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ORIGINAL ARTICLE

Identification of Cytochrome P450 Polymorphisms in
Burn Patients and Impact on Fentanyl Pharmacokinetics:

A Pilot Study

Kristin N. Grimsrud, DVM, PhD,* Xenia Ivanova, BS,* Catherine M. Sherwin, PhD, MSc, FCP,!
Tina L. Palmieri, MD, FACS,* and Nam K. Tran, PhD, HCLD (ABB), FACB*

Pain management is critical for burn care. Unfortunately, interindividual variation in pharmacokinetics (PK) due
to burn hypermetabolism and genetic polymorphisms can lead to treatment failures in this at-risk population.
Analgesics may be affected by genetic polymorphisms affecting cytochrome P450 (CYP) drug metabolizing
enzymes. Fentanyl is a common opiate primarily metabolized by CYP3A44 subtypes. Recent studies demonstrate
CYP2D6 variants, affecting fentanyl PK. Functional CYP polymorphisms can significantly alter opiate levels
resulting in inadequate analgesia or life-threatening toxicity. The goal of our study was to evaluate fentanyl PK
and assess associations with CYP polymorphisms. We obtained samples from the previously banked blood of 13
patients (eight males and five females) with >20% TBSA burns. Mean (SD) patient age was 41.7 (14.5) years, and
mean burn size was 25.8 (15.3) %TBSA. Plasma fentanyl was quantified, and CYP genotyping was performed.
Pharmacokinetic analysis was performed using Monolix software (Lixsoft, France) with a two-compartment
population model best-representing fentanyl profiles. Three CYP slow-metabolizing genotypes were identified, which
included CYP2D6*9, CYP2D6*29, and CYP3A4*1B. All three patients with variant polymorphisms had increased
serum fentanyl concentrations due to impaired clearance. This pilot study supports the need for further research
in this topic, and CYP genotyping of individual patients prior to receiving opiate analgesics to inform precision-
guided decisions, improve therapeutic efficacy, and, most importantly, increase patient well-being and safety.

Each year more than 486,000 patients are treated for burn
injury.! Pain is ubiquitous in burns, and pain management
in burn patients remains difficult. Burn pain requires a
combination of multiple drug classes, with opioids being
one of the most efficacious analgesics utilized.? Fentanyl, a
synthetic opiate, is commonly employed to manage acute
pain associated with wound care.> However, fentanyl effi-
cacy significantly varies between patients, particularly in
burns.? Variability in opioid metabolism and elimination
may be attributed to multiple physiologic factors includ-
ing hypermetabolism and genetic factors.*” In recent years,
the role of pharmacogenetics (PG) in opioid metabolism
has gained renewed interest due to the widespread opioid
abuse in the United States.® The cytochrome P450 (CYP)
family of enzymes are of great PG interest because they are
responsible for the majority of drug metabolism and exhibit
genetic variance.” Usually, these CYP enzymes biotransform
endogenous and exogenous molecules to facilitate elimina-
tion. However, some compounds are inactivated by CYDs,
whereas others such as morphine are bioactivated.”
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In addition to genetic variations, CYP activity is also influ-
enced by hypermetabolism, and activity may be induced or
inhibited by competing medications.>® These factors are all
common in severely burned patients where the hypermeta-
bolic state has been suggested to extend for months following
injury. Hypermetabolism upregulates CYP pathways, espe-
cially in the liver, and could alter the kinetics of the biotrans-
formation of opioids and other medications.® Polypharmacy
may also play a role in CYP activity and is highly prevalent in
critically ill burned patients who by some estimates are pre-
scribed an average of 40.6 medications per day.’ Furthermore,
compounds such as cannabinoids and methamphetamine,
common in burn patients, are known inhibitors of the same
CYP pathways used by opioids.”>1?

The genetics of CYP has been shown to play a significant
role in drug metabolism. CYP polymorphisms, for example,
have been shown to impact drug therapy, especially in can-
cer patients. Variants have been identified, with CYP2D6 and
CYP3A4 being the most clinically significant.!'"13 CYP3A4,
in particular, is responsible for the metabolism of >50% of
medications approved by the United States Food and Drug
Administration (FDA).!3 Genetic polymorphisms associated
with CYPs result in some variants exhibiting slow activity
resulting in toxic accumulation of drug, whereas other vari-
ants have increased activity resulting in poor efficacy from
low concentrations of drug in circulation.” CYP2D6 poly-
morphisms occur more frequently and are associated with
treatment failures and toxicity for several medications (e.g.,
tamoxifen, propranolol, opioids).'* The reported allele fre-
quency of CYP3A4*22in Caucasians is 5% to 8%, and 4.3% in
African Americans and Chinese.!® Moreover, CYP2D6 slow-
metabolizing variants are reported to be 10% in Caucasians/
Hispanics, 2% in African Americans, and 1% in Asians.'>!¢ The
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CYP2D6*2, *3, *4, *5, *6, *10, and *4I have been reported
to be more common in Caucasians, whereas *2 and *17
were observed in Africans and *10 and *36 more common
in Asians.!® Several other CYPs and genes (e.g., 2B6, 2C9,
2C19, transporters, receptors, and channels) are gaining more
importance as knowledge regarding their clinical impact is dis-
covered.®!” Therefore, CYP polymorphisms combined with
underlying hypermetabolism found in burn patients may place
these patients at risk for opioid treatment failures. The goal
of our pilot study is to determine the clinical significance of
CYP variants associated with altered fentanyl pharmacokinet-
ics (PK) in severely burned patients.

METHODS

We conducted a pilot observational study using banked ethylene-
diaminetetraacetic acid and sodium-heparinized plasma samples
from our College of American Pathologists (CAP)-accredited
biorepository. Samples from adult patients (age > 18 years) with
>20% TBSA burns who were receiving fentanyl therapy were
used for the following study. These specimens were previously
collected and de-identified as part of a hospital quality improve-
ment project to validate CYP assays for clinical implementation.
These samples were selected based on the criteria above with no
specification or bias related to the patient’s ethnic background,
gender, or other specific patient information.

Fentanyl Analysis

Fentanyl testing was performed on the plasma samples
as a send-out test to a Clinical Laboratory Improvement
Amendment (CLIA) and CAP-accredited referral laboratory
using high-performance liquid chromatography—tandem mass
spectrometry (HPLC-MS/MS). The assay limit of quantita-
tion was 0.1 ng/ml with an analytical precision of 5.3% at this
cutoff. Quantitation was based on isotope dilution via deuter-
ated fentanyl (fentanyl-D.).

Genotype Analysis

CYP genotyping was also performed on ethylenediaminetet-
raacetic acid whole-blood samples through a CLIA/CAP-
accredited referral laboratory. CYP2D6 and CYP3A4 genes
were targeted. For CYP2D6, two stages were used for test-
ing. Stage 1, the laboratory used a polymerase chain reaction
(PCR)-based 5-nuclease assay to determine the presence of
any CYP2D6 variants. All samples also have copy numbers
quantified by a PCR-based 5’-nuclease assay. This first stage
of testing allows for the detection of all common CYP2D6
variants (e.g., *2, *3, *4, *5, *6, *7, *8, *9, *10, *17, *29,
*35, *41), as well as rarer alleles such as *11, *12; *I14A,
*14B, and *15 along with any allele duplications or multipli-
cations. Unitary and tandem CYP2D7-2D6 (*13) alleles and
CYP2D6-2D7 (e.g., *4N, *36, and *68) alleles can also be
detected using this method. Second stage of testing involves
sequencing using fluorescent dye-terminator chemistry and
is only performed if the first stage of results was ambigu-
ous. Similarly, CYP3A4 genotyping is also performed using a
PCR-based 5-nuclease assay, however, without the two-stage
approach. Again, fluorescently labeled detection probes anneal
to the target gene. PCR then amplifies the DNA containing
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the variant. If the PCR detection probe is an exact match to
the target DNA, the 5-nuclease polymerase degrades the
probe, and the reporter dye can fluoresce. Genotypes are
assigned based on the allele-specific fluorescent signals that
are detected.

Pharmacokinetic Modeling
Population analysis using traditional compartmental modeling
estimated the PK parameters. Data were assessed with one-,
two-, and three-compartment models with zero-order input,
to evaluate the most appropriate model for the patients’ data
set. Monolix software version 2016R1 (Lixoft, Orsay, France)
was used to analyze data using a nonlinear mixed effect mod-
eling approach (MONOLIX, 2011). Estimates of the param-
eters were generated by computing the maximum likelihood
of the estimator without approximation of the model using
the simulated annealing version of the SAEM algorithm in
combination with the Markov chain Monte Carlo procedure.
Using a population analysis approach (equation 1), for the
subject I, the individual parameters were defined by:

0, =6pop - £ (1)

where 6; is the parameter value for the sth subject, 6., is
the parameter value for the population, #; is the between-sub-
ject variability on the parameter, which is normally distributed
around a mean of zero and a variance of W} .

Constant (equation 2), proportional (equation 3), and
combined (equation 4) error models were evaluated with each
of the structural compartment models, where yis the observa-
tion, fis the parameter function of the structural model, & is
the error term for the proportional model, and ¢is a sequence
of independent random variables normally distributed with a
mean of 0 and variance of 1.

y=f+a-e ()
y=f+bfoe 3)
y=f+@+b-fe 4)

In addition to CYP genotype, covariates considered for the
PK model included TBSA burned, age, sex, weight, tempera-
ture, systolic blood pressure, burn type, inhalation injury,
and substance abuse. Numerical covariates (age, weight, and
%TBSA burned) were logarithmically scaled and median cen-
tered. Covariates were first considered in the univariate analy-
sis and included for multivariate analysis if they were found to
decrease the objective function value significantly. Covariates
were incorporated using stepwise forward addition followed
by stepwise backward elimination. A decrease of >3.84 (P <
.05) in the -2*log likelihood was the criterion for retention in
the forward addition, and a decrease of 26.63 (P < .01) was
required in the backward elimination step.

Determination of Goodness-of-Fit

Graphical evaluation for assessing goodness-of-fit and the
numerical assessment of the -2*log likelihood, Akaike infor-
mation criteria, and Bayesian information criterion were the
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primary diagnostic parameters considered for final model
selection. The graphs generated for model evaluation included
the population and individual predictive concentrations over
time, observed data vs the population and individual predic-
tions. The model was also evaluated using graphs of popula-
tion and individual weighted residuals vs time, population and
individual weighted residuals vs predictions and a prediction-
corrected visual predictive check.

Statistics

The two-sample z-test was used to compare independent
means. Repeated-measures analysis of variance was used to
compare fentanyl concentrations between wild-type and
mutant CYP variants. Post hoc analysis using the Bonferroni
test was used to determine at which time point fentanyl con-
centrations became significantly different between wild-type vs
mutant variants. A P value of <.05 was considered statistically
significant. As needed based on Shapiro-Wilk test for normal-
ity, nonparametric statistics were employed with median and
range reported.

RESULTS

The study was conducted in accordance with Institutional
Regulatory Board regulations. Patient demographic data are
summarized in Table 1. Respectively, between CYP mutant vs
wild-type patients, the mean (SD) age (41 [8.2] vs 43 [16.1]
years, P = .315), percent TBSA burned (24.0 [9.6] vs 27.2
[16.8] %, P = .562), and body weight (87.5 [6.8] vs 92.3
[10.1] kg, P = .0606) were not significantly different between
patients with wild-type vs mutant CYP genotypes. Two of the
mutations were identified in male patients, and one mutation
was identified in a female patient.

Patients in the data set were identified to have fentanyl
administered 70 pg/min continuous rate infusion, and
whole-blood samples were collected from indwelling venous
catheters. Samples were collected following the beginning
of fentanyl administration at 0, 15, 30, and 60 minutes and
used for determination of plasma fentanyl concentrations for
CYP3A4 and CYP2D6 genotyping. Repeated-measures anal-
ysis identified fentanyl levels 15 min post-administration were
significantly (P < .001) higher in the mutant CYP vs the wild-
type populations. The mean (SD) of fentanyl concentrations
at 15 minutes for the mutant CYPs vs wild types are 3.2 (0.2)
and 1.5 (0.5) ng/ml, respectively.

Genotyping analysis identified three patients with mutant
variants CYP2D6*9, CYP2D6*29, and CYP3A4*IB and
exhibiting altered fentanyl kinetics. The remaining ten patients
were identified to have the wild-type forms of the CYP2D6
and CYP3A4 enzymes with normal activity. The CYP2D6 and

Table 1. Demographics summary of study subjects

Patient Parameter Mean SD
Age (yr) 41.7 14.5
Weight (kg) 86.5 20.7
Male:female 8:5

%TBSA 25.8 15.3
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CYP3A4 mutants had significantly higher fentanyl concentra-
tions than the wild-type patients (P < .01). The PK parameter
estimates for the patients with the mutant CYPs are presented
in Table 2.

The PK profiles were biexponential in nature. A two-com-
partmental model with a constant error model was the best
operative for describing the time course of the drug profiles
for fentanyl in these adult burn patients. The compartmental
model was parameterized using clearance (Cl), intercompart-
mental clearance (Q), and volume of distribution for the cen-
tral (V1) and peripheral compartment (V2). Sample collection
was only targeting the first hour following dosing. Thus, the
climination half-life was not calculated from this sparse data
set. Weight and CYP genotype were found to be the only
covariates affecting fentanyl PK. The equations used to cal-
culate Cl and V,, with weight as a covariate, are presented in
equations (5) and (6), respectively.

Log(Cl) = log(Cl,,,, ) + B CYP2D6 * 9
+ B CYP344 * IB + +B,CYP2D6 * 29 (5)
+ B(Il*tWeightlog(Wt / 81)+ g

LOg (I/d) = log(Vd pop ) + BVd*thighthg(Wt / 8 1) + an
(0)

The observed and fitted PK profiles for wild-type patients,
and mutant variants are presented in Figure 1. Patients with
mutant CYP variants demonstrated a prolonged clearance
compared with wild-type variants.

DISCUSSION

In this pilot study, we identified three functional CYP poly-
morphisms that have been documented to have altered
functionality and are clinically impactful.}3-2% Polymorphism
CYP2D6*9 is a G,q ,-A, - deletion with decreased activity
and is the most commonly reported mutant of clinical sig-
nificance, with a prevalence of 2% in Caucasian and African
populations and 3% in Asian populations.?’ The CYP2D6*29
allele is a G;,4; to A single-nucleotide polymorphism and
has been documented to be prevalent in 20% of the African
American population and categorized as a poor metabolizer.'®
The CYP3A4*IB is an Ay, to G transition of the proxi-
mal promoter region in this gene and is the most common
reported single-nucleotide polymorphism reported for the
CYP3A4 family.™ It has been reported to have higher expres-
sion than the wild-type CYP3A4 and has been published as a
poor metabolism of multiple drugs, e.g., quinine,? while also
being reported as a rapid metabolizer for other drugs, e.g.,
tacrolimus.'??! Fentanyl clearance was decreased in all three
patients that were identified to have CYP polymorphisms. To
the authors’ knowledge, the present study is the first to dem-
onstrate an association between altered fentanyl kinetics with
the identification of CYP polymorphisms in burn patients.
We found that patients carrying the wild-type alleles exhib-
ited the expected decline of systemic fentanyl over time,
whereas patients with the mutant variants did not elimi-
nate fentanyl efficiently, thus maintained high circulating
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Table 2. Clearance and volume of distribution in wild-type and CYP variants

Wild-type* CYP2D6*9 CYP2D6*29 CYP3A4*1B

CL (ml/min) 1,115.6 (1,044.4-1,387.2) 9.13 4.67 5.7
V1 (1) 22.3(19.4-36.0) 16.3 18.1 16.1
V2 (1) 4.25 (2.30-29.7) 1.31 2.11 1.02
*Wild-type data presented as median (range).
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Figure 1. Mean wild-type and individual CYP3A4*1B, CYP2D6*9, and CYP2D6*29 fentanyl plasma concentrations plotted on a linear scale at

predetermined collection points following the start of a continuous fentanyl constant rate infusion (70 pg/min) with the beginning of the infusion
at time 0 minutes. *Timepoint that mutant CYP concentrations were statistically different than wild types (P < .05).

concentrations over the monitoring time frame. The present
pilot study only analyzed samples over a 60-minute period,
thus not fully characterizing in the complete fentanyl pro-
files, specifically the prolonged elimination, which probably
is contributing to possible inaccuracies in the calculated PK
parameters (Table 2). Based on the drug profiles presented
in Figure 1, it can be predicted that patient fentanyl concen-
trations continued to increase and had delayed elimination.
Comparing the wild-type PK parameters in this study on a
per weight basis to a study by Han et al in burn patients, the
median CL of 12.46 ml/min/kg and the V1 of 0.258 1/kg
are very similar to the published CL (9.0-60.7 ml/min/kg)
and V1 (0.27-1.16 1/kg) values.* The patients in this study
with polymorphisms, as well as other individuals with sim-
ilar mutations, are at increased risk of fentanyl toxicity and
adverse reactions with standard fentanyl dosing regimens. The
literature demonstrates the considerable overlap in fentanyl
concentrations between therapeutic ranges and toxic ranges,
with some individuals experiencing mortality with circulat-
ing fentanyl concentrations within the therapeutic range.?
These observations in overlapping ranges between therapeu-
tic and toxic doses support the need for further studies to
be conducted to characterize the covariates affecting efficacy
and toxicity of opioid administration, to minimize morbidity
and mortality as a result of excessive opioid exposure. To date
there have not been any publications fully characterizing the
fentanyl toxicity profiles of the polymorphisms identified in
this study. However, a study investigating pharmacogenetic
implications related to fentanyl deaths did confirm a patient
that deceased from fentanyl toxicity was identified to have a
CYP3A4*1B mutation with concurrent decreased norfentanyl

concentrations, providing scientific evidence of the impaired
fentanyl metabolism.?3 Other reviews do state that genetic
polymorphisms in CYP3A4 may influence both the efficacy
and toxicity of fentanyl.?* Both CYP2D6*9 and CYP2D6*29
are classified as poor metabolizers!'® and have been reported to
cause toxic accumulation of circulating drug levels resulting in
nausea and vomiting in patients receiving oxycodone, hydro-
codone and other opioids.?*?® Studies correlating the impact
of CYP2D6 poor metabolizing polymorphisms on fentanyl
accumulation are lacking and need to be further investigated
to identify the potential toxic effects that may result. Increased
circulating opioid levels may also raise concerns that a patient
may have an increased risk of developing tolerance. Although
there has not been literature to date specifically linking these
polymorphisms with increased risk for fentanyl tolerance over
time, there are reports demonstrating that higher circulating
opioid concentrations, thus more drug at the site of action, do
result in a cascade of events resulting in opioid receptor inter-
nalization and the development of tolerance.?® As stated by
Dumas and Pollack,?® “Agonist binding, therefore, results in
diverse cellular adaptations that mediate antinociception and
onset of tolerance”, thus one would suspect that a decreased
clearance that results in increased circulating levels of agonist
would contribute to increasing the susceptibility of the devel-
opment of tolerance.

Clinical decisions based in part on knowledge of CYP variants
are a classic example of precision medicine, but the majority of
these clinical applications have involved cancer therapy.”?” For
example, correlating therapeutic efficacy of tamoxifen in breast
cancer patients with CYP2D6 activity has identified slow-
metabolizers with greater risk for tamoxifen-induced toxicity,
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while fast-metabolizers exhibit an increased risk for treatment
failure and /or tumor recurrence.?” Outside of cancer therapy,
only recently have studies suggested the use of CYP genotyping
to improve dosing of common medications, including opioids,
for pain management.” Although drugs such as fentanyl are
heavily metabolized by CYP3A4, contrary to historical reports
of CYP2D6 having no role in metabolizing fentanyl, recent
studies now suggest otherwise.!? This phenomenon may be
exacerbated during polypharmacy where CYP3A4 pathways
are overwhelmed and forcing fentanyl to be metabolized by
CYP2D6. The heavy use of opioids in critical care, especially
burn patients,’ highlights the need to evaluate CYP genotypes
when prescribing opioids for severe pain management.

As a high-risk population exhibiting significant hyper-
metabolism following injury and polypharmacy, severe
burn patients are particularly susceptible to variable and
unpredictable therapeutic responsiveness to opioids. Burn
patients have been known to have altered PK profiles due
to their hypermetabolic state.?®2?° Kaneda et al demon-
strated that burn patients had an expanded volume of dis-
tribution of fentanyl compared with nonburned patients,
probably attributed to dilutional distribution.?’ Many of
the alterations in absorption, distribution, metabolism,
and elimination (ADME) are anticipated in burn patients
as they often have significant pathophysiological altera-
tions as a result of the burn injury and postburn proce-
dures and treatments.?® Significant fluid losses and shifts
occur, which may be associated with factors such as com-
partment syndrome, loss of fluids from draining sites and
lesions, skin loss contributing to fluid loss from lack of
a barrier and wound leakage, blood loss from repeated
fasciotomies and other surgeries. Massive fluid resusci-
tation and frequent blood transfusions greatly alter the
expected drug kinetics, often resulting in dilution effects.
Moreover, changes in circulating proteins, either from
protein loss or dilution from resuscitation may alter the
amount of free drug available depending on if the indi-
vidual compound has high affinity for protein binding.
Many burn patients experience significant organ dysfunc-
tion (e.g., cardiovascular, renal), as well as hyperimmune
and hypermetabolic states, which all can have significant
impacts on ADME and overall drug efficacy and toxicity.
Literature reports that burn patients are administered an
average (SD) of 40.6 (20.2) medications prescribed per
day in patients with >20% TBSA burns.® Common medi-
cations include opioids (e.g., fentanyl, hydromorphone)
and several compounds that are known to alter CYP
activity (e.g., propranolol, fluconazole).?® Unfortunately,
drug dosing in burn patients, including for opioid ther-
apy, is not personalized and does not account for PK,
pharmacodynamic (PD), and PG variation, resulting
in a high degree of poor efficacy, comorbidities, toler-
ance, and addiction. Due to the present study being a
retrospective analysis with limited patient medical record
information, we could not thoroughly evaluate what
other confounding variables in our patients, which could
also be influencing the fentanyl ADME. However, due
to the significant difference in fentanyl concentrations
between the three individuals with the polymorphisms
and the wild-type patients, the data presented here are
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highly supportive of these mutations being of clini-
cal significance and prospective study needs to pursue
investigating this on a larger scale. Personalized dosing
relies on a solid foundation of established PK/PD data.
However, a literature review by our institution revealed
few, if any, appropriately performed PK/PD studies in
burn patients.?® All of these covariants must be taken into
account when considering appropriate dosing regimens
in these critically ill burn patients, in addition to potential
influences of genetic polymorphisms. The limitations of
our study included a small sample size. Although not the
goal of our pilot study, PD, and patient outcomes data
were not available by nature of our quality database.

CONCLUSIONS

Pharmacogenetic testing may provide a means to improve the
precision of opiate dosing in severely burned patients. The PK
profiles of fentanyl in patients with CYP polymorphisms are
significantly altered and may lead to inappropriate drug levels
in vivo. CYP2D6*9, CYP2D6*29, and CYP3A4*1B mutant
genotypes presenting as a slow-metabolizer phenotype may
be at risk for fentanyl overdose. Further studies are required
to determine the clinical impact of CYP polymorphisms in the
complex, hypermetabolic, burn patient population.
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