster declined in sync with the hyperbolic curve towards 50 ∙10
-9

 min
-1

. T2DM subjects at 

baseline were divided into two clusters, those with little to no insulin sensitivity (against the y-

axis) and those with little to no beta-cell responsivity (against the x-axes). A few T2DM subject 

vectors were oddly placed relative to the range for healthy pregnant individuals. Considering the 

spare datasets and degree of disease severity in these subjects, the hyperbolic DI curves for the 

T2DM group were up against the x- and y-axis. Treatment with metformin did manage to 

improve subjects’ insulin sensitivity as well as beta-cell function.  
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5.4 Discussion 

In this chapter are presented preliminary data comparing the efficacy of glyburide 

monotherapy, metformin monotherapy, or combination therapy in women with GDM using 

quantitative indices of peripheral tissue sensitivity to insulin action and pancreatic beta-cell 

insulin release following mixed-meal tolerance tests. A key observation was the difference in the 

time to achieve glycemic control between the three GDM drug treatment groups, in the order of 

Combo ≈ MET > GLY. The bimodal shape of the kernel density plot comparing duration to 

glycemic control in the three GDM treatment arms (Figure 5-6) is perhaps caused by the 

scheduling of clinic visits (to evaluate glycemic control under a specified dose) and/or the 

number of dosing escalation options (4 options in the GLY and Combo group compared to 3 in 

the MET group). The failure rates (Table 5-2) seemed quite high across all groups (30-50%); 

however, the number of subjects in each group was relatively small (~16 subjects per group).  

Serum glucose and insulin concentrations in the GLY group were similar to previously 

published data in women with GDM receiving glyburide [10]. Peak C-peptide concentrations, 

however, were approximately 1,000 pmol/L lower in the current GDM subjects compared to 

concentrations reported previously [10]. The cause is unclear, as the average glyburide dose was 

larger in this current study compared to the previous study (which would increase C-peptide 

levels). Though there may be too few subjects to evaluate differences in serum C-peptide at this 

time. Furthermore, it is interesting that subjects in the MET group had lower C-peptide 

concentrations post-treatment. Considering metformin’s mechanism of action, one might expect 

insulin concentrations to be lower following treatment based on improved peripheral tissue 

uptake and disposal; however, lower C-peptide concentrations make it seem as though insulin 

production has decreased following treatment. We also expected significant differences in SI, Φt, 
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or DI before and after treatment, however there were essentially no statistically significant 

differences in PD parameter estimates between SD 1 and SD 2 in the three GDM drug treatment 

groups. It remains to be seen if statistically significant differences will emerge in the final 

analyses, given the low sample size and wide inter-subject variability of the current data. 

There still seems to be a disconnection between the predictive capabilities of the 

hyperbolic DI curve for GDM disease pathology and subjects’ clinical diagnostic criteria for 

GDM diagnoses and treatment failure. For example, some of the baseline SI and Φt estimates for 

GDM subjects were positioned within the domain of healthy pregnant subjects, calling into 

question how these women were diagnosed with GDM initially. Likewise, several subjects that 

supposedly failed therapy displayed treatment vectors that were located within the region of 

healthy pregnant subjects, again creating an incongruity between quantitative PD indices and 

treatment outcomes. The reasons for these issues may be because the MMTT occurs during one 

clinic visit, and therefore may not correlate with the clinical evaluation of GDM and drug 

treatment success or failure based on blood glucose monitoring and hyperglycemic symptoms, 

especially if GDM is mild. It is also perhaps possible that the relationship between SI and Φt is 

more complicated than a simple hyperbolic relationship. In fact, there is evidence to suggest that 

a more complicated relationship could be appropriate [25].  

We had also expected the vectors connecting SD 1 and SD 2 in the DI plot to reflect the 

mechanism of action for the particular therapy administered. That was not always the case, 

however, as the direction and magnitude of the vectors was surprising for the GDM Combo and 

MET groups (Figures 5-17 through 5-19). In the Combo group there appeared to be a large 

synergistic effect on pancreatic beta-cell function (Φt) from the joint action of glyburide and 

metformin, whereas little effect on SI was evident. We had expected equal impact on SI and Φt 
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based on the two drugs’ complementary mechanisms of action. This finding may trigger 

questions regarding metformin’s mechanism of action that appears to improve pancreatic beta-

cell function. In addition, this observation may explain why the initial efficacy, as judged by time 

to glycemic control and failure rates, were nearly comparable between the GLY and Combo 

groups. The other surprising finding was that metformin monotherapy had little to no impact on 

insulin sensitivity (Figure 5-18), although the effect may have been obscured by the high failure 

rate in this treatment group. It is possible that increased insulin resistance (decreased insulin 

sensitivity) throughout gestation, as evidenced by changes in the healthy pregnant hyperbolic 

curves from SD 1 to SD 2, works against metformin’s mechanism action   

Given the failure rates of drug treatment, duration to glycemic control, and the hyperbolic 

DI curves across treatment groups, the data analyzed herein suggest combination therapy for the 

treatment of GDM may provide further therapeutic benefit compared to glyburide and metformin 

monotherapy. The mechanism by which combination therapy provides therapeutic benefit 

remains a bit of a mystery at this point in time, as the synergistic effect of glyburide and 

metformin on beta-cell function was unexpected. These findings are valuable, however, for 

optimizing guideline recommendations for the use of oral anti-diabetic agents in pregnant 

women with GDM. With the clinical data we have to date, the current PD models do not predict 

the efficacy of glyburide and metformin for the treatment of GDM. However, the data are still 

incomplete, and current sample sizes are quite small. We await a full analysis of the entire data 

set that is expected to be completed in early 2015. 
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Tables and Figures for Chapter 6 

Table 5-1. Conditional requirements for GDM diagnosis, drug treatment, drug treatment failure, and clinical control 

Diagnosis of GDM ANY of the following: 

 1 h GTT: glucose > 185 mg/dL 

 2 h GTT: ≥ 1 condition met: fasting ≥ 92 mg/dL, 1 h ≥ 180 mg/dL, 2 h ≥ 153 mg/dL   

 3 h GTT: ≥ 2 conditions met: fasting ≥ 95 mg/dL, 1 h ≥ 180 mg/dL, 2 h ≥ 155 mg/dL, 140 

mg/dL 

Drug treatment 

required 

ANY of the following: 

 Fasting glucose prior to 3 h GTT > 120 mg/dL 

 Failing 4 days of diet therapy 

(IF  ≥ 3 occasions fasting glucose > 95 mg/dL,  ≥ 75% 1 h postprandial glucose > 140 

mg/dL,  ≥ 75% 2 h postprandial glucose > 120 mg/dL, or ≥ 75% pre-prandial glucose > 110 

mg/dL)   

 Failing 7 days of diet therapy 

(IF  ≥ 25% fasting glucose > 95 mg/dL,  ≥ 25% 1 h postprandial glucose > 140 mg/dL,  ≥ 

25% 2 h postprandial glucose > 120 mg/dL, or ≥ 25% pre-prandial glucose > 110 mg/dL)   

Drug treatment 

failure 
ANY of the following: 

 > 25% fasting glucose > 95 mg/dL 

 > 25% 1 h postprandial glucose ≥ 140 mg/dL  

 > 25% 2 h postprandial glucose ≥ 120 mg/dL   

 Any of the above plus intolerable GI side effects 

Clinical control  Fasting/preprandial glucose ≤ 95 mg/dL 

 1 h postprandial glucose ≤ 140 mg/dL 

GTT, Glucose Tolerance Test; h, hour; GI, gastrointestinal 
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Table 5-2. Demographics of GDM subjects (sorted by treatment), healthy pregnant subjects, and metformin-treated non-

pregnant T2DM subjects  

  GDM (n = 47) Healthy Pregnant 

(n = 30) 
T2DM (n = 12) 

  Gly (n = 16) Met (n = 15) Combo (n = 16) 

Age (years) 30 ± 6 31 ± 4 30 ± 5 25 ± 5 31 ± 6 

Body weight (kg) 90 ± 21 89 ± 15 94 ± 22 79 ± 13 92 ± 26 

Height (cm) 160 ± 5 161 ± 5 161 ± 7 162 ± 8 158 ± 8 

BMI (kg/m
2
) 32 ± 8 32 ± 5 33 ± 8 27 ± 5 36 ± 7 

Gestational age on SD 1 

(weeks) 
30.2 ± 2.0 31.0 ± 1.4 31.2 ± 1.8 30.4 ± 1.3 ― 

Gestational age on SD 2 

(weeks) 

35.4 ± 2.0 35.6 ± 1.2 34.9 ± 2.4 35.5 ± 1.0 ― 

Duration to glycemic 

control (days) 
25 ± 13 (n = 11) 18 ± 9 (n = 7) 13 ± 7 (n = 11) ― ― 

Failed treatment (%) 31% (n = 5) 50% (n = 7) 31% (n = 5) ― ― 

Average Gly dose            

(mg orally twice daily) 

4.2 ± 2.1                        

(range 2.5 - 8.75) 
― 

1.9 ± 0.6                        

(range 1.25 - 2.5) 
― ― 

Average Met dose           

(mg orally twice daily) 
― 

694 ± 251                        

(range 500 - 1000) 

516 ± 75                        

(range 500 - 850) 
― 

900 ± 213                        

(range 500 - 1000) 

Race/Ethnicity 3 Black 1 Black 3 Black 5 Black 2 Black 

  7 White 9 White 5 White 15 White 10 White 

  
6 Hispanic/Latina/ 

White 

5 Hispanic/Latina/ 

White 

6 Hispanic/Latina/ 

White 

10 Hispanic/Latina/ 

White 

9 Hispanic/Latina/ 

White 

      
1 American Indian or 

Alaska Native 
    

      1 Asian     
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Table 5-3. Individual PD parameter estimates of subjects with GDM receiving 

glyburide/metformin combination therapy 

Study Day 1 (n = 16) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 min
-

1
 µU

-1
 

mL) 

(10
-13

 

min
-2

 µU
-

1
 mL) 

(mg/dL) 

02010080W * 10.07 392.79 76.43 79.06 0.12 9.49 244 

02010100T * 17.29 1553.59 161.05 170.77 1.39 237.37 178 

02010150E  13.32 1496.14 105.83 116.71 3.05 355.97 119 

02010180S  18.44 6173.95 112.67 136.70 0.94 128.50 140 

02020080Q  18.51 1677.46 90.83 100.36 1.08 108.39 161 

02020090N * 7.09 1280.99 101.64 108.27 2.64 285.84 152 

02020130E  18.58 905.51 97.37 103.73 1.09 113.06 165 

02020180M  12.73 1386.75 108.03 116.07 2.24 259.99 163 

02030060Q  10.98 3552.51 77.55 93.07 4.25 395.54 153 

02030070N *  14.98 1043.57 73.54 80.12 0.99 79.32 198 

02030090H  28.19 2392.07 79.90 94.70 0.48 45.45 173 

02030700G 14.99 2505.21 169.10 192.30 0.76 146.15 152 

02030710D 19.23 1613.75 99.92 109.94 1.27 139.63 220 

02031220P  12.39 157.14 69.80 71.12 0.89 63.30 204 

02040100B  9.74 1122.29 34.18 40.28 7.99 321.85 145 

02040150J *  6.93 2592.07 203.20 213.99 5.00 1069.95 127 

MEAN 14.59 1865.36 103.81 114.20 2.14 234.99 168 

SD 5.43 1432.09 42.17 45.22 2.07 251.40 34 

                

Study Day 2 (n = 13) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 min
-

1
 µU

-1
 

mL) 

(10
-13

 

min
-2

 µU
-

1
 mL) 

(mg/dL) 

02010080W *               

02010100T *               

02010150E  16.35 4594.30 289.95 317.27 3.56 1129.48 122 

02010180S  17.12 2865.37 120.18 135.35 1.75 236.86 141 

02020080Q  25.33 1379.50 126.64 135.21 1.44 194.71 139 

02020090N *               

02020130E  12.34 1138.54 122.32 131.39 1.63 214.17 149 
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02020180M  16.97 916.58 85.83 94.11 1.26 118.58 177 

02030060Q  9.98 1897.92 118.56 127.27 3.13 398.35 138 

02030070N *  23.73 1172.70 111.68 118.35 1.21 143.21 159 

02030090H  28.55 4960.23 313.92 347.50 1.40 486.49 125 

02030700G 12.65 1582.37 62.56 72.73 0.98 71.27 187 

02030710D 23.27 1391.65 32.66 41.65 2.22 92.47 138 

02031220P  13.45 1483.35 160.86 170.58 2.19 373.58 152 

02040100B  9.64 1539.35 83.75 90.27 7.08 639.11 135 

02040150J *  7.07 609.48 215.20 217.24 9.65 2096.34 123 

MEAN 16.65 1963.95 141.85 153.76 2.88 476.51 145 

SD 6.72 1359.48 83.94 90.57 2.60 566.42 20 

 

*Subjects that failed to achieve glycemic control; Φb, beta-cell response at baseline; Φd, dynamic 

phase beta-cell response; Φs, static phase beta-cell response; Φt, total beta-cell response; SI, 

insulin sensitivity; DI, disposition index; Peak G, maximum glucose concentration during 

MMTT. 
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Table 5-4. Individual PD parameter estimates of subjects with GDM receiving glyburide 

monotherapy 

Study Day 1 (n = 16) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 

min
-1

 

µU
-1

 mL) 

(10
-13

 

min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010090T * 15.18 1226.03 83.02 90.91 4.84 440.03 169 

02010110Q * 10.17 1178.56 65.63 75.22 1.89 142.16 175 

02010170V * 7.79 1130.45 58.59 67.83 2.53 171.60 169 

02020100N  12.15 1136.83 96.99 105.73 1.72 181.86 164 

02020160S  8.06 2051.06 74.28 86.41 1.94 167.63 153 

02020110K  4.60 1230.24 47.03 57.24 6.94 397.26 161 

02020170P * 10.90 1480.46 101.92 112.03 2.18 244.22 147 

02020200J  19.99 4565.21 73.59 105.26 2.15 226.30 129 

02020250R 15.74 2077.58 63.19 75.93 3.59 272.58 123 

02030100H 11.81 1030.29 115.73 123.21 1.05 129.37 200 

02030650S * 13.56 476.98 77.70 81.38 2.34 190.42 189 

02030680J  9.24 908.65 75.59 82.25 3.32 273.05 163 

02031200V  12.14 1427.20 94.91 102.48 1.43 146.54 177 

02031210S  15.69 559.68 87.32 92.74 1.28 118.71 180 

02031240J  5.77 1449.10 69.35 77.87 13.80 1074.64 179 

02040010C 16.28 1101.51 75.62 82.71 0.82 67.82 166 

MEAN 11.82 1439.36 78.78 88.70 3.24 265.26 165 

SD 4.17 936.72 17.46 17.39 3.22 237.23 20 

                

Study Day 2 (n = 13) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9
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-1

) 

(10
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) (10
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min
-1

) 

(10
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) 
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-1

 

µU
-1

 mL) 

(10
-13

 

min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010090T *               

02010110Q * 19.50 1590.22 57.88 68.82 1.19 81.90 149 

02010170V *               

02020100N  22.39 370.99 77.25 79.87 1.44 115.01 145 

02020160S  10.89 1627.00 133.55 141.11 1.83 258.22 151 

02020110K  5.28 995.86 180.85 186.08 8.20 1525.89 132 

02020170P * 8.73 853.48 179.84 186.44 4.51 840.83 126 
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02020200J  23.13 1938.22 100.03 112.88 0.61 68.86 149 

02020250R               

02030100H 20.62 992.93 73.69 81.23 0.71 57.67 158 

02030650S * 22.75 619.28 44.05 48.75 1.07 52.16 180 

02030680J  7.01 565.07 109.72 113.04 1.80 203.48 161 

02031200V  13.15 916.35 82.12 87.13 0.79 68.84 163 

02031210S  31.45 1420.59 66.00 78.35 1.21 94.81 131 

02031240J  23.32 680.48 50.54 55.19 2.88 158.95 178 

02040010C 17.56 722.70 79.86 83.98 1.12 94.06 157 

MEAN 17.37 1022.55 95.03 101.76 2.10 278.51 152 

SD 7.77 476.91 44.96 44.84 2.12 429.49 17 

 

*Subjects that failed to achieve glycemic control; Φb, beta-cell response at baseline; Φd, dynamic 

phase beta-cell response; Φs, static phase beta-cell response; Φt, total beta-cell response; SI, 

insulin sensitivity; DI, disposition index; Peak G, maximum glucose concentration during 

MMTT. 
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Table 5-5. Individual PD parameter estimates of subjects with GDM receiving metformin 

monotherapy 

Study Day 1 (n = 14) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 min
-1

 

µU
-1

 mL) 

(10
-13

 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010050I * 8.90 1534.88 76.93 86.96 4.04 351.30 135 

02010070C * 9.16 477.67 54.54 58.32 4.26 248.44 151 

02010130K * 13.02 1673.93 77.41 86.88 1.43 124.23 149 

02020120H * 13.32 2411.37 74.62 93.32 1.53 142.78 170 

02020140B * 14.72 1033.81 50.96 58.24 2.58 150.25 161 

02020190J 15.01 2402.58 94.02 127.77 1.51 192.93 132 

02020210G  11.03 887.61 68.33 74.93 1.80 134.88 174 

02030080K  21.07 4620.80 123.48 158.15 2.54 401.70 119 

02030630B  25.75 1024.51 115.95 123.19 0.86 105.94 175 

02030660P  12.64 1059.37 77.65 84.79 1.50 127.18 204 

02030640V  16.90 2276.64 91.45 108.45 0.81 87.84 166 

02030720A  16.30 3268.09 117.56 135.40 8.81 1192.84 137 

02040090B * 22.89 3118.10 133.95 152.87 0.49 74.91 141 

02040140M * 7.32 1729.33 91.36 103.23 7.28 751.53 134 

02010160B *               

02010210M                

02020260O *               

02030110E *               

02030120B *               

MEAN 14.86 1965.62 89.16 103.75 2.82 291.91 153 

SD 5.39 1138.11 25.52 32.05 2.49 315.71 23 

                

Study Day 2 (n = 12) 

Subject Φb Φd Φs Φt SI  DI Peak G 
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-1

 mL) 

(10
-13

 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010050I * 12.47 1825.44 120.32 134.14 4.17 559.35 138 

02010070C * 11.72 783.96 77.88 82.38 7.29 600.53 139 

02010130K * 15.64 1759.89 80.13 93.38 2.17 202.64 142 

02020120H * 15.38 2094.17 100.12 107.90 5.18 558.91 134 

02020140B *               

02020190J 13.10 2150.04 102.45 117.15 1.22 142.92 143 
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02020210G  11.52 1584.46 60.53 72.81 2.96 215.50 146 

02030080K  14.59 3612.68 130.14 163.67 3.47 567.94 140 

02030630B  26.47 1650.36 109.12 125.80 2.20 276.75 153 

02030660P  14.77 1452.88 91.15 100.10 2.20 220.23 150 

02030640V  14.19 3938.80 95.29 111.29 8.74 972.71 127 

02030720A  23.47 2694.90 126.85 143.76 2.69 386.71 129 

02040090B *               

02040140M * 6.35 1647.04 90.73 101.77 4.91 499.70 148 

02010160B *               

02010210M                

02020260O *               

02030110E *               

02030120B *               

MEAN 14.97 2099.55 98.73 112.84 3.93 433.66 141 

SD 5.33 906.58 20.76 25.94 2.26 239.35 8 

 

*Subjects that failed to achieve glycemic control; Φb, beta-cell response at baseline; Φd, dynamic 

phase beta-cell response; Φs, static phase beta-cell response; Φt, total beta-cell response; SI, 

insulin sensitivity; DI, disposition index; Peak G, maximum glucose concentration during 

MMTT. 
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Table 5-6. Individual PD parameter estimates of healthy pregnant women 

Study Day 1 (n = 30) 

Subject Φb Φd Φs Φt SI  DI Peak G 
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) (10
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 mL) 
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 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010010U  11.65 5293.91 285.38 356.81 1.93 688.64 145 

02010020R  13.75 5770.68 3.61 49.44 9.20 454.85 125 

02010040L  19.21 2355.65 136.11 152.63 2.95 450.27 116 

02010060F  12.32 7016.04 180.05 238.42 2.55 607.97 110 

02010120N  11.86 1915.95 100.64 113.99 9.45 1077.23 117 

02010190P  10.64 1454.18 81.05 95.61 3.72 355.67 168 

02010200P  10.78 1357.79 82.50 93.55 25.20 2357.43 94 

02020010O  7.47 2598.98 66.48 107.25 5.48 587.75 120 

02020020L  4.45 1694.15 98.25 116.73 9.09 1061.07 109 

02020030I  13.00 1832.70 130.14 144.58 3.08 445.30 131 

02020040F  7.00 3568.77 82.98 100.88 14.80 1492.96 97 

02020050C  7.49 2227.49 92.69 104.81 7.87 824.85 102 

02020070T  9.55 2302.64 102.21 119.61 1.82 217.69 125 

02020150V  3.15 1862.39 90.21 99.98 9.77 976.77 113 

02020240U  8.29 2186.33 95.44 110.54 17.00 1879.21 104 

02030010I  12.68 4890.23 79.63 113.84 5.12 582.88 99 

02030020F  6.36 2300.98 82.47 98.59 13.40 1321.08 117 

02030030C  16.33 1701.55 99.96 114.46 3.29 376.59 117 

02030040W  15.57 6932.90 85.21 134.43 6.38 857.65 93 

02030580N  10.62 3513.52 75.85 113.34 8.32 942.96 118 

02030590K  22.82 3536.91 83.98 112.79 1.41 159.04 143 

02031150K  6.99 2337.30 123.29 133.16 6.42 854.86 97 

02031160H  7.57 1858.73 41.51 54.36 5.46 296.79 124 

02040020W  3.93 1762.39 54.24 64.45 6.74 434.40 107 

02040030T  7.27 1361.59 55.56 64.92 22.10 1434.65 105 

02040040Q  14.50 1767.47 78.52 87.74 6.12 536.97 111 

02040050N  8.90 1717.79 92.11 104.09 4.43 461.13 120 

02040060K  7.67 1576.50 39.09 51.52 5.18 266.89 131 

02040070H  11.80 1785.79 78.40 90.36 2.59 234.03 125 

02040080E  8.20 2575.82 194.49 219.19 6.35 1391.88 119 

MEAN 10.39 2768.57 96.40 118.74 7.57 787.65 117 

SD 4.42 1611.35 51.72 60.86 5.80 528.66 16 

                

Study Day 2 (n = 28) 
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Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
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-13

 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010010U  14.94 3585.30 111.72 137.33 2.11 289.77 124 

02010020R  22.62 3495.75 3.61 38.39 12.20 468.38 132 

02010040L  21.93 4146.56 112.08 157.05 3.68 577.94 128 

02010060F  13.02 4648.58 164.59 194.03 1.65 320.16 117 

02010120N  14.85 2415.32 89.97 112.49 6.32 710.96 127 

02010190P  10.83 2393.24 75.68 96.39 2.73 263.14 141 

02010200P  14.87 3205.69 36.74 60.60 14.80 896.88 97 

02020010O  9.36 4036.06 82.80 119.83 8.33 998.20 94 

02020020L  6.93 2567.53 93.40 118.55 6.87 814.46 116 

02020030I  15.21 2195.86 120.42 133.55 2.45 327.19 136 

02020040F  9.13 2557.10 79.09 93.27 12.00 1119.24 100 

02020050C  8.50 2207.70 92.69 110.38 10.50 1158.98 97 

02020070T  11.27 1746.08 85.54 101.51 2.36 239.55 124 

02020150V                

02020240U  14.83 1102.15 62.77 69.63 13.20 919.11 106 

02030010I  18.25 3086.03 64.35 88.02 5.86 515.78 109 

02030020F  9.25 2950.88 66.46 91.20 9.30 848.13 115 

02030030C                

02030040W  19.85 5219.73 112.75 146.90 5.14 755.05 104 

02030580N  10.29 4158.21 84.66 116.15 5.17 600.49 122 

02030590K  30.38 3316.25 83.98 119.79 0.81 97.03 156 

02031150K  6.81 1850.25 57.48 73.52 16.00 1176.31 114 

02031160H  14.13 1414.51 39.70 50.04 9.01 450.85 108 

02040020W  5.02 2008.36 58.28 70.35 4.39 308.83 113 

02040030T  8.04 1430.63 61.71 73.24 13.70 1003.46 110 

02040040Q  24.07 2048.76 81.41 94.31 5.23 493.24 119 

02040050N  12.73 2789.30 91.58 115.28 5.44 627.11 122 

02040060K  10.49 2488.28 70.75 83.89 5.13 430.38 106 

02040070H  12.10 3056.30 88.11 105.50 3.95 416.74 113 

02040080E  11.74 3425.49 164.57 183.66 4.52 830.16 102 

MEAN 13.62 2840.92 83.46 105.53 6.89 630.63 116 

SD 5.87 1011.52 33.83 36.77 4.31 307.19 14 

 

*Subjects that failed to achieve glycemic control; Φb, beta-cell response at baseline; Φd, dynamic 

phase beta-cell response; Φs, static phase beta-cell response; Φt, total beta-cell response; SI, 
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insulin sensitivity; DI, disposition index; Peak G, maximum glucose concentration during 

MMTT. 
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Table 5-7. Individual PD parameter estimates of women with type-2 diabetes mellitus 

treated with metformin monotherapy 

Study Day 1 (n = 14) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 min
-1

 

µU
-1

 mL) 

(10
-13

 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010140H 9.70 2684.72 3.61 16.29 9.07 147.76 174 

02030220U  4.80 16.20 26.85 26.89 25.90 696.57 277 

02030240O  2.44 11.69 5.39 5.44 2.40 13.07 469 

02030250L  3.67 13.58 7.28 7.31 0.05 0.37 351 

02030770I  4.14 471.99 81.51 84.31 9.43 795.08 188 

02030780F 2.81 28.27 9.31 9.54 2.26 21.57 344 

02031300R  2.58 16.20 7.94 8.03 8.31 66.75 313 

02031330I  4.48 14.84 3.40 3.50 0.05 0.17 465 

02031360W  14.08 1869.43 74.71 86.31 0.77 66.46 227 

02040120S  9.94 22.63 28.76 28.89 0.57 16.47 249 

02040130P  11.44 1786.50 48.94 61.95 0.40 24.78 191 

02030230R  2.55 17.99 14.14 14.26 1.23 17.54 410 

MEAN 6.05 579.50 25.99 29.40 5.04 155.55 305 

SD 4.08 957.73 27.83 30.61 7.51 279.54 105 

                

Study Day 2 (n = 12) 

Subject Φb Φd Φs Φt SI  DI Peak G 

  

(10
-9

 

min
-1

) 

(10
-9

) (10
-9

 

min
-1

) 

(10
-9

 

min
-1

) 

(10
-4

 min
-1

 

µU
-1

 mL) 

(10
-13

 min
-2

 

µU
-1

 mL) 

(mg/dL) 

02010140H               

02030220U  1.22 33.88 19.73 19.83 17.40 345.11 421 

02030240O  4.14 28.62 21.17 21.58     345 

02030250L  6.56 25.80 20.90 21.05 0.65 13.68 255 

02030770I  4.11 467.72 60.97 63.58 11.70 743.84 198 

02030780F 4.58 636.77 23.31 27.33 4.80 131.18 216 

02031300R  1.82 14.75 15.77 15.88 10.30 163.53 287 

02031330I  8.24 484.43 49.48 52.90 1.46 77.24 238 

02031360W  16.14 1323.97 101.22 109.07 1.08 117.80 194 

02040120S  11.85 123.40 3.61 4.03 12.20 49.14 180 

02040130P  12.69 2468.61 63.06 80.24 0.77 61.78 154 

02030230R                

MEAN 7.14 560.80 37.92 41.55 6.71 189.26 249 
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SD 4.99 787.33 29.97 33.71 6.30 229.20 82 

 

*Subjects that failed to achieve glycemic control; Φb, beta-cell response at baseline; Φd, dynamic 

phase beta-cell response; Φs, static phase beta-cell response; Φt, total beta-cell response; SI, 

insulin sensitivity; DI, disposition index; Peak G, maximum glucose concentration during 

MMTT. 
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Figure 5-1. Glyburide monotherapy dosing regimen. Bid, twice daily; tid, three times daily. 

*Providers discretion can be used to start with a higher or lower dosage based on clinical 

situation. 
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Figure 5-2. Metformin monotherapy dosing regimen. Bid, twice daily; tid, three times daily; 

qid, four times daily. *Providers discretion can be used to start with a higher or lower dosage 

based on clinical situation. 
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Figure 5-3. Glyburide (GLY) and Metformin (MET) combination therapy dosing regimen. 

Bid, twice daily; tid, three times daily; qid, four times daily. *Providers discretion can be used to 

start with a higher or lower dosage based on clinical situation. 
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Figure 5-4. Oral minimal model of glucose kinetics following a MMTT. Adapted from [19]. 
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Figure 5-5. Oral C-peptide minimal model following a MMTT. Adapted from [19, 20]. 
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Figure 5-6. Kernel density plots comparing the duration to glycemic control between GDM 

combination therapy versus glyburide and metformin monotherapies. GDM Combo (green); 

GLY (dark purple); MET (lavender). Statistical comparisons between groups were performed 

using a two-way ANOVA with Tukey’s post-hoc test assuming a significance level of 0.05.   
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Figure 5-7. Glucose concentration-time profiles on study day 1 (SD 1) and study day 2 (SD 

2) in women with GDM treated with glyburide/metformin combination therapy (A), 

glyburide monotherapy (C), or metformin monotherapy (E), as well as healthy pregnant 

women (B) and nonpregnant women with T2DM (D).  Shown are means ± SD. 
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Figure 5-8. Insulin concentration-time profiles on study day 1 (SD 1) and study day 2 (SD 

2) of women with GDM treated with glyburide/metformin combination therapy (A), 

glyburide monotherapy (C), or metformin monotherapy (E), as well as healthy pregnant 

women (B) and nonpregnant women with T2DM (D).  Shown are means ± SD. 
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Figure 5-9. C-peptide concentration-time profiles on study day 1 (SD 1) and study day 2 

(SD 2) in women with GDM treated with glyburide/metformin combination therapy (A), 

glyburide monotherapy (C), or metformin monotherapy (E), as well as healthy pregnant 

women (B) and nonpregnant women with T2DM (D).  Shown are means ± SD. 
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Figure 5-10. Changes in baseline beta-cell function (Φb) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic 

control are shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included 

data from subjects that achieved glycemic control.  
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Figure 5-11. Changes in static beta-cell function (Φs) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic control 

are shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included data 

from subjects that achieved glycemic control.  
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Figure 5-12. Changes in dynamic beta-cell function (Φd) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic 

control are shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included 

data from subjects that achieved glycemic control. 
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Figure 5-14. Changes in total beta-cell function (Φt) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic control 

are shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included data 

from subjects that achieved glycemic control. 
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Figure 5-15. Changes in insulin sensitivity (SI) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic control are 

shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included data from 

subjects that achieved glycemic control. 
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Figure 5-16. Changes in disposition index (DI) on study days (SD) 1 and 2. Subjects that failed to achieve glycemic control are 

shown in red color. P-values were calculated using a paired t-test as well as a Wilcoxon signed-rank test, and only included data from 

subjects that achieved glycemic control. 
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Figure 5-17. Hyperbolic disposition index (DI) curves pre- and post-treatment for GDM 

subjects receiving glyburide (GLY) monotherapy. Subjects that failed to achieve glycemic 

control are shown in red color. 95% confidence intervals (95%) of hyperbolic curve fits for 

GDM GLY SD 1 and SD 2 are shown as shaded blue areas. 
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Figure 5-18. Hyperbolic disposition index (DI) curves pre- and post-treatment for GDM 

subjects receiving metformin (MET) monotherapy. Subjects that failed to achieve glycemic 

control are shown in red color. 95% confidence intervals (95%) of hyperbolic curve fits for 

GDM MET SD 1 and SD 2 are shown as shaded purple areas. 
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Figure 5-19. Hyperbolic disposition index (DI) curves pre- and post-treatment for GDM 

subjects receiving glyburide/metformin combination (Combo) therapy. Subjects that failed 

to achieve glycemic control are shown in red color. 95% confidence intervals (95%) of 

hyperbolic curve fits for GDM Combo SD 1 and SD 2 are shown as shaded green areas. 
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Figure 5-20. Hyperbolic disposition index curves for healthy pregnant (HP) subjects. 95% 

confidence intervals (95%) of hyperbolic curve fits for HP SD 1 and SD 2 are shown as shaded 

gray areas. 
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Figure 5-21. Hyperbolic disposition index curves pre- and post-treatment for T2DM 

subjects receiving metformin monotherapy. 95% confidence intervals (95%) of hyperbolic 

curve fits for T2DM SD 1 and SD 2 are shown as shaded brown areas. 
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Chapter 6: Conclusion 

Portions of this work were previously published in the following two manuscripts:  

Shuster et al., Drug Metabolism and Disposition 41:332–342, February 2013. 

Shuster et al., The Journal of Pharmacology and Experimental Therapeutics, 350(2):425-434, 

August 2014. 

 

Reprinted with permission of the American Society for Pharmacology and Experimental 

Therapeutics. All rights reserved. 

 

Copyright © 2013 and 2014 by the American Society for Pharmacology and Experimental 

Therapeutics. 

 

6.1  Chapter 2: Microarray Analysis 

Pregnancy-induced changes in drug pharmacokinetics can be explained by changes in 

normal physiology as well as in the expression of drug-metabolizing enzymes and transporters. 

In Chapter 2, we determined gestational age-dependent mRNA expression profiles for all 

metabolic enzyme and transporter genes in the maternal liver, kidney, small intestine, and 

placenta of pregnant mice by microarray analysis. Specifically, we examined the expression of 

genes important for xenobiotic, bile acid, and steroid hormone metabolism and disposition, 

namely, cytochrome P450’s (Cyp), UDP-glucuronosyltranserases (Ugt), sulfotransferases (Sult), 
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and ATP-binding cassette (Abc), solute carrier (Slc), and solute carrier organic anion (Slco) 

transporters.  

Our data agreed quite well with previously published studies [1-3]. Overall, we found 

that Cyp1a2, most Cyp2 isoforms, Cyp3a11, and Cyp3a13 expression in the liver decreased on 

gestation days (gd) 15 and 19 compared to non-pregnant controls (gd 0). In contrast, Cyp2d40, 

Cyp3a16, Cyp3a41a, Cyp3a41b, and Cyp3a44 in the liver were induced throughout pregnancy. 

In the placenta, Cyp expression on gd 10 and 15 was up-regulated compared to gd 19. Notable 

changes were also observed in Abc and Slc transporters. Our results revealed that Abc transporter 

gene expression in the maternal tissues and placenta was decreased during pregnancy. In 

particular, Abcc3 in the liver, Abcb1a and Abcc4 in the kidney, and Abcc5 in the placenta were 

down-regulated on gd 15 and 19. Similarly, several Slc or Slco transporters important for drug 

disposition were moderately decreased during pregnancy (such as Slco1b2 in the liver and 

Slco4c1 in the kidney). Furthermore, Slc22a3 (Oct3) and Slc6a2 (Net) in the placenta were 

down-regulated and up-regulated, respectively, to a larger extent.  

This was the first study to systematically characterize the gestational age-dependent gene 

expression profiles of all drug-metabolism enzyme and transporter families in maternal tissues 

and placenta in a pregnant mouse model. These data may have mechanistic relevance to drug 

disposition in human pregnancy, and thereby provide novel insights into potential changes in 

drug PK during pregnancy.  

6.2 Chapter 3: Animal Dosing Study 

Gestational diabetes mellitus (GDM) is a major complication of human pregnancy. One 

study estimated a 2-fold increase in the oral clearance of glyburide in women with GDM in the 
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third trimester of pregnancy compared to non-pregnant women with type-2 diabetes mellitus [4]. 

The time-course and mechanism by which pregnancy changes glyburide PK throughout gestation 

remain largely unexplained. In Chapter 3, we examined gestational age-dependent changes in the 

maternal-fetal disposition of glyburide and its primary metabolites using a pregnant mouse 

model. We found that the maternal plasma PK of glyburide changed in a gestational age-

dependent manner, with the largest alterations occurring in mid-late gestation on gd 15 and 19. 

In particular, maternal glyburide CL, Vβ, and Vss steadily increased over gestation and were 

approximately doubled by mid-late gestation. We observed a steady increase in the glyburide 

depletion rate in mouse liver microsomes as gestation progressed, suggesting that the mechanism 

of increased glyburide CL is related to increases in hepatic metabolism. Increases in Vss and Vβ 

most likely reflect increases in total body water and fat content during pregnancy, and further 

suggest that distribution of glyburide into maternal tissues is increased during pregnancy.  

Understanding maternal disposition of primary metabolites of glyburide was also 

important as some metabolites (e.g. M1 and M2b) are pharmacologically active [5, 6]. We had 

expected that increased glyburide CL across gestation would lead to increased formation of M1-

M3, if they are all derived from pathways that are up-regulated. Instead, maternal 

metabolite/glyburide AUC ratios were quite small and relatively unchanged throughout 

gestation, suggesting there may be increases in the formation and elimination of these 

metabolites. The ultimate fate of glyburide’s primary metabolites have not been well-

characterized, though, therefore it is unknown whether these metabolites go on to be further 

conjugated, excreted in the bile, or secreted into the urine by the kidneys. 

Total fetal exposure to glyburide was < 5% of maternal plasma exposure, and doubled on 

gd 19 versus gd 15. This change is consistent with the finding that protein expression of BCRP 
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in mouse placenta on gd 15 is 2-3 times greater than that on gd 19 [7]. As BCRP protein 

expression decreases from gd 15 to gd 19, glyburide penetration across the placenta to the fetus 

increases, and therefore causes potential safety concerns for fetal exposure during late 

pregnancy.  

This was the first evidence of gestational age-dependent changes in maternal-fetal 

glyburide PK. These results indicate that maternal glyburide therapeutic strategies may require 

adjustments in a gestational-age dependent manner if these same changes occur in humans, 

though concerns of increased fetal exposure in late gestation also need to be addressed.  

6.3 Chapter 4: Human Fetal Liver Metabolism 

Glyburide is being increasingly prescribed for the treatment of gestational diabetes 

mellitus; however, fetal exposure to glyburide is not well characterized from a mechanistic 

perspective. Glyburide can cross the placenta and fetal concentrations at term reach levels that 

are nearly comparable to maternal levels [4]. Whether or not glyburide is metabolized in the 

fetus and by what mechanisms has yet to be determined. Therefore, in Chapter 4, we determined 

the kinetic parameters of CYP3A enzymes for glyburide depletion; characterized glyburide 

metabolism by human fetal livers using tissues collected during the first or early second trimester 

of pregnancy; and identified the major enzyme responsible for glyburide metabolism in human 

fetal livers. CYP3A4 had the highest metabolic capacity towards glyburide, followed by 

CYP3A7 and CYP3A5. M5 was the predominant metabolite generated by CYP3A7 and human 

fetal liver microsomes (HFLMs) with an approximately 96% relative abundance. While M5 was 

the dominant metabolite generated by CYP3A4, CYP3A5, and adult liver microsomes, M1-M4 

were also present at significant, but low amounts. CYP3A7 protein levels in HFLMs were highly 
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correlated with glyburide Clint, 16α-OH DHEA formation, and 4′-OH MDZ formation. Likewise, 

glyburide Clint was highly correlated with 16α-OH DHEA formation. The genotype of CYP3A5 

and CYP3A7, fetal sex, estimated gestational age, and post-mortem interval did not alter 

CYP3A7 protein expression or glyburide Clint. These results indicate that human fetal livers 

metabolize glyburide predominantly to M5 and that CYP3A7 is the major enzyme responsible 

for glyburide metabolism in human fetal livers. Until the pharmacologic activity of M5 is 

determined, as well as fetal metabolism in other tissues (e.g., fetal adrenal), the metabolic profile 

of glyburide and ultimately safety profile for use in pregnancy remain incomplete. 

6.4 Chapter 5: PD Modeling  

Similar to type-2 diabetes mellitus, the pathology of GDM can be explained by decreased 

pancreatic production/secretion of insulin, decreased insulin sensitivity, or a combination of 

both. In recent years, oral hypoglycemic agents such as glyburide and metformin have gained 

increasing popularity for the treatment of GDM, despite the fact that their PK is altered during 

pregnancy [4, 8-10]. Data is quite limited, however, regarding the PD of glyburide and 

metformin during pregnancy. Glucose control (efficacy) can be quantified using oral minimal 

models of glucose and C-peptide kinetics. In recent years, these models have successfully been 

implemented to estimate insulin sensitivity and beta-cell function in pregnant women with GDM 

[4]. In Chapter 5, we provide an interim analysis of the PD of glyburide monotherapy, metformin 

monotherapy, or glyburide/metformin combination therapy in women with GDM compared to 

healthy pregnant women and non-pregnant women with type-2 diabetes mellitus receiving 

metformin.  
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On average, subjects in the GDM combination (Combo) group achieved glycemic control 

10.7 days faster than the glyburide (GLY) monotherapy group, but no statistically significant 

differences were observed between GLY and metformin (MET) monotherapy groups, nor 

between the Combo and MET groups. The failure rates seemed quite high across all groups as 

well: ~30% for Combo and GLY versus 50% for MET. Given the failure rates of drug treatment, 

duration to glycemic control, and the hyperbolic disposition index curves across treatment 

groups, the data suggest that combination therapy for the treatment of GDM may provide further 

therapeutic benefit compared to glyburide and metformin monotherapy. The mechanism by 

which combination therapy provides therapeutic benefit remains unknown, as the synergistic 

effect of glyburide and metformin on beta-cell function was unexpected. Since the number of 

subjects in each group was relatively small (~16 subjects per group), the data are currently 

incomplete and the full study is still ongoing.  

Overall, the studies described in this thesis and the results obtained enhance mechanistic 

understanding of changes in maternal-fetal PK of glyburide and its metabolites during 

pregnancy, which is imperative for gestational age-dependent therapeutic strategies. The PD 

analysis of the clinical data for glyburide and metformin in pregnant women is essential for 

optimization of oral hypoglycemic therapy in the management of GDM.     
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