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Abstract

This study sought to assess the pharmacokinetic (PK) changes of caffeine and its CYP1A2
metabolites across the 3 trimesters of pregnancy. A prospective, multicenter PK study was
conducted among 59 pregnant women (93.2% white) who were studied once during a trimester.
One beverage with 30-95 mg caffeine was consumed, and a blood/urine sample was collected
within 1 hour postingestion. Concentrations of caffeine and its primary metabolites were
quantified from serum and urine by LC-MS/MS. There was a significant increase in dose-
normalized caffeine serum and urine concentrations between the first and third trimesters (A< .05
and ~< .01, respectively). Normalized theophylline concentrations also increased significantly in
the third trimester in serum (£< .001) and in urine (£<.05). The caffeine urine/serum
concentration ratio also increased in the last trimester (P < .05). No significant difference was
found in normalized paraxanthine or theobromine concentrations. This study identified decreased
caffeine metabolism and an increase in the active metabolite theophylline concentrations during
pregnancy, especially in the third trimester, revealing evidence of the large role that preghancy
plays in influencing caffeine metabolism.
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Drug pharmacokinetics (PK) are frequently altered during pregnancy, which may necessitate
modifications to standard dosing regimens for pregnant women.! However, there are usually
a limited number of patients or samples that can be ethically and practically obtained for PK
studies among pregnant women. This situation was acknowledged at the American
Conference of Pharmacometrics in 2011, which emphasized efficient study design and
analysis for this special population.?

Caffeine is frequently consumed by pregnant women (75% as reported by a large-scale
prospective cohort study3). It is extensively metabolized by hepatic cytochrome P450 1A2
(CYP1A2) to paraxanthine, theobromine, and theophylline, which are further metabolized
into the secondary and tertiary products shown in Figure 1.4° Conversion to paraxanthine
constitutes about 80% of the primary metabolic pathways in nonpregnant subjects and is
exclusively catalyzed by CYP1A2.8 Thus, the molar ratio of caffeine/paraxanthine in plasma
(at 4 hours) has been validated as a phenotypic indicator of CYP1A2 activity.”8 CYP2E1
also contributes to the formation of theobromine and theophylline as well as other
downstream metabolites.®-11 Caffeine and its primary metabolites are nonselective
adenosine receptor antagonists and phosphodiesterase inhibitors that lead to stimulatory
effects in the cardiorespiratory and central nervous systems. It is important to delineate the
PK changes of caffeine together with its active primary metabolites to better understand the
use of caffeine and other CYP1A2-mediated medications among pregnant women.

CYP1A2 has been shown to play an important role in activating or eliminating many
medications. It metabolizes approximately 9% of all hepatic P450-eliminated drugs among
the top 200 most prescribed drugs in the United States.12 Pregnancy leads to temporal
inhibition of CYP1A2 activity (-32.8% in the first trimester, —48.1% in the second trimester,
and —65.2% in the third trimester), partially due to changing hormone levels.1® Although
maternal physiology involves a series of renal function changes including an increase in the
glomerular filtration rate and enlarged effective renal plasma flow, resulting in an increase in
the of excretion of renally eliminated drugs,# caffeine still exhibits an overall reduction in
clearance due to decreased CYP1A2 activity.1® These physiological changes have the effect
of increasing caffeine exposure following the same dose during pregnancy. This has led to
recommendations that pregnant women who habitually consume caffeine-containing
products reduce their regular caffeine intake. The American College of Obstetricians and
Gynecologists states that daily caffeine consumption <200 mg is considered safe and does
not appear to contribute to miscarriage or preterm birth.16

Due to the many challenges of clinical studies in the pregnant population, sparse sampling is
commonly used in drug studies involving pregnant women.! Typically 1-2 samples per
dosing interval are collected from each patient for PK analysis. Fauchet et al used a
population PK approach to describe abacavir PK in HIV-infected preghant women (n = 36)
with 1-2 samples collected per patient.1” Zheng et al reported tacrolimus maternal blood
concentrations using 1 sample per patient, which was collected at the time of delivery.18 Our
study also adopted a sparse sampling strategy that allowed us to coordinate the study visit
with regularly scheduled prenatal visits.
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The objective of this preliminary study was to evaluate the PK changes of caffeine and its
metabolites across the 3 trimesters of pregnancy.

Methods

Patient Recruitment

A prospective, multicenter PK study was conducted among pregnant women (=18 years).
Pregnant women who were willing to drink a commercially available caffeinated beverage
once during a trimester were included in this study; patients with any medical conditions
that might interfere with caffeine absorption, distribution, and elimination were excluded.
The patients were recruited at obstetrics/gynecology clinics at the University Hospital and
South Main Clinic, which are both University of Utah Health Care facilities. Eligible women
were approached, informed of the nature and objectives of this study, and offered the
opportunity to consent to participate in the study. The study protocol was reviewed and
approved by the University of Utah Institutional Review Board.

Sample Collection

Pregnant women were approached for recruitment once per trimester during their regular
prenatal visits (maximum 3 study visits). They were advised by clinical practitioners not to
smoke during the pregnancy. On the day of the study visit, patients were restricted from
consuming any methylxanthine-containing products for at least 2 hours prior to the study
visit (typically overnight abstinence). On arrival, patients urinated and emptied their
bladders before taking the study beverage. One beverage with 30-95 mg caffeine was
consumed within 30 minutes, and a blood and/or urine sample was collected within an hour
of the cessation of drinking. Blood samples were collected into red-top serum tubes (BD
Vacutainer, Franklin Lakes, New Jersey). The serum was separated within 2 hours of
collection and kept frozen (-20 °C) until the samples were assayed. Patient demographic
information was collected including race, ethnicity, age, pregnancy stage in weeks
(confirmed by last menstrual period date or ultrasound examination per clinical
determination), trimester, current weight, height, body mass index (BMI), blood pressure,
and any comedications (dose, frequency, and timing of taking comedications).

Caffeine and Metabolite Assays

Caffeine and metabolite concentrations were measured by LC-MS/MS based on an in-house
validated method at the Center for Human Toxicology at the University of Utah. The lower
limit of quantitation (LLOQ) for caffeine, paraxanthine, theophylline, and theobromine was
30 ng/mL in both human serum and urine. The upper limit of quantitation (ULOQ) was
5000 ng/mL for caffeine, paraxanthine, theophylline, and theobromine in human serum and
urine. The intra- and interassay imprecision were approximately 10%.

Descriptive Pharmacokinetic Analyses

The relationships between dose-normalized concentrations and patient characteristics were
analyzed by multiple variable linear regression for continuous covariates (age, pregnancy
stage in weeks, current weight, height, BMI) and categorical covariates (race, ethnicity,
trimester, use of prenatal vitamins, use of CYP1A2-interacting comedications).
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Concentration changes in caffeine and its metabolites were compared for each trimester.
Molar ratios of the parent to metabolite concentration (caffeine/paraxanthine, caffeine/total
metabolites) as well as the molar ratio of urine/serum concentration of each compound were
also evaluated across all trimesters.

Data are presented as mean + SD unless otherwise indicated. If the concentration fell below
the LLOQ, its value was recorded as half of the corresponding LLOQ. The relationship
between dose-normalized concentrations and patient covariates was evaluated by multiple-
variable linear regression (SAS 9.3, SAS Institute Inc., Cary, North Carolina). Trends in
concentration-time curves were fitted for each trimester using nonlinear second-order
polynomials (Graph Pad Prism 5.04, La Jolla, California). Statistical comparisons were
performed using 1-way ANOVA (SAS 9.3, SAS Institute Inc.), and differences were
considered significant at < .05.

A total of 72 study visits were completed by 59 unique women (93.2% white) from February
2013 to June 2014. The mean age was 29.9 + 5.0 years at the time of enrollment. Patient
demographic characteristics are featured in Table 1. The body size measures (current weight,
BMI) of the study participants, stratified by trimester, are recorded in Table 2. No increasing
trend was observed in body size measures among the 3 trimesters, as most patients (81.4%)
completed only 1 study visit (9 patients had a second visit in a different trimester, 2 patients
completed 3 visits in 3 trimesters). Other patient demographics and clinical characteristics
were similar among the 3 trimesters. All patients’ blood pressures were in the normal range.
A total of 57 women (96.6%) were taking prenatal vitamins. Nine women (15.3%) had
comedications that could potentially interact with CYP1AZ2, including ondansetron for
nausea (6 cases), acetaminophen for headache (2 cases), and propranolol for ventricular
tachycardia (1 case).

The mean caffeine dose consumed by the study participants was 55 + 20 mg per beverage.
No covariates significantly influenced dose-normalized concentrations within the time
window of 1 hour postingestion except trimester and pregnancy weeks. As shown in Figure
2, there was a significant increase in dose-normalized caffeine serum concentrations within 1
hour postingestion between the first and third trimesters (mean 1859 vs 3164 ng/mL, P<.
05). Dose-normalized theophylline concentrations also significantly increased in the third
trimester in serum (first trimester 33 vs third trimester 193 ng/mL, £<.001; second trimester
119 vs third trimester 193 ng/mL, £<.05). No significant differences in normalized
paraxanthine or theobromine serum concentrations were observed. The PK in urine closely
mimicked the serum profiles; there was a significant increase in dose normalized caffeine
concentrations within 1 hour postingestion between the first and third trimesters (mean 1587
vs 3601 ng/mL, P<. 01) and for theophylline (mean 213 vs 905 ng/mL, P<. 05) (Figure 3).
No differences were found in normalized paraxanthine or theobromine concentrations in
urine.
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The molar ratios of parent to metabolite concentrations in serum within 1 hour postingestion
were similar across all 3 trimesters. For each compound, the urine/serum concentration
ratios were also similar among all 3 trimesters except for caffeine, which had an increased
urine/serum ratio in the last trimester (first trimester 0.8 vs third trimester 1.1, £<.05;
second trimester 0.9 vs third trimester 1.1, £<.05) (Table 3).

Discussion

Our descriptive analysis of the PK of caffeine and its metabolites showed that caffeine serum
concentrations within 1 hour postconsumption are significantly increased in the third
trimester of pregnancy, which is in agreement with previously published studies.19:20
Because caffeine is approximately 27-35% bound to serum proteins in nonpregnant
subjects, 2122 it is likely that pregnancy-related hemodynamic changes (reduced albumin
level) lead to a decrease in plasma protein binding and partially contribute to the change in
total caffeine concentrations. The week of pregnancy (or trimester) significantly affects the
PK of caffeine and its primary metabolite theophylline. In contrast, patient age, body size
measures, and other demographic/clinical characteristics did not influence caffeine or
theophylline concentrations obtained within the time window of 1 hour postingestion. The
covariate of pregnancy weeks has been previously shown to influence the PK of hepatic
metabolized drugs,23-24 suggesting that dose adjustments may be needed, especially during
the last weeks of pregnancy.

During in the last trimester of pregnancy, increased caffeine urine/serum concentration ratios
were observed. However, the proportion of the ingested dose eliminated through the renal
route is relatively low because the urine/serum concentration ratio was less than 2.0
throughout pregnancy. Only a small fraction of the caffeine dose is excreted unchanged into
urine; the bulk is eliminated via A-demethylation in the liver.2> The effect of pregnancy on
caffeine metabolism is bidirectional: renal clearance is enhanced, while CYP1AZ2 activity
reduces over the course of pregnancy. This decrease in CYP1A2 metabolism outcompetes
the increase in renal function and leads to increased caffeine concentrations as observed in
our study and results in increased caffeine exposure throughout pregnancy.

Our findings showed no significant differences in paraxanthine or theobromine
concentrations across the 3 trimesters of pregnancy. As shown in Figure 1, CYP2E1,
CYP2A6, NAT2, and XO are also involved in the metabolism of caffeine and its metabolites,
aside from the primary metabolic enzyme CYP1A2. CYP2E1 facilitates the formation of
theobromine and theophylline and their subsequent metabolism. In vitro tests showed that
CYP2E1 expression was induced by placental lactogen in female human hepatocytes.26
Whether pregnancy affects CYP2EL expression and activity remains to be determined in
humans. CYP2AG6 partially contributes to the metabolism of paraxanthine, which also
exhibits induced expression in primary human hepatocytes treated with estradiol and
progesterone at levels similar to those reached during pregnancy.2’ NAT2 showed lower
activity, as assessed by the urinary metabolic ratio, in the first trimester than after delivery.28
There was no significant difference in metabolic ratios for XO during pregnancy and after
delivery.28 These enzymes are minor/indirect contributors to the formation and metabolism
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of the primary metabolites of caffeine,14 which may partially explain the lack of changes in
paraxanthine or theobromine concentrations during pregnancy.

In this study we observed that the concentrations of theophylline, an active metabolite of
caffeine, increased over the course of pregnancy. It could be due to the increase in renal
clearance offset by significantly reduced nonrenal clearance in the third trimester as
illustrated in a previous study on the PK of intravenous theophylline in pregnant women for
the treatment of asthma.2® The causal relationship between pregnancy-related physiological
changes and alterations in drug PK could be readily applied to other methylxanthines, as
they are structurally close and share similar metabolic pathways that mainly involve
CYP1A2.3% Even though the observed concentrations of theophylline fell below the
therapeutic range of 5-15 mg/L, these concentrations may still exert effects on the
cardiorespiratory and neurological systems.31 An aversion to coffee during pregnancy was
reported by many of our patients, which may be related to the increased cumulative exposure
of caffeine and theophylline, which both act as cardiovascular and neurological stimulants.
Considering the changes in the PK of caffeine and its metabolites, caffeine use/dose
reduction is deemed to be beneficial to avoid discomforts associated with increased exposure
during pregnancy.

This study has several limitations. First, this study has limited statistical power to test the
effect of covariates on caffeine PK and metabolism in pregnancy due to the small number of
patients. Second, a limited number of samples were collected per patient according to local
ethical and practical considerations. The timing and duration of the study visits for each
patient coincided with their regular prenatal visits. Patients were given a caffeinated
beverage before they entered the clinic room, where they ingested the beverage as instructed.
Once out of the clinic room, they stayed for 1 blood draw and/or provided a urine sample.
The blood/urine samples were obtained around the time during which caffeine
concentrations peaked; however, there were no samples collected from the terminal
elimination phase, thus limiting our ability to develop a caffeine metabolite model. Third,
the abstinence from methyl-xanthine-containing food prior to the study visit was self-
reported by the patients; however, contamination by previous methylxanthine consumption,
if randomly occurring, should not change the directionality of the study results.

In conclusion, this preliminary study revealed marked PK changes in caffeine and its active
metabolite theo-phylline over the course of a pregnancy.
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Figure 1.
Chemical structure and metabolic pathways of caffeine and its metabolites.?32 Parent

compound, 1,3,7-trimethylxanthine (137X, caffeine); primary metabolites (pointed to by
large arrow) 1,7-dimethylxanthine (17X, paraxanthine), 3,7-dimethylxanthine (37X,
theobromine), 1,3-dimethylxanthine (13X, theophylline); secondary metabolites (pointed to
by medium arrow) 1-methylxanthine (1X), 3-methylxanthine (3X), 7-methylxanthine (7X),
1,7-dimethyluracil (17U), 1,3-dimethyluracil (13U), 3,7-dimethyluracil (37U), 5-
acetylamino-6-formylamino-3-methyluracil (AFMU); tertiary metabolites (pointed to by
small arrow) 1-methyluracil (1U), 7-methyluracil (7U), 5-acetylamino-6-amino-3-
methyluracil (AAMU); enzymes cytochrome P450 1A2(CYP1A2), cytochrome P450 2E1
(CYP2EL), cytochromeP450 2A6 (CYP2A6), N-acetyltransferase2 (NAT2), xanthine
oxidase (XO). Major metabolic pathways of caffeine and its primary metabolites were
highlighted by bold arrows.
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dose of 50 mg caffeine. Dots represent a single observation from each patient during a
trimester; the line was fitted by a nonlinear second-order polynomial to illustrate the
concentration-time trend for each trimester. *P < .05, significant difference in caffeine serum
concentrations between first and third trimesters, or significant difference in theophylline
serum concentration between second and third trimesters; ***£< .001, significant difference
in theophylline serum concentration between first and third trimesters.
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Concentration-time curves of (A) caffeine, (B) paraxanthine, (C) theobromine, and (D)
theophylline in urine per trimester. Concentrations have been normalized to the median dose
of 50 mg caffeine. Dots represent single observations from each patient during a trimester;
the line was fitted by a nonlinear second-order polynomial to illustrate the concentration-
time trend for each trimester. **P < .01, significant difference in caffeine urine
concentrations between first and third trimesters; */£ <. 05, significant difference in
theophylline urine concentration between first and third trimesters.

J Clin Pharmacol. Author manuscript; available in PMC 2017 August 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Yu et al.

Baseline Demographics of the Pregnant Study Participants at the Time of Enrollment (n = 59 patients)

Table 1

Characteristics

Mean £SD or Number (%)

Age (years)
Height (cm)
Race
White
Asian
Black
Other
Ethnicity
Not Hispanic or Latino
Hispanic or Latino
Prenatal vitamin consumption
Yes
No
Comedication with potential CYP1AZ2 interaction
Yes
No

29.9+£5.0
163.2+6.2

55 (93.2)
2(3.4)
1(L7)
1(L7)

44 (74.6)
15 (25.4)

57 (96.6)
2(3.4)

9(15.3)
50 (84.7)
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Table 2

Patient Characteristics of the Pregnant Women (n = 72 Encounters)

First Trimester  Second Trimester ~ Third Trimester

Characteristics (n=10) (n=26) (n=236)
Week of pregnancy? 10 (6-13) 19 (14-26) 33 (27-37)
Weight (kg) 76.2+10.7 70.9+14.0 78.4+16.8
Body mass index (kg/m?) 29.1%6.1 274457 29157

Data are presented as the mean + SD.

aMedian (range).
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Table 3

Urine-to-Serum Concentration Ratios of Caffeine and Its Primary Metabolites, Stratified by the Trimester of
Pregnancy

Urine/Serum Ratio First Trimester  Second Trimester ~ Third Trimester

(n=8) (n=19) (n=27)
Caffeine 0.8+0.3 09+0.2 11+02%
Paraxanthine 58+45 8.2+3.0 9.1+51
Theobromine 42+18 8.3+42 72+36
Theophylline 57+35 50+3.2 43+25

Data are presented as the mean + SD.

*
P<. 05, there was a significant difference in caffeine urine/serum concentration ratios between earlier trimesters (first, second) and the third
trimester.
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