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ORIGINAL ARTICLE

Application of a Physiologically Based Pharmacokinetic
Model to Study Theophylline Metabolism and
Its Interactions With Ciprofloxacin and Caffeine

A Navid*, DM Ng, SE Wong and FC Lightstone

Theophylline is a commonly used bronchodilator. However, due to its narrow therapeutic range, moderate elevation of serum
concentration can result in adverse drug reactions (ADRs). ADRs occur because of interhuman pharmacokinetic variability and
interactions with coprescribed medicines. We developed a physiologically based pharmacokinetic (PBPK) model of theophylline,
caffeine, and ciprofloxacin metabolisms to: examine theophylline pharmacokinetic variability, and predict population-level
outcomes of drug-drug interactions (DDIs). A simulation-based equation for personalized dosing of theophylline was derived.
Simulations of DDI show that calculated personalized doses are safe even after cotreatment with large doses of strong
inhibitors. Simulations of adult populations indicate that the elderly are most susceptible to ADRs stemming from
theophylline-ciprofloxacin and theophylline-caffeine interactions. Females, especially Asians, due to their smaller average size,
are more susceptible to DDI-induced ADRs following typical dosing practices. Our simulations also show that the higher adipose

and lower muscle fractions in females significantly alter the pharmacokinetics of theophylline or ciprofloxacin.
CPT Pharmacometrics Syst. Pharmacol. (2016) 5, 74-81; doi:10.1002/psp4.12061; published online 16 February 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? M Inadvertent overdoses of theophylline occur because of
interhuman pharmacokinetic variability and drug—drug interactions. Physicians use a dosing protocol to lower the possi-
bility of adverse drug reactions. « WHAT QUESTION DOES THIS STUDY ADDRESS? ¥ How safe is the commonly
used theophylline dosing practice for individuals of different populations? How dangerous are the drug—drug interactions
of theophylline with caffeine and ciprofloxacin? What are the effects of sex and race differences on pharmacokinetics
and pharmacodynamics of theophylline, caffeine, and ciprofloxacin? ¢« WHAT THIS STUDY ADDS TO OUR KNOWL-
EDGE M Simulation of drug—drug interactions show that commonly prescribed doses of theophylline are generally safe
for male patients even when cotreated with relatively large doses of inhibitors. However, for women, because weight and
body composition differences are not addressed, drug—drug interactions of theophylline with ciprofloxacin could be prob-
lematic. Because of their unique physique, Asian females are particularly at risk. ¢ HOW THIS MIGHT CHANGE CLINI-
CAL PHARMACOLOGY AND THERAPEUTICS M It is important to account for size differences between sexes and
races when prescribing theophylline. Use of personalized doses would reduce the chances of overdosing as well as

harmful drug—drug interactions.

For nearly 80 years, theophylline (1,3 dimethylxanthine,
THP) has been used as a bronchodilator for the treatment
of obstructive airway diseases. While its relatively low effi-
cacy and high frequency of side effects have resulted in
lower use of THP in industrialized nations, the low cost of
treatment makes it a preferred drug in the rest of the
world." Low-dose treatment with THP is generally safe and
well tolerated.? THP also has the advantages that it can be
administered orally, and can be used for treatment of
steroid-resistant patients with severe asthma.® Additionally,
low-dose THP treatment has antiinflammatory and immuno-
modulatory benefits.*®

Despite these positive attributes, THP’s narrow therapeu-
tic range is problematic. Dose-response studies have
shown that THP plasma concentrations ([THP]s) above
10 mg/L provide ample bronchodilation for treatment.! On
the other hand, the threshold [THP] for initiation of ADRs is

20 mg/L."® Thus, harmful [THP] can easily be reached
through moderate overdoses.

The common features of severe theophylline toxicity are
nausea, vomiting, diarrhea, gastrointestinal hemorrhage,
hypokalemia, rhabdomyolysis, supraventricular and ventric-
ular arrhythmias, sinus tachycardia, metabolic acidosis, and
seizures.” The incidences of toxicity are greater in the
elderly and very young due to, respectively, diminished and
premature activity of drug metabolizing enzymes.®

The large variability in human pharmacokinetics (PK) of
THP makes it hard to use the same amount of the drug as
a therapeutic dose for all patients. The dose required for
reaching therapeutic concentration differs by fourfold
among seemingly similar patients.® In addition to individual
differences in rates of drug clearance, DDIs can also signifi-
cantly elevate average blood drug concentration. THP is
primarily metabolized in the liver by the cytochrome P-450
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isozyme 1A2 (CYP1A2).'"®"" Concurrent use of drugs that
are metabolized by CYP1A2 or inhibit its activity result in
higher than anticipated [THP].

There are a large number of such drugs with varied ther-
apeutic functions such as antibiotics (e.g., ciprofloxacin,
CIP'?), antidepressants, and even commonly used drugs
like acetaminophen.'® CIP has a wide spectrum of antimi-
crobial activity and is used to treat many infections fre-
quently seen in primary care, particularly those involving
the respiratory and urologic systems.'*

Caffeine (1,3,7-trimethylxanthine, CAF), the world’s most
popular drug, is demethylated by CYP1A2 to form THP
along with other products.'® Thus, concurrent use of THP
and CAF could have a significant effect on PK of THP.'®
CAF not only competes with THP for CYP1A2 but also
through its in vivo metabolism results in production of new
THP (Supporting Figure S1). Given the prevalent usage
of CAF and CIP, the possibility of concurrent use of these
drugs with THP is high.

To gain a better understanding of THP absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET), we devel-
oped a whole-body physiologically based pharmacokinetic
(PBPK) model of its metabolism. PBPK models are impor-
tant tools for assessing toxicological risks.!” They provide a
platform for integrating and interpreting data from disparate
sources to predict the time-course of xenobiotic metabo-
lisms. We used the model to study the magnitude of meta-
bolic differences that could account for the variability of THP
PK within a population. The model also simulates metabo-
lism of CAF, paraxanthine (PX, the primary byproduct of
CAF demethylation), and CIP. These features permit simula-
tions of DDIs and provide a measure of transient changes in
[THP] following coadministration with these drugs.

To date, a few other PBPK models of caffeine and the-
ophylline have been developed'®'®'® and used to answer
important pharmacological questions such as differences in
ADMET of these compounds in neonates'® and pregnant
women.'® However, none of these studies focused on DDIs
of THP as well as a general population-wide analysis of its
PK variability.

METHODS

The human body in the PBPK model is treated as 20 well-
stirred homogenous compartments that are connected to
one another via arterial and venous blood flow. The tran-
sient change in each compound’s concentration in each
organ is formulated mathematically as:

Lo\, av
Pix:plasma / BP dt dt

(1)

where C7(t) denotes the concentration of compound i in
compartment o; C2(t) represents the concentration of
compound i in the arterial blood; V* is the volume of «; *
is the blood flow into o« and Y/ and Z are the amounts of
i that are directly imported and removed from o, respec-
tively. P,?“p’as”’a and BP are respectively the tissue plasma
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partition coefficient and blood to plasma ratio. In this
model blood and stomach are the primary routes of intro-
ducing compounds into a system and hence might have a
nonzero value for the term dY[ﬂ( Introduction of a com-
pound into a compartment with a single injection can be

represented by the Dirac delta function such that:

dvz (1
at

=Ds(t) @

where D denotes the dose. For single uptakes J(t)=1 at
t=1t, and zero at all other times. For regular periodic
uptakes: J(t)=1 at t=nT, where n is an integer
(n=0,1,2...) and T is the time interval between uptakes;
J(t)= 0 at all other times.

For noneliminating tissues dzjt —0 In the eliminating
organs (liver and kidney),
mode of elimination. For nonenzymatic or bulk elimination
one can use:

az:(t) _ ErQCR(t)
at Ve
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where a fraction of the drug (E} < 1) that is entering the
tissue (compartment «) is extracted.?’ If a compound is
metabolized, then information about the responsible
enzymes and their affinity for comPounds present in the
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where Uf(t) is the unbound concentration of the drug in
compartment o (i.e., U,?‘(t)=CJ*<”/P/_,:p/asm,-./BP), Km,j represents
the Michaelis-Menten coefficient for interaction of compound
i with enzyme j; n denotes the number of enzymes in com-
partment o that can catalyze breakdown of drug i, ATis a
coefficient that quantifies the difference in the hepatic metab-
olism of compound / for a patient (or a group) from that of
average individuals; p designates the number of inhibitors
that interact with j; U}(t) denotes the unbound concentration
of inhibitor / in compartment o; and Vyayij represents the
maximum rate of metabolism of i by j. For cases when we
do not have the inhibition constant (K;,), or the measured
inhibition constant does not provide results that agree with
experimental measurements, we assume that the enzyme-
inhibitor complex is in equilibrium with the free enzyme and
the inhibitor and we use K, values instead of K. The ODEs
that make up the model were solved by using the Mathema-
tica suite of programs (v. 10.0, Wolfram Research, Cham-
paign, IL). For additional details about the model see the
Supplementary Materials.

RESULTS

Model validation

The model’s predictions (henceforth predictions) were com-
pared with experimental PK data. The predictions consistently
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agree with measured dose-exposure data (henceforth meas-
urements) in adults following uptake of different quantities of
THP, CAF, and CIP (Figure S2). The calculated rates of drug
clearance via hepatic and renal routes also agree with meas-
urements. For THP, the predictions indicate that ~9-12% of
the administered dose (125-500 mg) is excreted in the urine.
This concords with measurements (10—13% of the dose®").

For CIP, the predictions are that 78-92% of the adminis-
tered dose (100-1000 mg) is excreted via urine. This
agrees with measurements that show around 20% of the
CIP is metabolized.?? Figure S2c shows that reduced renal
clearance, a usual consequence of aging® can drastically
affect the PK of CIP.

Predictions for peak plasma concentrations of the drugs
(Cmax), time to maximum concentration (7., and half-
lives (T-,) also agree with measurements. For example, the
measured T, of THP after uptake of a single 200 mg dose
is 8.7 hours.?* The predicted value is 9 hours. Another
example, the average measured C,,x following oral admin-
istration of 500 mg of CIP in healthy patients is 2.4 mg/L.%°
The predicted value is 2.45 mg/L.

Predictions of altered THP PK

The THP dose required for reaching therapeutic blood lev-
els (1020 mg/L) among the populace can range between
300-1600 mg/day.®2® The predictions are that 8—11 mg/kg/
day doses will affect therapeutic levels (Figure S3) in the
commonly examined reference group (RG), i.e., healthy
young patients in their 20s.

To gain a measure of alterations in average liver activities
that could account for the large variability in THP dosing,
the activities of the THP metabolizing enzymes were modi-
fied in the model to simulate different THP pharmacoki-
netics (see Methods). In male patients, the predictions
indicate that for a dose of 300 mg/day to reach therapeutic
levels and to avert an overdose after taking 1600 mg/day,
the rate of THP metabolism has to be, respectively, 2.25
times lower and higher than the value for male RG. In
women, the values are 1.75 times lower and 3 times faster
than the value for female RG (Figure S4). The calculated
maximum human adjustment kinetic factor for THP (HK;E")
is 2.86.

Analysis of the common protocol for THP

dosing in adults

Given the large variability in the PK of THP in a population,
physicians use a common dosing initiation and titration pro-
tocol (DIT) to lower the possibility of ADRs. DIT (for adults
(16-60 years) and children heavier than 45 kg) starts with
a dose of 300 mg/day (divided Q6-8 hours). If the drug is
tolerated for 3 days, the dose is increased to 400 mg/day.
For elderly and patients with risk factors for impaired clear-
ance, the dosage should not exceed this level. For others,
after another 3 days, if tolerated, the dose is increased to
600 mg/day.® The model was used to calculate the [THP]
profile in adult patients when using DIT (Figure 1).

DIT distinguishes for age but not usually for sex.® Given
that women on average are 30% lighter than men,?” if
doses are not adjusted based on weight, the effective
administered dose could be significantly higher than
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Figure 1 Simulated blood concentration of THP in patients using
DIT based on their sex and age. Note that for the elderly the THP
dose is not raised more than 400 mg/day while for the younger
patients it is raised to 600 mg/day after 6 days. While DIT’s age-
based rules ensure that the average blood THP concentration in
patients is similar regardless of age, by not differentiating based
on sex (i.e., body habitus), the THP concentration drastically dif-
fers between the sexes. 3 designates men and ¢ designates
women. The dashed gray and red lines delineate the lower and
upper edge of the therapeutic blood concentration range of THP.

intended. In addition, THP spreads poorly in body fat® and
women on average have a higher percentage of body fat
and lower percentage of muscle than men.?” Our simula-
tions account for these differences and suggest that without
adjusting THP therapy based on bodyweight, the odds of
ADRs for women whose THP metabolism is moderately
impaired drastically increases (Figure 2). To simulate
changes in hepatic metabolism and renal clearance, we
define Anmer and A, as coefficients that quantify the differ-
ences in the metabolic activity and renal clearance of a
patient from that of the RG (i.e.. metabolismpasient = Amet X
metabolismgs and renal clearancepasien: = Aren X renal
clearancerg). Predictions show that while a 600 mg/day
dose in young men with even significantly impaired metabo-
lism (Amer > 0.65) should not result in ADRs, young women
need closer to normal THP metabolism (Ae > 0.85) to
avoid ADRs (Figure 2).

To simulate the PK of elderly patients, Ane: and Agep
were reduced (Amet=0.66,28 A,n,=0.31%%). Simulations
show that the lower DIT doses taken by the elderly result in
average [THP]s that are similar to those in RG (Figure 1).
However, again because of size differences, the concentra-
tion is significantly higher in elderly women.

Derivation of an equation for predicting individualized
THP doses

We simulated THP PK in patients with different A, levels.
Typically, a 5 mg/kg dose of THP achieves therapeutic levels
for people with average THP metabolism. The simulations
show that this dose would quickly affect plasma levels close
to therapeutic levels even for small A, levels (Figure 3).
The results of simulations were used to derive a pair of
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Figure 2 Model predicted plasma THP concentration profile fol-
lowing typical dose titration procedure used for adults. The rec-
ommended doses were divided and administered every 6 hours.
3 _designates young men and ¢ designates young women.
ATHP ot values quantify THP metabolic level in comparison to
average young persons. Values greater than 1 indicate faster
metabolism while values smaller than 1 are indicative of slower
THP metabolism.

hepatic metabolism activity (HMA) equations for men and
women that calculate A, The HMA equations are:

AT =10.3—0.97X Clpy (5)
AP —10.5—0.91X C;py (6)

where C*,.x is the measured maximum blood concentra-
tion of the patient (in mg/L) after a 5 mg/kg dose of THP.
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Figure 3 Model predicted plasma concentration profiles of three
individuals with different C;;,, values. C;, ., is the measured max-
imum blood concentration of the patient taking a single 5 mg/kg
dose of THP. The C; ., values of 11.3, 10.3, and 10 result from
0.25, 1, and 2 times the normal hepatic metabolism of THP. The
periodic THP doses used following initial THP uptake were deter-
mined using the PrD equation and were rounded to nearest mul-
tiple of 50. The doses predicted by PrD equation are safe even

for highly altered metabolisms.
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The HMA-calculated A, on average differs from model
predicted values by less than 7% (for A,e;= 0.2-2.25).

The predictions were used to derive another pair of equa-
tions for personalized dosing (PrD) based on the C;.,
value. The PrD equations are:

Dose™/9=822-77%C*

‘male max (7)

Dose[[%/9=66.3—5.7X -y, (8)
and provide a daily dose (in mg/kg) that should result in a
THP blood level close to 10 mg/L (Figure 3). The values
can be rounded to the nearest multiple of 50 without signifi-
cant consequences. The equations are informative only if a
clinician has the capability to measure a patient's C,ax
value. This might limit the use of the equations for inform-
ing treatment in developing countries.

Analysis of drug-drug interactions

Changes in PK of THP and CAF in RG following simultane-
ous administration of these drugs with various doses of CIP
were simulated. The predictions were compared with meas-
urements and are in good agreement (Figures S5-S7).
There is a wide range of interindividual variability on the
inhibitory effects of CIP on PK of THP and CAF.%®° This can
be attributed to the interindividual variability in the amount
liver CYP1A2.%° In all cases the predictions are within the
range of error for the measurements and close to the
reported average values.
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Figure 4 Model predicted outcome of DDI between THP-CAF,
THP-CIP, and THP-CAF-CIP for average elderly patients taking
400 mg/day of THP. For men even coprescription with large
doses of CIP and CAF should not result in ADRs. For women,
as with their young counterparts, uptake of CIP more than mini-
mal treatment dosage (500 mg/day) would result in ADRs. Con-
sumption of CAF while taking THP and CIP would increase the
odds of ADRs.
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Table 1 Model predicted safe A, values needed for different groupings of patients taking maximum DIT doses of THP (*600 mg/day for young and

400 mg/day for old patients)

Drug combination Young men Young women Elderly men Elderly women
THP* 0.62 0.87 0.35 0.51
THP & 266 mg CAF 0.67 0.93 0.39 0.55
THP & 960 mg CAF 0.79 111 0.48 0.7
THP & 500 mg CIP 0.7 0.99 0.45 0.65
THP & 1000 mg CIP 0.75 1.05 0.51 0.75
THP & 1500 mg CIP 0.82 1.15 0.58 0.9
THP & 266 mg CAF & 500 mg CIP 0.75 1.05 0.48 0.7
THP & 266 mg CAF & 1000 mg CIP 0.8 112 0.55 0.8
THP & 266 mg CAF & 1500 mg CIP 0.87 1.22 0.63 0.92
THP & 960 mg CAF & 500 mg CIP 0.86 1.22 0.56 0.83
THP & 960 mg CAF & 1000 mg CIP 0.92 1.3 0.64 0.95
THP & 960 mg CAF & 1500 mg CIP 0.98 1.4 0.72 1.05

Values that exceed the average A for a group, and will result in ADRs, are underlined. As can be seen, for women taking DIT doses of THP (Ae=1 for
young and 0.66 for elderly), taking any dose of CIP greater than 500 mg/day could result in ADRs. Consumption of caffeine increases the odds of ADRs.

Examination of theophylline drug—-drug interactions
The model was used to examine PK of THP, CAF, and CIP
DDIs (Figure 4, Table 1). At maximum DIT dose of
600 mg/day, RG men should be able to concurrently take
large doses of CIP and CAF without any adverse outcomes
(Table 1). At that dose, for RG women, anything more than
small amounts of CIP (500 mg/day) could result in ADRs,
and CAF uptake will increase the odds (Table 1).

Average elderly patients metabolize THP (A e = 0.66)%®
and clear CIP (Ao, = 0.31)° at slower rates than RG. Pre-
dictions show average elderly men taking 400 mg/day of
THP can take large doses of CIP and CAF without any
ADRs (Figure 4, Table 1). For average elderly women tak-
ing 400 mg/day of THP, any treatment beyond minimal
amounts of CIP (500 mg/day) could result in ADRs. CAF
consumption will exacerbate the problem. Race-based dif-
ferences in body habitus®” can significantly affect PK of
THP after DDI (Figure 5).

Evaluation of safety of PrD-calculated doses

to drug-drug interactions

To assess the safety of PrD-calculated doses, THP PK
were simulated in individuals with low levels of metabolism
while they concurrently take THP along with large doses of
CIP (1500 mg/day) and CAF (800 mg/day). Figure 6 shows
that for individuals with normal renal function, the PrD-
calculated dose is safe even for strong inhibitory DDI sce-
narios. However, for those with low A, (like the elderly),
the calculated dose might lead to ADRs.

DISCUSSION

To alleviate frequent occurrence of THP-associated ADRs,
we need a better understanding of its: (1) pharmacokinetics
in different populations, (2) pharmacodynamics of common
dosing practices, and (3) interactions with other commonly
used drugs. Since PK of THP differs significantly among
seemingly similar individuals,®?’ we developed a PBPK
model to examine its interhuman PK variability and study
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DDIs between THP and two other commonly used drugs,
caffeine and ciprofloxacin.

Interhuman pharmacokinetic variability of theophylline

Typically, derivation of safe exposure levels of drugs in
humans involves division of threshold levels for onset of
ADRs from dose—response outcomes of animal experiments
by a 100-fold uncertainty factor (human variability (10-fold)
and interspecies differences (10-fold)). The human variability
can be further subdivided into equal 10%° (=3.16) values for
toxicodynamic and toxicokinetic differences.®'

Unfortunately, the nonexistence of a measurable
response in animal studies does not mean that: (i) there is
not a human dose—response; or (ii) there is not a threshold
for either therapeutic or adverse outcomes. Thus, we need
to use the available biochemical and mechanistic data to
develop computational models that can be used for human
risk-assessment.

Since most of THP is metabolized within the liver,! the
variability in THP metabolism and DDI could stem from
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Figure 5 Prediction of PK in elderly women of different races
taking 400 mg/day of THP and 500 mg/day of CIP. Asian females
due to their unique body habitus are at a significantly higher risk
for ADRs than their counterparts from other races.
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Figure 6 Model predicted plasma THP profile in four theoretical
patients taking THP doses recommended by PrD equations and
undergoing severe DDI (1500 mg/day of CIP and 800 mg/day of
CAF (~6 cups of coffee)). The doses predicted using PrD equa-
tion do not result in ADRs for patients with severely impaired
hepatic capabilities even when there is extreme metabolic inhibi-
tion due to DDI. However, patients with impaired hepatic and
renal (A,en=0.31, denoted by &Ominus;) capabilities (such as
elderly), the equation predicted dose might result in ADRs.

wide-ranging interindividual differences in levels of CYP1A2
in liver microsomes.>® The model predictions concur and
show that even very low rates of renal clearance do not
drastically affect THP pharmacokinetics (Figure S2a).
Based on clinical data, the population-wide range of THP
dosage is between 300 to 1600 mg/day.®?® Using this infor-
mation with our PBPK model, we calculated the HKL:® to

be 2.86.

Predicting individualized theophylline metabolism
rates and safe dosage
Physicians use DIT as a means to avoid overprescribing
THP? Although DIT accounts for the age of patients, it does
not differentiate based on sex. Hence, females, who on aver-
age are 30% lighter than males,®” receive a higher dose
than men per unit weight. Studies have shown that for the
same THP dose women have a much higher C,,a, T2, and
AUC values than men. While some have reported slightly
lower levels of CYP1A2 in females,2 generally after normal-
ization by weight, measured PK differences are negligible.®®

Predictions show that neglecting sex-based size differen-
ces can have severe effects on pharmacodynamics of the
drug. The model was used to examine pharmacokinetics of
THP in RG (Figure 1) when using DIT. The results show
that with DIT, [THP] in RG women reaches therapeutic lev-
els (>10 mg/L) significantly sooner than for young men and
their average [THP] is ~40% higher than RG men. How-
ever, this higher level is below the ADR threshold and thus
usually the dose is tolerated.

In young men, DIT is robust against significant levels of
metabolic impairment (safe A,,e:= 0.62) (Figure 2, Table 1).
Thus, only for men with unusually slow metabolism (even
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slower than average metabolism in elderly, A,e:= 0.66) the
final dose needs to be adjusted to avoid ADRs. For young
women (safe A= 0.87), because of their higher average
[THP], hepatic impairment greater than 10% from normal
could lead to onset of ADRs (Table 1, Figure 2). For individ-
uals with faster metabolism than RG, DIT will provide less
therapeutic benefit since desired [THP] might not be reached
(Figure 2).

Predictions show that when using DIT, the average [THP]
is similar between young and old patients (Figure 1). But
again due to differences in average weight between sexes,
the average [THP] in women is significantly higher. The
reduced DIT dose for the elderly is very effective at elimi-
nating the possibility of ADRs, particularly in males (Table 1,
, Figure 4). Even in cases of extreme hepatic impairment,
DIT treatment with THP alone is safe for average elderly
patients (safe A= 0.35 and 0.51, respectively).

To optimize patient outcomes, predictions were used to
derive two sex-based pairs of equations that use Cy,, to:
(1) assess a patient’s A,er (HMA equation), and (2) provide
an individualized dose of THP (PrD equation). The Cj ..
value generally can be measured about an hour after oral
uptake of a dose of normal release formulation of THP.
Theoretically, using PrD-calculated doses should eliminate
the possibility of ADRs because the C; ., value accounts
for a patient’s level of THP metabolism and adjusts the dos-
age accordingly. Simulations show that using PrD-
calculated doses should quickly provide therapeutic doses
needed for bronchodilation regardless of varying THP meta-
bolic levels (Figure 3).

The predictions of the PrD and HMA equations have not
been used in a clinical setting. To test the utility and safety
of predicted values, a study should be set up where clini-
cians measure the average [THP] in a diverse population of
low-risk volunteers who are treated with formula-predicted
doses. If the results are proven to be reliable and safe,
then the application could be expanded to the general
populace.

Examination of drug—drug interactions between
theophylline, caffeine, and ciprofloxacin

DDIs can appreciably raise the average levels of drugs in
the body. For THP, this is because CYP1A2, the primary
THP metabolizing enzyme, interacts with a large number of
other drugs. This reduces the effective concentration of
enzymes for metabolizing THP. Caffeine is one such drug
and is usually consumed without consideration for its DDls,
although it significantly affects the PK of many drugs.'
Another drug that exhibits DDI with THP is ciprofloxacin, a
commonly used broad-spectrum antibiotic.

To gain a quantitative understanding of the PK effects of
these DDls, the model was used to simulate simultaneous
uptake of different combinations of these drugs. The pri-
mary outcomes of DDIs are decreased clearance of the
drugs from the system (i.e., increased AUC, T, and Cpax
([Figures S5-S7]).

Theophylline—caffeine interaction. DDI-induced alterations
in the PK of drugs can result in serious pharmacodynamic
outcomes. For example, CAF, like THP, is a bronchodilator
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and stimulates the central nervous system, as well as diu-
resis and lipolysis.®** Simultaneous uptake of CAF and THP
could amplify these physiological effects.

Even alone, high CAF levels can be toxic. ADRs for CAF
are observed at plasma concentrations exceeding 40 mg/
L3 and concentrations above 80 mg/L are considered
lethal.®®* The average daily adult CAF consumption is
~300 mg® and predictions indicate that this level of con-
sumption should not result in ADRs in the majority of the
population (Figure S2b).

For a 600 mg/day of THP (i.e., highest DIT dose), predic-
tions show that even heavy consumption of CAF (960 mg/
day, similar to 12 espresso shots) should not result in
ADRs in men (Table 1). However, this extreme level of
CAF consumption can result in ADRs in female patients
(Table 1).

Theophylline—ciprofloxacin interaction. The dosing of CIP
alone for a variety of different types of infections were simu-
lated (Figure S8), and the average CIP concentrations
(0.4—2.1 mg/L) are within the range of measured CIP MICgq
values for a majority of pathogenic bacteria (0.008—
2 g/L®%). Only some strains of streptococci and staphylo-
cocci require more rigorous treatments. 3”38

Even alone, there are a number of ADRs associated with
excess CIP exposure including gastrointestinal or neurologi-
cal symptoms.®®° Simulations show that CIP DDIs with
CAF and THP do not significantly alter the plasma concen-
tration of CIP (results not shown). This would be expected
since the majority of CIP is cleared through the kidneys.

PK analyses of CIP have shown that if weight differences
are accounted for, there is no difference in PK of CIP
between the sexes.*' Studies have also shown that CIP
clearance is significantly slower in elderly patients.*' This
has been attributed to diminished renal clearance capacity
in these patients.?®

DDI with CIP can significantly effect the plasma concen-
tration of methylxanthines (Figures S5-S7).12:304243 pre.
dictions show that DDI with even large doses of CIP should
not result in ADRs for men taking 600 mg/day of THP
(Table 1, Figure 4). However, even for men, simultaneous
treatment with large doses of THP, CIP, and CAF necessi-
tates almost perfect hepatic metabolism capacity to avoid
ADRs (Table 1).

For women, predictions indicate that when taking a maxi-
mum DIT dose of THP, any treatment with CIP greater than
500 mg/day (minimal dose used for treatment of minor
infections like uncomplicated urinary tract infections) could
result in ADRs. Under these circumstances, even normal
consumption of CAF can increase the odds of ADRs.

As noted, this significant PK difference between sexes is
due to overlooking size differences between men and
women. Some have suggested that differences in adipose
and muscle content between men and women might be a
factor for the PK differences. Our results support this
hypothesis. We instituted sex-based body habitus differen-
ces in our model and the PK differences were significant
(7% higher AUC in women, (Figure S9)) when weight dif-
ferences were normalized).

CPT: Pharmacometrics & Systems Pharmacology

We analyzed the differences between women of diverse
races and based on differences in average body mass our
simulations indicate that Asian women are significantly
more likely to encounter ADRs from THP treatment than
other females. For example, while simulations show that
concurrent treatment with 400 mg/day of THP and 500 mg/
day of CIP should not lead to ADRs in most elderly female
patients, elderly Asian women are susceptible (Figure 5).

Finally, we decided to test the safety of doses predicted
by the PrD equation to various levels of DDI. Figure 6
shows that for individuals with low levels of THP metabo-
lism, the predicted doses are resistant to DDls. But in
cases where the patient has diminished renal clearance
(e.g., elderly), extreme DDI with CIP could lead to onset of
ADRs. This is because the PrD-calculated dose is based
on a patient’s THP metabolism levels reflected in C;,,,, but
low renal clearance strongly elevates levels of CIP in the
body (Figure S2c) and exacerbates inhibition of THP
metabolism.
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