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ABSTRACT

Background: Patients often use complementary and alternative herbal
medicines, hence, potential exists for adverse herb—drug interactions. Fentany!
is metabolized by hepatic CYP3A4 and considered transported by blood—brain
barrier P-glycoprotein. Both disposition processes could be upregulated by
the herbal St. John’s wort. This investigation evaluated effects of St. John's
wort on fixed-dose and apparent steady-state IV fentanyl pharmacokinetics,
pharmacodynamics, and clinical effects.
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Methods: Healthy volunteers received a fentanyl fixed-dose infusion and an
individually tailored target controlled infusion on separate days, before and g
after 30-day St. John’s wort (300 mg thrice daily; n = 8) or placebo control ?7
(n = 8) in a randomized parallel-group design. Fentanyl plasma concentra- s
tions, pupil diameter, analgesic response to experimental pain (cold pressor), %
subjective side effects, and cognitive effects were measured. Plasma fentanyl ;
concentrations and changes in pupil diameter were subjected to pharmacoki-
netic—pharmacodynamic modeling.

Results: St. John’s wort did not alter fentanyl pharmacokinetics. Clearance
(i/min) before and after St. John's wort (1.13 + 0.29 and 1.24 + 0.26, &
respectively) or placebo (0.96 + 0.28 and 1.12 + 0.27, respectively) were not §
different. St. John’s wort also did not affect fentanyl pharmacodynamics as g
measured by pupil constriction after fixed-dose and tailored fentanyl infusions.
EC,, (ng/ml) was 1.1 + 0.7 and 1.4 = 0.9 before and after St. John’s wort
versus 1.2 = 0.8 and 1.4 + 1.7 before and after placebo. Effect site equili-
bration time, T,, ., (min), was 12.8 + 5.3 and 11.3 + 6.4 before and after St.
John’s wort versus 11.4 = 6.4 and 11.1 + 5.6 before and after placebo. St.
John’s wort had no influence on analgesia, cognitive performance, or somatic
cognitive—affective effects of fentanyl.
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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e The popular herbal medicine, St. John’s wort, is a potent inducer
of several cytochrome P450 enzymes, including CYP3A4, which
plays a role in the metabolism of fentanyl. St. John’s wort may
also influence the expression of P-glycoprotein, which can alter the
movement of drugs across the blood—brain barrier.

What This Article Tells Us That Is New

e The pharmacokinetics and pharmacodynamics (pupillary diameter
over time) were examined in volunteers before and after treatment
with St. John’s wort. No differences were seen, suggesting that
this herbal medication does not influence the clinical behavior of
fentanyl.
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Conclusions: St. John’s wort did not alter fentanyl pharmacokinetics, phar-
macodynamics or clinical effects, suggesting no effect on hepatic clearance or &
blood-brain barrier efflux. Patients taking St. John’s wort will likely not respond §
differently to IV fentanyl for anesthesia or analgesia.

(AnesTHesloLogy 2020; 132:491-503)

St. John’s wort has gained popularity as an antidepressant
whose clinical effectiveness is supported by randomized,
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Surveys have found that 22 to 32% of surgical patients
report using herbal supplements."? In addition, patients
are often reluctant to disclose the use of herbal medications
to their healthcare providers.*” One study found that as
many as 70% of patients taking herbal supplements were not
forthcoming about their use during preoperative evaluation.?
Presurgical use of herbal therapy, together with multiple drug
use during anesthesia, presents a high potential for adverse
herb—anesthetic interaction. Currently, there is little data
regarding the many potential herb—anesthetic interactions.

controlled trials in patients with mild to moderate depres-
sion.* However, serious adverse interactions have been
observed between St. John’s wort and a number of prescrip-
tion drugs.’ These interactions involve the upregulation of
two major drug disposition mechanisms: cytochrome P450
enzymes and the active efflux transporter P-glycoprotein,
which could lead to a lower oral bioavailability, accelerated
clearance, and/or altered organ distribution of the affected
drugs, and in turn, can result in a potential loss of therapeu-
tic efficacy.

This article is featured in “This Month in Anesthesiology,” page 1A.
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Hyperforin, a major bioactive constituent of St. John’s
wort, 1s the most potent known agonist of the pregnane X
receptor (PXR, NR1I2), which activates the transcription
of CYP3A4 and P-glycoprotein.® Studies have demon-
strated induction of CYP3A4 in the human intestine and
liver after St. John’s wort treatment.” St. John’s wort has also
been shown to induce the intestinal expression of the active
eflux transporter P-glycoprotein.”® P-glycoprotein is con-
stitutively expressed in human tissues other than intestinal
mucosa, notably the blood—brain barrier.” P-glycoprotein at
the blood-brain barrier functions to restrict drug entry into
the brain and has been shown to govern the delivery of a
variety of neuropharmacologic agents, including opioids.'*!"
The role of P-glycoprotein in the distribution kinetics of
opioids to the brain depends on the opioid and the com-
peting processes of entry and efflux across the blood—brain
barrier.'>" There is evidence from animal studies that brain
P-glycoprotein is inducible."*!" Fentanyl, one of the most
commonly used intraoperative opioids, is a known substrate
of CYP3A in vitro and in vivo and has also been shown to
be a P-glycoprotein substrate in vitro.'"'>!” Thus, potential
drug interactions may occur between fentanyl and St. John’s
wort via multiple mechanisms involving hepatic CPY3A4
and blood—brain barrier P-glycoprotein activity.'®'®1°

The overall objective of this study was to test the
hypothesis that pretreatment with St. John’s wort, using
a formulation and dose that is known to induce hepatic
and intestinal CYP3A activity (i.e., increased midazolam
clearance after oral and IV administration) and increase
intestinal P-glycoprotein function, will alter the pharmaco-
kinetics and pharmacodynamics of IV fentanyl with resul-
tant changes in clinical effects as objectively measured and
subjectively reported.? The study was designed to evaluate
two potential mechanisms of St. John’s wort—fentanyl inter-
action: (1) St. John’s wort may increase the systemic clear-
ance of fentanyl through induction of hepatic CYP3A4;
and (2) St. John’s wort may attenuate brain uptake of fen-
tanyl via upregulation of P-glycoprotein expression at the
blood-brain barrier. Two experimental paradigms were
used: first, pharmacokinetic—-pharmacodynamic modeling
of the time course of pupil constriction (miosis) and arte-
rial plasma fentanyl concentration during and after short
(30min) 1V fixed-dose fentanyl infusion, before and after St.
John’s wort; and second, the influence of St. John’s wort on
analgesia, miosis, and side effects during a pharmacokinet-
ically tailored infusion targeted at a predefined steady-state
plasma concentration of fentanyl.

Materials and Methods

Subjects and Study Protocol

The protocol was approved by the University of Washington
Institutional Review Board and all subjects provided written
informed consent. Sixteen healthy subjects, eight males and
eight females, 21 to 41 yr, 72 + 9kg (mean * SD; range, 61
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to 91kg) were enrolled in the study which was conducted
before the requirement for clinical trials registration. No
subject withdrew from the study, all completed the proto-
col, and results from all subjects are presented. Sample size
was estimated based upon miosis and response to pain stim-
uli observed before and after placebo treatment in an earlier
study from our laboratory that deployed a similar repeat-
ed-measures, within-subject, across-days design.?! For sample
size calculations, a 50% decrement in opioid effect from St.
John’s wort treatment was sought, and o and 3 were set at 5%
and 80%, respectively. A sample of at least five to six subjects
per treatment group was deemed to provide adequate power.

The study followed a randomized, double-blinded, paral-
lel-arm design. The sequence of fentanyl administration and
St. John’s wort or control treatment is detailed in figure 1.
Subjects were randomized to either the St. Johns wort or
placebo treatment arm. Each subject underwent two separate
days of IV fentanyl testing 1 to 2 weeks apart: 30-min fixed-
dose infusion followed by pharmacokinetically tailored 180-
min infusion. Subjects then received either St. John’s wort
(one 300-mg Kira tablet; Lichtwer Pharma, Berlin, Germany)
or placebo tablet three times a day from day 1 through day
21.Kira St.John’s wort is the same formulation as the LI-160
product marketed in Germany by Lichtwer Pharma. At the
same dose used in this study, LI-160 induced hepatic and
intestinal CYP3A and intestinal P-glycoprotein.?” To verify
the bioactive content, we assayed each batch of purchased
Kira tablets for hypericin and hyperforin.?> During St. John’s
wort/placebo treatment, subjects received another round of
IV fentanyl testing: 30-min fixed-dose fentanyl infusion on
a day between day 14 and 18, and a pharmacokinetically
tailored 180-min infusion on day 21.

Fixed-dose IV Fentanyl Infusion. For
pharmacodynamic modeling of pupil response, subjects
received a 30-min constant rate fixed-dose IV infusion of

pharmacokinetic—

fentanyl (2.5 pg/kg). Resting, dark-adapted pupil diameter
was measured before;at 5,10, 15, and 30 min during infusion;
and at 5, 10, 15, 20, 30, 40, 60, 75, 90, 120, 150, and 180 min
and 4, 5, 6, and 12h after infusion was discontinued. Blood
samples (5ml each) were collected from an arterial catheter
immediately after each pupil measurement. Plasma fentanyl
concentration—time data were fitted to a three-compartment
model with IV infusion input (WinNonlin 5.01; Pharsight
Corp, USA).

Pharmacokinetically Tailored IV Fentanyl Infusion. Effects of
St. John’s wort or placebo on fentanyl analgesia, miosis,
and side effects were assessed during a pharmacokinetically
tailored IV fentanyl infusion. The three-compartment
model parameters estimated from the preceding fixed-dose
IV fentanyl infusion study were deployed in programming
a computer-controlled IV infusion regimen based on the
bolus/elimination/transfer algorithm to achieve a steady-
state plasma fentanyl concentration of 1.0ng/ml for 3h.?
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St. John’s Wort-Fentanyl Interaction

Do St. Johns Wort or Placebo +
| Day-14t0-7 | 0 7 14 18 21
\ J
| l
Fixed-Dose Pharmacokinetically Fixed-Dose | Pharmacokinetically
IV Fentanyl Tailored 1V IV Fentanyl Tailored IV
Infusion Fentanyl Infusion Infusion Fentanyl Infusion

Fixed-dose fentanyl Infusion Pharmacokinetically tailored fentanyl Infusion

* 30-min constant rate fixed-dose Time (min) 60 0 60 90 120 150 180
IV fentanyl infusion (2.5 pg/ke) Fentanyl Infusion X X X X X X
* Arterial blood samples and pupil Pupil Diameter X e
diameter measurements during Blood Sample X X X X X X X
andfor 12 hr following infusion Pain «—— Cold Pressor Test X X X X
completion. Snbjectie X X X X
» Pharmacokineticmodeling to Symptoms CASE X X X X
obtain subject-specific FOMs . X X X X
parameters for tailored fentanyl Rey Yertal Leaming 4
snifasion Digit Symbol X X X X
Objective Stroop X X X X
Measures Verbal Reasoning Test X X X X
Visual Reaction Time X X X X
Auditory Reaction Time X X X X

Fig. 1. Study protocol. CASE, Cognitive—Affective Side Effects scale; IV, intravenous; POMS, Profile of Mood States; SSE, Somatic Side

Loughren et al.

Effects scale.

This target plasma fentanyl concentration is above the
reported minimum analgesic concentration of 0.50 to
0.75ng/ml.*** Blood samples were collected at baseline
and at 60,90, 120, 150, and 180 min during tailored infusion.
Dark-adapted pupil diameter was measured immediately
after blood sampling.

During a 60-min baseline period before the start of the
fentanyl infusion, pain response to cold-pressor test, subjective
symptoms (Somatic Side Effects, Cognitive—Affective Side
Effects, profile of mood states) and standardized objective mea-
sures of cognitive function (Rey Verbal Learning Test, Digit
Symbol Substitution Test, Stroop Color and Word Test, Verbal
R easoning Test,Visual Reaction Time, and Auditory Reaction
Time) were evaluated. The test battery was repeated three
times, beginning at 60, 120, and 150 min after initiation of the
tailored fentanyl infusion. Because the Rey Verbal Learning
Test cannot be given more than once during each study day,
it was only administered once during the second period of
testing (120 min); hence, data from the training day were used
as preopioid baseline in the statistical analysis.

Assessments of Opioid Effects

Dark-adapted pupil diameter was measured using a
Pupilscan II Model 12A infrared pupillometer (Keeler
Instruments, Inc., USA).The room was kept dark for 5min

before readings. The left eye was assessed, while the right
eye was covered. The average of three successive readings
was recorded.

The Cold Pressor Test, a well-accepted experimental
pain paradigm known to be responsive to opioids,* was
performed before and during the tailored infusion. The
subjects first placed their dominant hand in a bath of warm
water (35 + 2°C) for 2min, and then submerged the hand
in a container of recirculating cold water set at 3.5 + 0.5°C.
The subjects were instructed to verbally indicate when they
first felt painful sensations (i.e., “pain threshold”). The sub-
jects continued to hold their hand in the water until they
could no longer bear the pain (i.e., “pain tolerance”) or a
maximum duration of 300sec was reached. Times to pain
threshold and tolerance were recorded.

Subjective side effects were assessed on the tailored infu-
sion day. Subjects rated side effects that could be related to
opioids on a 37-item Somatic Side Effects scale and a 44-item
Cognitive—Affective Side Effects scale with each item rated
from 0 (“not at all”) to 4 (“extremely”).” Internal con-
sistency reliability was strong for both somatic side eftects
(o = 0.91) and Cognitive—Affective Side Effects (a0 = 0.86).
Subjects also completed the 30-item Profile of Mood States
Short Form, a widely used, valid, and reliable measure of
mood disturbance to measure general dysphoric affect.?®
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Digit Symbol Substitution Test is a well-established
tool adapted from the Wechsler Adult Intelligence Scale—
Revised and has been used in a number of drug studies,
including opioids.”?" Subjects match abstract symbols with
numbers according to a key provided above a long series
of numbers. This timed test assesses visual-motor coordina-
tion, learning, visual scanning, response speed, and sustained
attention.

The Rey Verbal Learning Test was used to assess imme-
diate recall and delayed memory.®' Subjects were presented
with 15 words and asked to repeat the words immediately.
Twice more, subjects were read the list and asked to repeat
the words, for a total of three trials. Next, as an “interfer-
ence” short delay recall test, a different list of 15 words was
read and subjects were asked to recall the second list, fol-
lowed by a request to recite the first list again. Twenty min-
utes later subjects were asked to recall the first list of words
one last time.

The Verbal Reasoning Test was adapted from the
Baddeley Three-minute Reasoning Test.*> Subjects read
through each statement and circled “true” or “false”
depending on whether the letter pair after each statement
accurately described the preceding statement; an example
of items would be “A does not precede B: BA” This test
demonstrates adequate reliability and validity, and is a sensi-
tive measure of verbal reasoning.

The Stroop Color and Word Test is a widely used
test of cognitive flexibility and specifically the ability to
inhibit cognitive interference.” In each of three condi-
tions, total reading time and errors were recorded, with
reading time reported here. This test has been shown to
be reliable and valid in detecting attentional deficits after
numerous types of brain insult, and is sensitive to cogni-
tive changes.™

Psychomotor function was tested with two measures,
simple Auditory and Visual Reaction Time. The tests are
part of a computerized psychomotor battery developed for
use in evaluating effects of psychoactive drugs.”? The bat-
tery has been used to assess reaction time and attention in
numerous opioid and nonopioid laboratory trials.**** The
simple reaction time tests require a subject to hit a com-
puter key as quickly as possible after seeing or hearing a cue
on the computer.

Pharmacokinetic and Pharmacodynamic Analysis

Compartmental Analysis. A semilogarithmic plot of the
fixed-dose

revealed a tri-exponential washout profile. Two- and

plasma fentanyl concentration—time data
three-compartment models featuring elimination from
central compartment were fit to plasma concentration data
during and after the fixed-dose infusion from each subject
using the WinNonlin program (Model 19, WinNonlin 5.01;
Pharsight Corp, USA).The three-compartment model pro-
vided a statistically superior fit based on residual analysis

and Akaike Information Criterion.

Anesthesiology 2020; 132:491-503

Pharmacokinetic—-Pharmacodynamic ~ Modeling. A plot
of the decrease in pupil diameter from prefentanyl
baseline wversus the corresponding plasma fentanyl
concentration at successive sampling times demonstrated
counterclockwise hysteresis. This observation is consistent
with either an equilibration delay between plasma and
the effect site, or contribution of active metabolite(s) to
the pupil response. The latter scenario is unlikely, since
the main metabolite of fentanyl— norfentanyl—is devoid
of pharmacologic activity.’® An initial estimate of the
effect site equilibration constant k_ for each subject
was obtained by analyzing the hysteresis data using the
k  program (Department of Anesthesiology, Stanford
University, Stanford, California).

An inhibitory effect Emax model (Model 103,
WinNonlin 5.01, Pharsight Corp.) was used to relate the
effect site concentration to pupil response as presented in
equation 1.

Ce

E=Ey+[1-——
C, +EC, 5,

M)

E, is the baseline pupil diameter. It should be noted that
Emax is assumed equal to E, ie., there is complete con-
striction of the pupil at very high effect-site concentration.
EC,_, is the concentration resulting in pupil constriction to
50% of the maximum. C_ is the effect site concentration at
a given time. In the final output from WinNonlin, an esti-
mate of the plasma concentration corresponding to EC__|
at steady-state (i.e., EC_ ) is provided and reported here.

Analytical Methods

Plasma samples were analyzed for the concentration of fen-
tanyl using previously published methods. Sample extraction
was performed according to the procedure described by
Szeitz et al.,”’ using fentanyl-d, (Cerrillant, USA) as the
internal standard. Analysis of extracts by liquid chroma-
tography-mass spectrometry followed a modified method
of Koch et al?® Limit of detection and limit of quantifi-
cation were 0.05ng/ml and 0.0625ng/ml, respectively.
Calibration curves were linear up to a concentration of
10ng/ml. Inter-day coeflicient of variation for low (0.2 ng/
ml,) and high (1.5ng/ml,) quality controls were 6.2% and
3.8%, respectively.

Statistical Analysis

Generalized Estimating Equations (GENMOD SAS soft-
ware version 9.0; SAS Institute Inc., USA) were used to
assess the effect of treatment (St. Johns wort or placebo),
day (pre- or posttreatment), and time (testing at baseline or
during fentanyl infusion).*” Interactions between treatment,
day, time, and sex (all two-factor, three-factor, and four-fac-
tor interactions) were included in the model.

Analysis was primarily focused on the treatment-by-day
interactions; that is, was there a difference between pre- and
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posttreatment day that was dependent on whether the subject
received St. John’s wort or placebo treatment? Furthermore,
for each of the pharmacodynamic measures, it was also
important to assess whether time was a significant variable.
Specifically, was there a difference between measures taken
at baseline and during fentanyl infusion, i.e., was an opioid
effect evident? If time was not a significant factor, any signif-
icant day-by-treatment interactions would not be pertinent
as they would not be related to a measurable opioid effect.

In several cases where Generalized Estimating Equations
would not specifically address changes during tailored fen-
tanyl infusions, within-day comparisons were evaluated by
repeated-measure ANOVA.

Results

Fixed-dose IV Fentanyl Infusion

Systemic Pharmacokinetics. Figure 2 shows the time course
of mean arterial plasma fentanyl concentration on the pre-
and posttreatment days. The washout of fentanyl followed
a triexponential pattern, with average initial distribution
half-lives of 2.4min and 21min, and a terminal half-life
of approximately 200 min. The plasma concentration-time
profiles from the four study days are nearly superimposable;
St. John’s wort did not appear to have altered the systemic
disposition of fentanyl. Table 1 shows pharmacokinetic
parameters before and after St. Johns wort and placebo.
The parameters agree with previously published data for
sampling durations of at least 8h.* Analysis by General
Estimating Equations showed that none of the pharmacoki-
netic parameters had a significant treatment-by-day interac-
tion (i.e., St. John’s wort treatment had no effect on fentanyl
systemic pharmacokinetics).

= -= Preplacebo
% 1 -0- Postplacebo
— e~ Pre-St. John's wort
g’ -0+ Post-St. John's wort
c
D
E 0.1
s [ TS
= Py
0.01-
I ' L) v 1 N L) v I ' 1 ' I v
0 120 240 360 480 600 720
Time (min)

Fig. 2. Plasma concentration time course of fentanyl in healthy
human subjects after a 2.5 pg/kg intravenous infusion of fen-
tanyl on pre- (closed symbol) and post- (open symbol) treatment
days in the placebo (blue squares) or St. John’s wort (red circles)
groups (n = 8 in each). Results are the mean + SD.

St. John’s Wort-Fentanyl Interaction

Pharmacokinetic—Pharmacodynamic -~ Modeling. Figure 3A
shows pupil diameter versus time during and after the
brief fixed-dose IV fentanyl infusion in the two treatment
groups. A robust miotic response was observed with an
average reduction of 58% in pupil diameter at the peak;
peak pupil constriction was observed at 2.5min after the
cessation of IV infusion. St. Johns wort pretreatment did
not alter the magnitude or time course of miosis after IV
fentanyl infusion. A replot of the change in pupil response
(miosis) wersus arterial plasma fentanyl concentration
(fig. 3, B and C) revealed a counter-clockwise hysteresis,
which is best explained by a delay in the equilibration
of fentanyl between plasma and the opioid receptor
site mediating the pupillary response. Table 2 presents
the mean estimates of the pharmacodynamic model
parameters. The effect compartment equilibration half-
life of fentanyl averaged 12min. The predicted steady-
state. EC50 was 1.3ng/ml, which agrees with previous
steady-state plasma concentration-response data.”® None
of the pharmacodynamic parameters differed significantly
between the placebo and St.John’s wort groups (Generalized
Estimating Equation analysis revealed no treatment-by-day
interaction).

Individually Tailored Target-concentration IV Fentanyl
Infusion

The pharmacokinetically tailored IV fentanyl infusion
day was intended to provide a confirmation of a change
in steady-state plasma fentanyl concentration-effect rela-
tionship, if St. Johns wort treatment was found to have
altered fentanyl pharmacokinetics. We also anticipated that
in the event of no pharmacokinetic effect, it would still be
necessary to investigate any change in the fentanyl con-
centration-effect relationship since a pharmacodynamic
interaction between St. John’s wort and fentanyl at the
blood-brain barrier, opioid receptor, and neural circuitry
level is still possible.

By tailoring or customizing the bolus-elimination-trans-
fer-based IV infusion regimen using each subject’s fentanyl
pharmacokinetic parameters obtained from the preceding
fixed-dose IV infusion study, we could achieve the same tar-
get plasma fentanyl concentration in each subject, thereby
reducing inter-subject variation. The tailoring approach
further allowed us to normalize any effect of St. John’s wort
on systemic fentanyl kinetics.

Plasma Fentanyl. In most subjects,
concentration reached an apparent steady-state by the
first blood sampling time of 60min after initiation of the
tailored infusion;in a few subjects, steady-state was achieved
between 60 and 90min (fig. 4). It is possible that using
arterial plasma data to develop the tailored IV infusion led
to lower than expected venous plasma concentrations at

plasma fentanyl

the first sampled time point due to longer than expected
arteriovenous equilibration. R epeated-measure ANOVA on

Anesthesiology 2020; 132:491-503
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Table 1. Pharmacokinetic Parameter Estimates of Fentanyl for a Three-compartment Model Derived from the Fixed-dose IV Infusion

Pre- and Postplacebo or St. John’s Wort

Placebo St. John’s Wort
Parameter Pre Post Pre Post
Vv, () 124 +44 124 +4.0 14.0+45 149+54
v, () 16.9+3.6 23.7+12.4 28.2 +24.8 25.6 +15.3
v, () 186 + 30 153 £ 55 136 £ 47 151+ 44
Vss (I) 215+ 28 189 £ 45 178 + 46 191 £ 50
CL,, (Vmin) 0.96 + 0.28 1.12+0.27 1.13+0.29 1.23 +0.26
CL,, (/min) 1.40 = 0.96 1.19 +£0.31 1.27 = 0.60 1.16+ 0.55
CL,, (/min) 1.48 +0.47 1.16 = 0.51 1.31+045 1.35+0.31
k,, (min™) 0.083 +0.032 0.101 + 0.051 0.087 +0.028 0.092 + 0.042
k,, (min) 0.144 +0.134 0.103 + 0.039 0.101 + 0.059 0.086 + 0.048
k,, (min™) 0.085 + 0.048 0.057 +0.019 0.063 + 0.030 0.058 + 0.030
K,, (min™) 0.138 +0.073 0.104 + 0.064 0.106 + 0.050 0.099 + 0.039
k,, (min™) 0.0080 + 0.0023 0.0078 + 0.0021 0.0098 + 0.0032 0.0092 + 0.0017
T,M (min) 23+1.3 23+0.9 25+11 25+0.7
T‘/z,ﬁ (min) 16.5+6.9 212+ 8.6 243+ 20 215+95
TVW (min) 258 + 72 212 + 65 181 £ 52 178 + 32
MRT (min) 250 =103 183 £ 70 165 + 52 158 + 37

Generalized Estimating Equation analysis did not reveal a statistically significant treatment-by-day interaction for any of the parameter estimates. n = 8 in each group.

CL,,, clearance out of central compartment; CL
constant from compartment 1; k

127
12

slow distribution half-life; T, , ,

of compartment 3 or deep peripheral compartment; Vss, steady-state volume.

pooled data for each treatment day combination indicated
no statistically significant difference in the observed plasma
fentanyl concentration across the duration of infusion. The
overall average plasma fentanyl achieved during tailored
infusion was 0.90 £ 0.18ng/ml (n = 32 subject days) as
compared to the intended target of 1ng/ml. The mean
prediction error (bias) was —0.10ng/ml, and the root mean
squared prediction error (precision) was 0.20 ng/ml; hence,
our target-controlled infusion was fairly accurate and
reproducible across subjects.”’ Comparable mean steady-
state plasma concentrations of fentanyl, ranging between
0.8 and 1.0ng/ml, were achieved in both the placebo and
St. John’s wort groups (Generalized Estimating Equation
analysis showed no treatment-by-day interaction).

Fentanyl Effects. Pupil constriction quickly reached a
steady-state by 60min after initiation of the tailored IV
fentanyl infusion, as would be expected given the rather
short equilibration half-life observed in the fixed-dose
infusion study. A remarkable miotic response was observed
during tailored IV fentanyl infusion (fig. 4); on average, pupil
diameter decreased to about 60% from baseline, which was
statistically significant (Generalized Estimating Equation
time variable; P = 0.003). Observed miotic response was
compared to response predicted by applying the baseline
pupil diameter and average plasma fentanyl level achieved
on each tailored infusion day to the pharmacodynamic
model using the EC_  estimated on the preceding fixed

Anesthesiology 2020; 132:491-503

clearance from compartment 1 to compartment 2; CL.
transfer rate constant from compartment 1 to compartment 2; k,
constant from compartment 1 to compartment 3; k,,, transfer rate constant from compartment 3 to compartment 1; MRT, mean residence time; T, , , rapid distribution half-life; T
terminal half-life; V., volume of compartment 1 or central compartment; V.

elimination rate
, transfer rate

1 clearance from compartment 1 to compartment 3; k.,

P transfer rate constant from compartment 2 to compartment 1;

12,

volume of compartment 2 or shallow peripheral compartment; V., volume

2 3

dose infusion day. The mean prediction error (bias) was
—0.41 mm across the 32 subject days, or the observed miosis
was, on average, 7.5% lower than predicted. The root mean
squared prediction error (precision) was 1.05mm, which
reflects the variability in prediction error across subjects and
between days. Pupillary response to pharmacokinetically
tailored fentanyl infusion was not statistically different
between the St. John’s wort and placebo treatments.

Pain tolerance to Cold Pressor Test increased significantly
during tailored IV infusion of fentanyl (Generalized Estimating
Equation time variable; P = 0.022) (fig. 5), indicating signif-
icant analgesia at the apparent steady-state plasma fentanyl
concentration of 0.9ng/ml. Mean pain tolerance did not
vary across the three testing periods for all four treatment day
combinations (repeated-measure ANOVA); analgesic response
appeared to equilibrate as rapidly as pupil response. There
was no significant difference in response to Cold Pressor Test
before and after treatment with either placebo or St. John’s
wort (Generalized Estimating Equation showed no treatment-
by-day interaction). Steady-state analgesic effect of fentanyl
was not altered by concomitant St. John’s wort therapy.

Subjective side effects are shown in figure 6 for the
three side effect scales: Somatic Side Effects scale for phys-
ical symptoms, Cognitive—Affective Side Effects scale for
mental effects, and Profile of Mood States—Short Form
for negative mood state. Subjects reported significant
opioid-related effects at the first test period. For all three
scales, the mean scores remain relatively stable across the
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Fig. 3. Time course of pupil diameter over 12h (4) in 16 healthy human subjects afer a 2.5 ug/kg intravenous infusion of fentanyl and

hysteresis plots (B, €) of mean change in pupil diameter versus mean plasma fentanyl concentration in the order of time on the pre- (closed
symbol) and post- (open symbol) treatment days in the placebo (blue squares) and St. John’s wort (red circles) groups.
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Table 2. Pharmacodynamic Parameter Estimates for Fentanyl-derived from Effect Site Modeling of Pupil Diameter during and after a
Fixed-dose IV Infusion Pre- and Posttreatment in the Placebo and St. John’s Wort Groups

Placebo St. John’s Wort
Parameter Pre Post Pre Post
Emax (mm) 7.64 £ 0.86 7.49 +0.88 7.53 £1.63 7.50 £ 1.29
EC,, (ng/ml) 1.22 +0.83 1.16 + 1.56 113 £0.74 1.38 = 0.89
Ky (min‘") 0.080 + 0.044 0.070 + 0.059 0.062 + 0.023 0.090 + 0.060
T, 0 (MiN) 12955 10.9+6.3 119+58 13.0+9.3

Results are mean = SD. n = 8 in each group. Generalized Estimating Equation analysis did not reveal a statistically significant treatment-by-day interaction for any of the parameter
estimates.

EC,,, predicted steady-state plasma concentration that results in pupil constriction to 50% of maximum; Emax, maximum constriction in pupil diameter; k

o Effect site equilibration
constant; T. effect site equilibration half-life.

1/2ke0?
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Fig. 4. Plasma fentanyl concentrations and pupil diameter
during the pharmacokinetically tailored intravenous infusion in
the placebo (blue squares for concentration, blue triangles for
pupil diameter) and St. John’s wort (red circles for concentration,
red diamonds for pupil diameter) groups. Solid symbols repre-
sent St. John’s wort/placebo pretreatment values and open sym-
bols posttreatment values. Solid green line denotes the target
plasma fentanyl at 1 ng/ml, and dashed green line represents the
overall predicted pupil diameter based upon the baseline pupil
diameter, achieved plasma fentanyl, and EC50 derived from the
fixed-dose fentanyl study day for all 32 subject days. Results are
mean = SD.
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three testing periods. As expected, all three side effect scales
showed a significant opioid effect (Generalized Estimating
Equation time variable; P values ranged from 0.003 to
0.01). The mean scores for the three testing periods did not
differ between pre- and posttreatment in both the placebo
and St. John’s wort group (Generalized Estimating Equation
showed no treatment-by-day interaction).

Of the six cognitive tests in our battery (fig. 7), only
Digit Symbol Substitution Test, Stroop, and Auditory
Reaction Time showed a significant change in response to
fentanyl with longer response time or fewer items com-
pleted on fentanyl (Generalized Estimating Equation time
variable; P values ranged from 0.0007 to 0.004). Visual
Reaction Time, Rey Verbal Learning Test, and Verbal
Reasoning Test were not responsive to opioid treatment.
The test scores for the three fentanyl-responsive cognitive
tests were stable across the three testing periods (repeat-
ed-measures ANOVA). Moreover, St. John’s wort treatment
did not alter the opioid-related side effects of fentanyl at
the apparent steady-state plasma concentration of 0.9ng/
ml for any cognitive tests (Generalized Estimating Equation
showed no treatment-by-day interaction).

Discussion

The first aim of this study was to determine if St. John’s
wort would induce CYP3A-mediated fentanyl metabolism,
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Fig. 5. Pain tolerance in the Cold Pressor Test at baseline and the three testing periods during pharmacokinetically tailored intravenous
infusion of fentanyl on pre- (closed symbol) and post- (open symbol) treatment days in the placebo (blue squares) and St. John’s wort (red

circles) groups (n = 8 in each). Results are mean = SD.
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Fig. 6. Subjective side effects scales: the Somatic Side Effects
scale for physical symptoms, Cognitive—Affective Side Effects
scale for mental symptoms, and Profile of Mood States for nega-
tive mood state at baseline and the three testing periods during
pharmacokinetically tailored intravenous infusion of fentanyl on
pre- (closed symbol) and post- (open symbol) treatment days
in the placebo (blue squares) and St. John’s wort (red circles)
groups (n = 8 in each). Results are mean = SD. All three side
effect scales showed a significant opioid effect (Somatic Side
Effects scale, P = 0.003; Cognitive—Affective Side Effects scale,
P = 0.01; Profile of Mood States—Short Form, P =0.005), from
baseline to fentanyl infusion with no further changes over time or
by pre- and posttreatment.

thereby accelerating plasma clearance. Reported clearance
of fentanyl varies over a large range. Results of our analysis
are very similar to those previously reported by McClain
and Hug; they indicate a high clearance of fentanyl that
approaches liver blood flow.* As such, our findings that
the systemic pharmacokinetics of fentanyl are unaffected
by St. John’s wort treatment is not entirely unexpected.
Traditional pharmacokinetic theory predicts that increase
in intrinsic metabolic clearance will have minimal impact
on the hepatic clearance of high extraction ratio drugs

St. John’s Wort-Fentanyl Interaction

since it 1s rate-limited by liver blood flow. In this regard,
it is noteworthy that treatment with two other strong
cytochrome P450 enzyme inducers—rifampin and carba-
mazepine—have been reported to increase the respective
clearance of transmucosal and IV fentanyl; a combination of
increased intrinsic metabolic clearance and liver blood flow
was hypothesized as the underlying mechanism, blood flow
being the predominant effect.*** We surmise that St. John’s
wort treatment most likely resulted only in an increase in
intrinsic metabolic clearance of fentanyl and had no effect
on liver blood flow. On another note, the lack of change
in the systemic disposition of fentanyl presents an advan-
tage from our study standpoint; any changes in pharma-
codynamics could be attributed to either perturbation in
transport of fentanyl across the blood—brain barrier or the
central actions of the opioid.

Our second aim was to explore if a regimen of St. John’s
wort, known to increase intestinal and hepatic CYP3A and
up-regulate intestinal P-glycoprotein expression and func-
tion, is also capable of up-regulating P-glycoprotein activ-
ity at the blood-brain barrier and effectively decreasing
blood-brain barrier permeability of fentanyl, slowing the
time course of onset of opioid response, accelerating offset
of response during washout, and decreasing the apparent
potency of fentanyl. Opioid-induced miosis was utilized as
a convenient reporter of fentanyl access to the brain. We did
not detect a change in the magnitude and time course of
pupillary response, suggesting that St. John’s wort treatment
did not have a measurable effect on the efflux action of
P-glycoprotein at the blood—brain barrier. Several explana-
tions can be offered for the apparent lack of an effect on the
brain uptake and pharmacodynamics of fentanyl after St.
John’s wort treatment.

First, circulating concentrations of the bioactive ingre-
dient hyperforin, which is the principal P-glycoprotein
inducer, may not have been high enough to activate
pregnane X receptor at the blood—brain barrier. We used
the manufacturer’s recommended dose of 300mg, three
times a day, which has previously been shown to increase
P-glycoprotein expression and activity at the intestinal
mucosa.” In the only human study that has investigated
the ability of St. John’s wort to induce P-glycoprotein in
systemic tissues beyond the intestinal mucosa and liver, a
St. John’s wort dose (1800 mg/day) twice that of the pres-
ent study was shown to induce P-glycoprotein expression
in circulating lymphocytes.* The reported in vitro EC, of
hyperforin as an agonist of pregnane X receptor is 12ng/
ml.® Our laboratory previously measured plasma hyperforin
concentrations in a group of healthy volunteers (n = 17)
during the recommended dosing schedule; a steady-state
plasma hyperforin concentration of 76.8 £ 29.6ng/ml
(unpublished data) was observed. Although total circulat-
ing hyperforin concentrations appear sufficient for acti-
vation of gene transcription, the more relevant variable
is the unbound or free concentration of hyperforin in

Anesthesiology 2020; 132:491-503

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

499

¥202 UdJel €1 uo 1senb Aq ypd'1L.2000-0 00£00202/L 71125/ L6Y/E/ZE L/4Pd-01o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq



500

PERIOPERATIVE MEDICINE

60—
= Baseline
mm  Fentanyl

50

40

Digit Symbol Substitution Test

30-
pre post pre post

0.35+4

0.30

0.25+

Auditory Reaction Time (sec)

0.20-
pre post pre post

Stroop Score
»
. T

o
[=]
1

pre post pre post
Placebo

St. John's wort

N
o
]

Verbal Reasoning Score
o
1

10-
pre post pre post
- 0.5
8
2
[}
E
=
_5 0.4+
2]
3
"4
©
3 034
>
pre post pre post
50 mm  |mmediate Recall

mm Short Delay
== | ong Delay

s
T

©
(=]
1

[
(=]
1

-
o
1

I

Rey Verbal Learning Test Score

[=3
|

pre post pre post

Placebo St. John's wort

Fig. 7. Digit Symbol Substitution Test, Auditory Reaction Time, Stroop, Verbal Reasoning, and Visual Reaction Time before fentanyl (b/ue)
and the average score of three test periods after the start of the pharmacokinetically tailored intravenous fentanyl infusion (rea) on pre- and
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a day. Verbal learning was not significantly affected by fentanyl. Results are mean + SD.

plasma. Plasma protein binding of hyperforin has not been
previously investigated. Preliminary study in our labora-
tory using equilibrium dialysis indicates that hyperforin is
indeed extensively bound to plasma proteins (greater than
96% at 1,000 to 3,000ng/ml of hyperforin). Applying a
free fraction of 0.04, would lower the effective circulating
concentrations of hyperforin below the reported EC50 for
activation of the pregnane X receptor. Additionally, there

Anesthesiology 2020; 132:491-503

may be differential tissue sensitivity to pregnane X recep-
tor activation. An investigation, with another prototypal
pregnane X receptor transcription activator and CYP3A
inducer (rifampin) suggests that induction of blood-brain
barrier P-glycoprotein does not occur readily at dose levels
that elicit a robust induction of hepatic CYP3A.*

Second, there is some debate as to whether pregnane
X receptor is expressed in the human brain capillary
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endothelium. Early animal studies, as well as two recent
human studies, did not detect expression of pregnane

46-48 However,

X receptor in whole brain homogenates.
more recent studies looking at brain micro vessels, as well
as at the whole brain using more sensitive techniques
have demonstrated pregnane X receptor gene expression
at both the rodent and human blood-brain barrier.*’*’

Third, it 1s possible that there was simultaneous induction
and inhibition of P-glycoprotein by St. John’s wort resulting
in little or no net change in P-glycoprotein activity at the
blood-brain barrier. There are a number of in vitro studies
indicating that St.John’s wort can inhibit P-glycoprotein.®*

Finally, P-glycoprotein may not be a critical determi-
nant of fentanyl uptake at the human blood-brain bar-
rier as suggested by earlier in vitro study. It is possible that,
despite P-glycoprotein induction, passive diffusion of fen-
tanyl remains the predominant means by which fentanyl
gains passage across the blood-brain barrier in vivo. Using
primary cultured bovine brain microvessel endothelial
cell monolayers, Henthorn et al. showed that in addition
to being a P-glycoprotein substrate, fentanyl uptake was
mediated by an active carrier mediated process. They con-
cluded that in their endothelial cell culture system active
P-glycoprotein mediated extrusion of fentanyl was over-
shadowed by an active inward transport process, mediated
by an as of yet unidentified transporter.'* Whether the same
situation exists in humans in vivo remains an unknown. If
true, it is possible to speculate that this unidentified trans-
porter is also induced by St. John’s wort and negates any
effect St. John’s wort has on P-glycoprotein induction.

The third aim of the study was to determine if treat-
ment with St. John’s wort attenuates fentanyl analgesia and
side effects. The steady-state IV infusion study allowed us
to assess whether there is a pharmacodynamic interaction
between fentanyl and St. John’s wort at the opioid recep-
tor, the downstream signaling processes, and actions at the
level of neural nociceptive or antinociceptive circuitries.
Hyperforin is an inhibitor of monoamine reuptake by syn-
aptosomes; it also activates central benzodiazepine recep-
tors.”>** The crude extract, as well as, the flavonoid fraction
of St. John’s wort extract have been shown to elicit ant-
inociceptive activity in mice.”** In fact, the ability of St.
John’s wort extract to potentiate the antinociceptive action
of morphine in the rat has been reported.*® In our study, St.
John’s wort did not appear to have any intrinsic analgesic
effect, given our observation that baseline pain tolerance to
the Cold Pressor Test did not differ before and after chronic
St. John’s wort treatment at standard therapeutic levels.

We elected to study such pharmacodynamic interactions
during a pharmacokinetically tailored IV fentanyl infu-
sion, which allowed us to directly determine the effect of
St. John’s wort on the pharmacodynamics of fentanyl at the
same plasma concentration within and between subjects and
would presumably minimize the confounding influence of
variable systemic pharmacokinetics on the assessments of
analgesia and side effects. We did not find any evidence that

St. John’s Wort-Fentanyl Interaction

St. John’s wort interacts with fentanyl at the pharmacologic
level based on no significant differences in analgesia or sub-
jective reports or objective testing of side effects.

In summary, a 2-week treatment with the recommended
daily dose of St. John’s wort did not alter IV fentanyl phar-
macokinetics or pharmacodynamics. Furthermore, the
treatment did not affect the rate of effect site equilibration,
nor did it affect the steady-state plasma concentration-ef-
fect relationship of fentanyl. From these results we surmise
that there is no significant change in P-glycoprotein func-
tion at the blood—brain barrier and brain uptake of fentanyl,
nor did we find an effect on hepatic clearance of fentanyl
despite a known robust induction of CYP3A enzymes at the
chosen therapeutic regimen of St. John’s wort. Moreover, St.
John’s wort did not alter the analgesia or side effects of fen-
tanyl during steady-state IV fentanyl infusion. Collectively,
these results suggest that patients who are chronic users of
St. John’s wort will not respond differently to IV fentanyl
whether used for anesthesia or analgesia.

Acknowledgments

The authors are grateful to David K. Blough,
Ph.D. (University of Washington, Seattle, Washington), for
his expert assistance in the statistical analysis of the trial data.
The skillful assistance of Linda Risler, B.S., and Brian Phillips,
B.S. (both University of Washington, Seattle, Washington), in
the analysis of plasma fentanyl is also appreciated.

Research Support

This work was supported in part by the National Institutes
of Health National Center for Complementary and
Alternative Medicine (Bethesda, Maryland; grant No. R01
AT00864) and the National Center for Research Resources
(Bethesda, Maryland; grant No. MO1-RR00037).

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Loughren: Department of
Anesthesia and Operative Services, Madigan Army Medical
Center, 9040A Jackson Ave., Joint Base Lewis-McChord,
Washington 98431. michael.j.loughren.civ@mail.mil.
Information on purchasing reprints may be found at www.
anesthesiology.org or on the masthead page at the begin-
ning of this issue. ANESTHESIOLOGY'S articles are made freely
accessible to all readers, for personal use only, 6 months
from the cover date of the issue.

References

1. Tsen LC, Segal S, Pothier M, Bader AM: Alternative
medicine use in presurgical patients. ANESTHESIOLOGY
2000; 93:148-51

Anesthesiology 2020; 132:491-503

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

501

¥202 UdJel €1 uo 1senb Aq ypd'1L.2000-0 00£00202/L 71125/ L6Y/E/ZE L/4Pd-01o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq



502

PERIOPERATIVE MEDICINE

10.

11.

12.

13.

14.

15.

. Kaye AD, Clarke RC, Sabar R, Vig S, Dhawan KP,

Hofbauer R, Kaye AM: Herbal medicines: Current
trends in anesthesiology practice—a hospital survey. J

Clin Anesth 2000; 12:468-71

. Eisenberg DM, Davis RB, Ettner SL, Appel S, Wilkey

S, Van Rompay M, Kessler RC: Trends in alterna-
tive medicine use in the United States, 1990-1997:
Results of a follow-up national survey. JAMA 1998;
280:1569-75

Linde K and Mulrow CD: St John’s wort for depres-
sion. Cochrane Database Syst 2000; Rev:CD000448
Zhou S, Chan E, Pan SQ, Huang M, Lee EJ:
Pharmacokinetic interactions of drugs with St John’s
wort. ] Psychopharmacol 2004; 18:262-76

Moore LB, Goodwin B, Jones SA, Wisely GB, Serabyjit-
Singh CJ, Willson TM, Collins JL, Kliewer SA: St.
John’s wort induces hepatic drug metabolism through
activation of the pregnane X receptor. Proc Natl Acad
Sci USA 2000; 97:7500-2

. Diirr D, Stieger B, Kullak-Ublick GA, Rentsch KM,

Steinert HC, Meier PJ, Fattinger K: St John’s Wort
induces intestinal P-glycoprotein/MDR1 and intesti-
nal and hepatic CYP3A4. Clin Pharmacol Ther 2000;
68:598-604

Gurley BJ, Swain A, Williams DK, Barone G, Battu SK:
Gauging the clinical significance of P-glycoprotein-
mediated herb-drug interactions: Comparative effects
of St. Johns wort, Echinacea, clarithromycin, and
rifampin on digoxin pharmacokinetics. Mol Nutr
Food Res 2008; 52:772—9

Fromm MF:Importance of P-glycoprotein at blood-tis-
sue barriers. Trends Pharmacol Sci 2004; 25:423-9
Henthorn TK, Liu Y, Mahapatro M, Ng KY: Active
transport of fentanyl by the blood-brain barrier. J
Pharmacol Exp Ther 1999; 289:1084-9

Thompson SJ, Koszdin K, Bernards CM: Opiate-
induced analgesia is increased and prolonged in
mice lacking P-glycoprotein. ANESTHESIOLOGY 2000;
92:1392-9

Meissner K, Avram M], Yermolenka V, Francis AM,
Blood J, Kharasch ED: Cyclosporine-inhibitable
blood-brain barrier drug transport influences clinical
morphine pharmacodynamics. ANESTHESIOLOGY 2013;
119:941-53

Meissner K, Blood ], Francis AM, Yermolenka V,
Kharasch ED: Cyclosporine-inhibitable cerebral drug
transport does not influence clinical methadone phar-
macodynamics. ANESTHESIOLOGY 2014; 121:1281-91
Bauer B, Yang X, Hartz AM, Olson ER, Zhao R,
Kalvass JC, Pollack GM, Miller DS: In vivo activation of
human pregnane X receptor tightens the blood-brain
barrier to methadone through P-glycoprotein up-reg-
ulation. Mol Pharmacol 2006; 70:1212-9

Ott M, Fricker G, Bauer B: Pregnane X receptor
(PXR) regulates P-glycoprotein at the blood-brain

Anesthesiology 2020; 132:491-503

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

barrier: Functional similarities between pig and human
PXR.] Pharmacol Exp Ther 2009; 329:141-9

Stanley TH:The fentanyl story. ] Pain 2014;15:1215-26
Labroo RB, Paine ME Thummel KE, Kharasch ED:
Fentanyl metabolism by human hepatic and intestinal
cytochrome P450 3A4: Implications for interindivid-
ual variability in disposition, efficacy, and drug interac-
tions. Drug Metab Dispos 1997; 25:1072—80

Ibrahim AE, Feldman J, Karim A, Kharasch ED:
Simultaneous assessment of drug interactions with
low- and high-extraction opioids: Application to pare-
coxib effects on the pharmacokinetics and pharmaco-
dynamics of fentanyl and alfentanil. ANESTHESIOLOGY
2003; 98:853-61

Kharasch ED, Hoffer C, Altuntas TG, Whittington D:
Quinidine as a probe for the role of p-glycoprotein in
the intestinal absorption and clinical effects of fentanyl.
J Clin Pharmacol 2004; 44:224-33

Dresser GK, Schwarz UI, Wilkinson GR, Kim RB:
Coordinate induction of both cytochrome P4503A
and MDR1 by St John’s wort in healthy subjects. Clin
Pharmacol Ther 2003; 73:41-50

Erjavec MK, Coda BA, Nguyen Q, Donaldson G,
Risler L, Shen DD: Morphine-fluoxetine interactions
in healthy volunteers: Analgesia and side effects. ] Clin
Pharmacol 2000; 40:1286-95

Wang Z, Gorski JC, Hamman MA, Huang SM, Lesko
L], Hall SD:The effects of St John’s wort (Hypericum
perforatum) on human cytochrome P450 activity. Clin
Pharmacol Ther 2001; 70:317-26

Schwilden H: A general method for calculating the
dosage scheme in linear pharmacokinetics. Eur J Clin
Pharmacol 1981;20:379-86

Gourlay GK, Kowalski SR, Plummer JL, Cousins M],
Armstrong PJ: Fentanyl blood concentration-analgesic
response relationship in the treatment of postoperative
pain. Anesth Analg 1988; 67:329-37

Hill HE Chapman CR, Saeger LS, Bjurstrom R,
Walter MH, Schoene RB, Kippes M: Steady-state
infusions of opioids in human. II. Concentration-
effect relationships and therapeutic margins. Pain
1990; 43:69-79

Koltzenburg M, Pokorny R, Gasser UE, Richarz U:
Differential sensitivity of three experimental pain
models in detecting the analgesic effects of transdermal
fentanyl and buprenorphine. Pain 2006; 126:165-74
Roth-Roemer S, Coda B, Davies PS, Dikmen S,
Cowan J, Risler L, Phillips B, Schroeder T, Shen DD,
Syrjala KL: Cognitive and psychomotor side effects of
morphine and hydromorphone during sustained equi-
analgesic infusions. American Pain Society Sixteenth
Annual Scientific Meeting Abstracts; 1997:120
McNair D, Lorr M, Doppleman L: POMS Manual:
Profile of Mood State. Educational and Testing Service
1992

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Loughren et al.

¥202 UdJel €1 uo 1senb Aq ypd'1L.2000-0 00£00202/L 71125/ L6Y/E/ZE L/4Pd-01o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Loughren et al.

Hindmarch I: Psychomotor function and psychoactive
drugs. Br J Clin Pharmacol 1980; 10:189-209

Bruera E, Macmillan K, Hanson J, MacDonald RN:The
cognitive effects of the administration of narcotic anal-
gesics in patients with cancer pain. Pain 1989; 39:13—6
Shapiro AM, Benedict RH, Schretlen D, Brandt J:
Construct and concurrent validity of the Hopkins
Verbal Learning Test-revised. Clin Neuropsychol 1999;
13:348-58

Nuotto EJ, Korttila KT: Evaluation of a new comput-
erized psychomotor test battery: Effects of alcohol.
Pharmacol Toxicol 1991; 68:360-5

Stroop J: Studies of interference in serial verbal reac-
tions. Journal of Experimental Psychology 1935;
643-662

Stuss DT, Floden D, Alexander MP, Levine B, Katz
D: Stroop performance in focal lesion patients:
Dissociation of processes and frontal lobe lesion loca-
tion. Neuropsychologia 2001; 39:771-86

Zacny JP, Lichtor JL, Zaragoza JG, de Wit H: Subjective
and behavioral responses to intravenous fentanyl in
healthy volunteers. Psychopharmacology (Berl) 1992;
107:319-26

Schneider E, Brune K: Opioid activity and distribution
of fentanyl metabolites. Naunyn Schmiedebergs Arch
Pharmacol 1986; 334:267-74

Szeitz A, Riggs KW, Harvey-Clark C: Sensitive and
selective assay for fentanyl using gas chromatography
with mass selective detection. ] Chromatogr B Biomed
Appl 1996; 675:33-42

Koch DE, Isaza R, Carpenter JW, Hunter RP:
Simultaneous extraction and quantitation of fentanyl
and norfentanyl from primate plasma with LC/MS
detection. ] Pharm Biomed Anal 2004; 34:577-84
Diggle PJ], Liang KY and Zeger SL: Analysis of
Longitudinal Data. Oxford, Clarendon Press, 1994
McClain DA, Hug CC Jr: Intravenous fentanyl kinet-
ics. Clin Pharmacol Ther 1980; 28:106—14

Sheiner LB, Beal SL: Some suggestions for measuring
predictive performance. J Pharmacokinet Biopharm
1981;9:503-12

Kharasch ED, Whittington D, Hoffer C: Influence of
hepatic and intestinal cytochrome P4503A activity on
the acute disposition and effects of oral transmucosal
fentanyl citrate. ANESTHESIOLOGY 2004; 101:729-37
Nozari A, Akeju O, Mirzakhani H, Eskandar E, Ma
Z, Hossain MA, Wang Q, Greenblatt DJ, Martyn JAJ:
Prolonged therapy with the anticonvulsant carbamaz-
epine leads to increased plasma clearance of fentanyl. J
Pharm Pharmacol 2019; 71:982—7

Hennessy M, Kelleher D, Spiers JP, Barry M, Kavanagh
P, Back D, Mulcahy E Feely J: St Johns wort increases
expression of P-glycoprotein: implications for drug
interactions. Br J Clin Pharmacol 2002; 53:75-82

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

St. John’s Wort-Fentanyl Interaction

Liu L, Collier AC, Link JM, Domino KB, Mankoff DA,
Eary JE Spiekerman CE Hsiao P, Deo AK, Unadkat JD:
Modulation of P-glycoprotein at the human blood-
brain barrier by quinidine or rifampin treatment: A
positron emission tomography imaging study. Drug
Metab Dispos 2015; 43:1795-804

Zhang H, LeCulyse E, Liu L, Hu M, Matoney L, Zhu
W, Yan B: Rat pregnane X receptor: Molecular clon-
ing, tissue distribution, and xenobiotic regulation. Arch
Biochem Biophys 1999; 368:14-22

Lamba V, Yasuda K, Lamba JK, Assem M, Davila ],
Strom S, Schuetz EG: PXR (NR112): Splice variants
in human tissues, including brain, and identification of
neurosteroids and nicotine as PXR activators. Toxicol
Appl Pharmacol 2004; 199:251-65

MikiY, Suzuki T, Tazawa C, Blumberg B, Sasano H: Steroid
and xenobiotic receptor (SXR), cytochrome P450 3A4
and multidrug resistance gene 1 in human adult and fetal
tissues. Mol Cell Endocrinol 2005;231:75—-85

Bauer B, Hartz AM, Fricker G, Miller DS: Pregnane
X receptor up-regulation of P-glycoprotein expression
and transport function at the blood-brain barrier. Mol
Pharmacol 2004; 66:413-9

Tian R, Koyabu N, Morimoto S, Shoyama Y, Ohtani
H, SawadaY: Functional induction and de-induction of
P-glycoprotein by St. John’s wort and its ingredients in
a human colon adenocarcinoma cell line. Drug Metab
Dispos 2005; 33:547-54

Ott M, Huls M, Cornelius MG, Fricker G: St. John’s
Wort constituents modulate P-glycoprotein transport
activity at the blood-brain barrier. Pharm Res 2010;
27:811-22

Wonnemann M, Singer A, Miiller WE: Inhibition
of synaptosomal uptake of 3H-L-glutamate and
3H-GABA by hyperforin, a major constituent of St.
Johns Wort: The role of amiloride sensitive sodium
conductive  pathways.
2000; 23:188-97
Zanoli P, Truzzi C and Cannazza G: Evidence that
hypericum perforatum extracts exert anxiolytic effects
in rats. Fitoterapia 1998; 69:30

Oztiirk Y, Aydin S, Beis R, Bager KH, Berberoglu H:
Effects of Hypericum perforatum L. and Hypericum

Neuropsychopharmacology

calycinum L. extracts on the central nervous system in
mice. Phytomedicine 1996; 3:139-46

Vasilchenko E: Analgesic action of flavenoids of
Rhododendron luteum Sweet, Hypericum perforatum
L, Lespedeza bicolor Turcz. and L. hedysaroides (Pall).
Kitsag Rastit Resur 1986; 22:12-21

Uchida S, Hirai K, Hatanaka J, Hanato J, Umegaki K,
Yamada S: Antinociceptive effects of St. John’s wort,
Harpagophytum procumbens extract and Grape seed
proanthocyanidins extract in mice. Biol Pharm Bull

2008; 31:240-5

Anesthesiology 2020; 132:491-503

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

503

¥202 UdJel €1 uo 1senb Aq ypd'1L.2000-0 00£00202/L 71125/ L6Y/E/ZE L/4Pd-01o1E/ABO|0ISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq



