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ABSTRACT

The oxazolidinone antibacterial linezolid has been in clinical use for
over 20 years, yet knowledge of the contributions of specific cyto-
chrome (CYP) 450 enzymes to the metabolic clearance of this drug
were mostly unknown. In this investigation, it was revealed that three
P450 enzymes that had not been previously explored in linezolid
metabolism, CYP2J2, CYP4F2, and CYP1B1, catalyzed the 2-hydroxyl-
ation and de-ethyleneation of the morpholine moiety of linezolid. The
intrinsic clearance for linezolid metabolism in pooled human liver
microsomes was low at 0.51 lL/min/mg protein, consistent with its
in vivo clearance in humans, and the KMwas high (>200 lM). In recom-
binant human P450 enzymes, a rank order of intrinsic clearance val-
ues for linezolid 2-hydroxylation were CYP2J2� CYP4F2 > CYP2C8 >
CYP1B1 � CYP2D6 � CYP3A4 > CYP1A1 > CYP3A5, with nine other
P450 enzymes showing no linezolid metabolism. The effect of selec-
tive inhibitors for these eight P450 enzymes on linezolid metabolism
in pooled human livermicrosomeswas evaluated to provide estimates

of the relative fractional contributions of these enzymes to linezolid
metabolism. These experiments suggest that CYP2J2 and CYP4F2
contribute about 50% each to linezolid hepatic metabolism. It is pro-
posed that the oxidative metabolic clearance of linezolid is primarily
catalyzed by these two unusual P450 enzymes and that this explains
the lack of observation of meaningful effects of common perpetrators
of drug interactions on linezolid pharmacokinetics.

SIGNIFICANCE STATEMENT

Linezolid is an important antibacterial drug, but the enzymes
involved in its oxidative metabolism were unknown. In this study,
evidence is shown that supports an important role for two enzymes
not frequently associated with the metabolism of drugs: cyto-
chrome P450 2J2 and cytochrome P450 4F2. These observations
offer insight to understand the results of clinical drug-drug interac-
tion studies conducted on linezolid.

Introduction

Linezolid (Fig. 1) is an oxazolidinone antibiotic used for infections
caused by several species of bacteria, such as vancomycin resistant
enterococcus and methicillin resistant staphylococcus, among others. It
is frequently used in treatment of skin infections and pneumonia. It is a
protein synthesis inhibitor that is different from other antimicrobial pro-
tein synthesis inhibitors because it inhibits initiation of synthesis by
binding to the 50S ribosomal subunit (reviewed by Hashemian et al.,
2018). Available as both oral and intravenous formulations, it is a
valuable agent in the armamentarium used to fight serious bacterial
infections.
Despite its successful employment as a clinically useful antibiotic,

knowledge of the metabolism and disposition of linezolid has gaps. In a
radiolabeled metabolism and excretion study of linezolid, almost half of
the dose was excreted as unchanged drug in urine (Slatter et al., 2001)
and with 30% unchanged drug in urine at steady-state (ZYVOX Prod-
uct label). The remainder was excreted as metabolites that arose via oxi-
dation of the morpholine ring. However, despite knowledge of the
structures of metabolites, the enzymes responsible were largely undeter-
mined. In a report by Wynalda et al., (2000), several cytochrome (CYP)
P450 enzymes were explored for their capability to convert linezolid to

2-hydroxylinezolid (termed metabolite M1 in that report), a first meta-
bolic step on the route to the morpholine oxidized metabolites observed
in human excreta. The conclusion from that work was that this oxidation
arose via the generation of reactive oxygen species that are generated
during the catalytic cycle of P450 enzymes. The recombinant heterolo-
gously expressed P450 enzymes evaluated in that investigation included
the important drug-metabolizing enzymes CYP1A2, 2C8, 2C9, 2C19,
2D6, 3A4, and 3A5 as well as some of the ones less frequently associ-
ated in the metabolism of drugs, such as CYP1A1, 2A6, 2B6, 2E1, and
4A11. But the evidence did not indicate that any one of these enzymes
was important in this metabolic reaction. In clinical investigations on the
effects of drugs on the pharmacokinetics of linezolid, only two agents
have been demonstrated to have an impact. Rifampin, a robust inducer
of several drug metabolizing enzymes, was shown to cause decreases in
linezolid exposure by about 30%, whether administered by the oral or
intravenous route (Egle et al., 2005; Gandelman et al., 2011). Clarithro-
mycin co-administration caused a moderate increase in linezolid expo-
sure (Bolhuis et al., 2013), which could be due to inhibition of CYP3A
enzymes or P-glycoprotein transport. However, these studies suggest that
CYP3A plays, at best, a minor role in linezolid clearance, and the afore-
mentioned in vitro study showed less than 10% inhibition of the metabo-
lism of linezolid by the CYP3A inhibitor ketoconazole.
During the course of an investigation of P450 reaction phenotyping

methodologies in our laboratories, linezolid was one of the drugs being
tested and it was unexpectedly shown that it was metabolized by recom-
binant heterologously expressed CYP2J2 to a substantially greater
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degree than any other P450 enzymes. Notably, CYP2J2 was not one of
the enzymes evaluated previously (Wynalda et al., 2000). This triggered
a reinvestigation of the metabolism of linezolid, using an expanded
panel of P450 enzymes and inhibitors.

Materials and Methods

Linezolid and cyp3cide were from the Pfizer sample bank. (S)-8,8-dimethyl-
2-oxo-7,8-dihydro-2H,6H-pyrano[3,2-g]chromen-7-yl (E)-3-(4-nitrophenyl)acry-
late (LKY-047) was prepared according to the method of Phuc et al. (2017).
1-(3-chlorophenyl)-3-phenylurea was prepared using the method of Mohd Siddi-
que et al., (2016). 2-Hydroxylinezolid and desethylenelinezolid were biosynthe-
sized using female rabbit liver microsomes in the approach described by Walker
et al. (2014). Sesamin, NADPH, and a-naphthoflavone were from Sigma (St.
Louis, MO). Ketoconazole was from Research Biochemicals International
(Natick, MA). Montelukast was from Sequoia Research Products (Pangbourne,
UK). Quinidine was from Fluka (St. Gallen, Switzerland). Pooled human liver
microsomes (N = 54, mixed sex) were prepared under contract by Xenotech
(Lenexa, KS). Recombinant heterologously expressed human cytochrome P450
enzymes and pooled human intestinal microsomes were from Corning/Gentest
(Woburn, MA).

Linezolid Metabolite Profiles in Human Liver Microsomes and
Recombinant Heterologously Expressed Cytochrome P450 Enzymes.
Linezolid (40 lM) was incubated with human liver microsomes (2.0 mg/mL) or
P450 enzymes (100 pmol/mL) in a volume of 0.2 mL potassium phosphate

buffer (100 mM, pH 7.45) containing MgCl2 (3.3 mM) and NADPH (1.3 mM).
Incubations were carried out for 1 hour and terminated with the addition of
CH3CN (0.6 mL). The mixtures were centrifuged at 1800 × g for 5 minutes to
remove precipitated material, and the supernatants were evaporated by vacuum
centrifugation. The residues were reconstituted in 75 lL of 0.1% formic acid in
20% CH3CN for ultra-high pressure liquid chromatography (UHPLC)-UV-high
resolution mass spectrometry analysis.

Samples were analyzed on an Orbitrap Elite mass spectrometer in line with a
Vanquish UHPLC pump, column oven, and diode array UV/VIS detector
(Thermo, Waltham, MA). Samples were injected (10 lL) onto a Kinetex C18
XB column (2.3 × 100 mm; 2.6 lm particle size; Phenomenex, Torrance, CA)
equilibrated in a mobile phase comprised of 5% CH3CN in 0.1% aqueous formic
acid at a flow rate of 0.4 mL/min and a column oven temperature of 45�C. This
composition was held for 0.5 minute followed by a linear gradient to 65%
CH3CN at 4.5 minutes, a second gradient to 95% CH3CN at 5 minutes, held at
this composition for 2 minutes, and re-equilibrated at initial conditions for
another 2 minutes. The eluent was directed through the UV detector scanning
from 200 to 400 nm and then into a heated electrospray ionization source on the
mass spectrometer. The capillary temperature was 275�C, and the source temper-
ature was 345�C. Flows were set at 50, 10, and 2 for sheath, sweep, and auxil-
iary gases, respectively, and the source potential was set to 4kV. The mass
spectrometer was set to a resolution of 30,000 and scanned from m/z 100–500.

Enzyme Kinetics of Linezolid Metabolism. Linezolid (1–400 lM) was
incubated with human liver microsomes (2.0 mg/mL), human intestinal micro-
somes (2.0 mg/mL), or P450 enzymes at the following concentrations: CYP1A1
(200 pmol/mL), CYP1B1 (50 pmol/mL), CYP2C8 (200 pmol/mL), CYP2D6
(200 pmol/mL), CYP2J2 (25 pmol/mL), CYP3A4 (200 pmol/mL), CYP3A5 (200

Fig. 1. Metabolism of linezolid to 2-hydroxylinezolid and desethylenlinezolid, and structures of CYP2J2, CYP4F2, and CYP1B1 inhibitors.
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pmol/mL), and CYP4F2 (100 pmol/mL). The volume of the incubation was
0.05 mL potassium phosphate buffer (100 mM, pH 7.45) containing MgCl2
(3.3 mM) and NADPH (1.3 mM). Incubations were carried out for 40 minutes
(previously established to provide a linear increase in metabolites versus time)
and terminated with the addition of 0.05 mL of CH3CN/HCOOH/H2O (40:5:55)
The mixtures were centrifuged at 1800 × g for 5 minutes to remove precipitated
material and the supernatants were analyzed for 2-hydroxylinezolid and desethyle-
nelinezolid by UHPLC-high resolution mass spectrometry.

Inhibition of Linezolid Metabolism by LKY-047, Sesamin, and 1-(3-
Chlorophenyl)-3-phenylurea. Inhibition of linezolid metabolism by recombi-
nant CYP2J2, CYP4F2, and CYP1B1 was evaluated for LKY-047, sesamin, and
1-(3-chlorophenyl)-3-phenylurea, respectively. Concentrations of the enzymes
were 25, 100, and 100 pmol/mL, respectively. Concentration ranges tested for the
inhibitors, at 11 concentrations, were 0.02–200 lM for LKY-047, 0.004–40 lM
for sesamin, and 0.01–100 lM for 1-(3-chlorophenyl)-3-phenylurea. Incuba-
tions were conducted, processed, and analyzed as described above. The con-
centration of linezolid used was 40 lM, and this approximates the unbound
mean steady-state Cmax after administration of 625 mg twice daily (Stalker
and Jungbluth, 2003). These three inhibitors were also tested using human liver
microsomes (2.0 mg/mL) at 22 concentrations ranging from 0.02–200 lM for
LKY-047, 0.008–80 lM for sesamin, and 0.01–100 lM for 1-(3-chloro-
phenyl)-3-phenylurea. To test for selectivity, these three inhibitors were also
tested at a single concentration each (60 lM LKY-047, 30 lM sesamin or
10 lM 1-(3-chlorophenyl)-3-phenylurea) for their effect on recombinant
enzymes shown to metabolize linezolid: CYP1A1 (200 pmol/mL), CYP1B1
(50 pmol/mL), CYP2C8 (200 pmol/mL), CYP2D6 (200 pmol/mL), CYP2J2
(25 pmol/mL), CYP3A4 (200 pmol/mL), CYP3A5 (200 pmol/mL), and
CYP4F2 (100 pmol/mL).

UHPLC-MS Assay for 2-Hydroxylinezolid and Desethylenelinezolid.
2-Hydroxylinezolid and desethylenelinezolid were quantitated from an 11-point
standard curve ranging from 4.0 to 8000 nM. Standards (0.05 mL) were treated

with 0.05 mL of CH3CN/HCOOH/H2O (40:5:55), the mixtures were centrifuged
at 1800 × g for 5 minutes to remove precipitated material, and the supernatants
were analyzed on an Orbitrap Elite mass spectrometer in line with a Vanquish
UHPLC, column oven, and diode array UV/VIS detector (Thermo, Waltham, MA).
Samples were injected (10 lL) onto a Kinetex C18 XB column (2.3 × 100 mm;
2.6 lm particle size; Phenomenex, Torrance, CA) equilibrated in a mobile
phase comprised of 10% CH3CN in 0.1% aqueous formic acid at a flow rate
of 0.4 mL/min and a column temperature of 45�C. This composition was held
for 0.5 minute followed by a linear gradient to 65% CH3CN at 1.5 minutes, a
1-minute wash at 95% CH3CN and re-equilibrated at initial conditions for
another 2 minutes. The eluent was directed into a heated electrospray ioniza-
tion source on the mass spectrometer. The capillary temperature was 275�C,
and the source temperature was 345�C. Flows were set at 50, 10, and 2 for
sheath, sweep, and auxiliary gases, respectively, and the source potential was
set to 4kV. The mass spectrometer was set to a resolution of 30,000 and
scanned from m/z 300–400. Peak areas were measured from extracted ion chro-
matograms of m/z 354.1457 (2-hydroxylinezolid) and m/z 312.1355 (desethyle-
nelinezolid) at a tolerance of 5 ppm using QuanBrowser in Xcalabur (Version
4.2.28.14; Thermo, Waltham, MA). Retention times were 2.7 and 1.9 minutes
for 2-hydroxylinezolid and desethylenelinezolid, respectively. The calibration
curves were generated from peak areas using the interpolation function in
GraphPad Prism (v9; Graph Pad, San Diego, CA) using hyperbolic fitting.

Data Analysis. Enzyme kinetic and inhibition parameters were evaluated
using GraphPad Prism (v9; Graph Pad, San Diego, CA). Intrinsic clearance values
were calculated as the ratio of Vmax/KM. When KM values were estimated to be
greater than the highest substrate concentration evaluated, individual values for KM

and Vmax were not reported but instead reported as the composite ratio (Vmax/KM)
representing an approximation of intrinsic clearance. Inhibition curves were fitted
to four or six parameter binding curves to delineate complex relationships of per-
centage of control activity versus inhibitor concentration. All enzyme kinetic and
inhibition determinations were made from single experiments run in triplicate.

Fig. 2. HPLC-UV profiles of linezolid metabolism. Peaks for linezolid and its metabolites are denoted; other peaks visible in these traces were not drug-related.
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Results
Metabolite Profiles of Linezolid. Seventeen individual P450

enzymes were evaluated for their ability to generate metabolites of line-
zolid. Of these 17, CYP2J2, CYP4F2, and CYP1B1 yielded the largest

metabolite peaks, with CYP2J2 being the enzyme that metabolized line-
zolid the most (Fig. 2). Other P450 enzymes that were able to generate
metabolites of linezolid included CYP1A1, CYP2C8, CYP2D6,
CYP3A4, and CYP3A5, but to a far lesser amount. CYP1A2, CYP2A6,
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Fig. 3. Substrate saturation plots for linezolid metabolism by eight cytochrome P450 enzymes. 2-Hydroxylinezolid is in red, and desethylenelinezolid is in blue.
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CYP2B6, CYP2C9, CYP2C18, CYP2C19, CYP2E1, CYP3A7, and
CYP4A11 did not generate metabolites of linezolid. Among the eight
that did generate metabolites of linezolid, there were two metabolites
common to all that were identified as 2-hydroxylinezolid and desethyle-
nelinezolid, both arising from metabolism of the morpholine ring. 2-
Hydroxylinezolid was the major initial metabolite previously identified
(and referred to as M1 by Wynalda et al., 2000), whereas the de-ethyl-
eneated product arises through a series of oxidation reactions that could
come from 2-hydroxylinezolid and/or a hypothetical intermediate
metabolite arising from oxidation on the morpholine carbon(s) a to the
nitrogen. The latter intermediate metabolite was not observed. Although
both metabolites were dominant in the profile generated from CYP2J2,
CYP4F2 favored the 2-hydroxylation product, whereas CYP1B1
favored the desethylene product. Additionally, CYP1B1 was also shown
to generate other minor metabolites with protonated molecular ions con-
sistent with the addition of oxygen. These coeluted with compounds
wherein the hydroxylation was on the fluorophenyl ring at positions
meta- and para- to the fluorine atom. These were not pursued further. In
comparison, human liver microsomes also generated 2-hydroxylinezolid
and desethylenelinezolid as the major metabolites.
Enzyme Kinetics of Linezolid Metabolism. Since eight enzymes

were shown to have the capability to generate metabolites of linezolid,
these were evaluated for enzyme kinetics of 2-hydroxylation and de-

ethyleneation reactions. Plots are shown in Fig. 3, and the parameters
are listed in Table 1. For several of the enzymes, KM values were
greater than the highest substrate concentration evaluated precluding
reporting the individual KM and Vmax values, so these were reported as
composite CLint values. Consistent with the metabolite profiles (Fig. 2),
CYP2J2 yielded the highest values for intrinsic clearance. For desethy-
lenation, the CLint value for CYP2J2 was 20-fold higher than the next
enzymes (CYP1B1 and CYP3A4), and for 2-hydroxylation, the CLint
value was sixfold greater than the next most active enzyme, CYP4F2.
CYP2J2 was the only enzyme for which a KM value was reportable for
2-hydroxylation. The rank order of quantitative importance for 2-
hydroxylation was 2J2 � 4F2 > 2C8 > 1B1 � 2D6 � 3A4 > 1A1 >

3A5. For de-ethyleneation, the order was 2J2 > 1B1 � 3A4 > 2D6 �
1A1 > 3A5 > 2C8 > 4F2.
Enzyme kinetics for these two reactions were also evaluated in

human liver and intestinal microsomes (Fig. 4; Table 1). In liver micro-
somes, the CLint values were almost the same for the two products.
However, for intestine microsomes, the de-ethyleneation was nearly 10-
fold greater than the 2-hydroxylation.
Inhibition of Linezolid Metabolism by Selective Inhibitors of

CYP2J2, CYP4F2, and CYP1B1. LKY-047, sesamin, and 1-(3-
chlorophenyl)-3-phenylurea were evaluated as inhibitors of linezolid
metabolism catalyzed by CYP2J2, CYP4F2, and CYP1B1, respectively,

TABLE 1

Summary of enzyme kinetic parameters for linezolid metabolismd

2-Hydroxylinezolid Desethylenelinezolid

Enzyme KM
b Vmax

c CLint
c KM

b Vmax
c CLint

c

CYP1A1 NDa ND 0.120 233 (154-370) 0.550 (0.449-0.710) 2.36
CYP1B1 ND ND 0.383 196 (159-243) 0.868 (0.786-0.969) 4.43
CYP2C8 ND ND 1.55 ND ND 0.544
CYP2D6 ND ND 0.391 ND ND 2.91
CYP2J2 124 (109–141) 2.66 (2.52–2.80) 21.4 23.7 (20.1–27.8) 2.28 (2.19-2.39) 96.2
CYP3A4 ND ND 0.294 258 (211–320) 1.12 (1.01-1.26) 4.34
CYP3A5 ND ND 0.0485 ND ND 1.32
CYP4F2 ND ND 3.52 ND ND 0.288

Human Liver Microsomes 270 (213–349) 67.3 (59.4–77.9) 0.249 ND ND 0.257
Human Intestine Microsomes ND ND 0.0071 ND ND 0.0757

aND, individual enzyme kinetic parameters were not able to be determined since estimated KM was greater than the highest substrate concentration evaluated.
bAll KM units are mM.
cFor recombinant P450 data, Vmax units are pmol/min/pmol P450 and CLint units are mL/min/nmol P450. For microsomal data, Vmax units are pmol/min/mg protein and CLint units are mL/
min/mg protein.
dValues in parentheses are the 95% confidence intervals. All data were rounded to three significant digits.
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Fig. 4. Substrate saturation plots for linezolid metabolism by human liver and intestinal microsomes. 2-Hydroxylinezolid is in red, and desethylenelinezolid is in blue.
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and IC50 curves are in Fig. 5. In CYP2J2, LKY-047 caused complete
inhibition of both 2-hydroxylation and de-ethyleneation with mean
(95% CI) IC50 values of 3.21 lM (2.68–3.84) and 2.04 lM
(1.56–2.87), respectively. For sesamin, a time-dependent inhibitor of
CYP4F2, complete inhibition of CYP4F2 catalyzed linezolid 2-hydrox-
ylase activity was observed with an IC50 value of 0.92 lM (0.76–1.1);
however, the desethylenation reaction was only inhibited maximally by
about 50%. For 1-(3-chlorophenyl)-3-phenylurea, complete inhibition of
both linezolid metabolic reactions by CYP1B1 was observed with IC50

values of 0.81 lM (0.73–0.91) and 0.58 lM (0.46–0.72) for 2-hydrox-
ylation and deethylenation, respectively.

This initial exploration of the inhibitory potencies of these three com-
pounds for their respective target P450 enzymes led to their use to eval-
uate inhibition in liver microsomes (Fig. 5). For LKY-047, linezolid 2-
hydroxylation was maximally inhibited by 57% with an IC50 value of
14 lM, which suggests inhibition of CYP2J2. However, desethylenation
was inhibited only at high inhibitor concentrations. For sesamin, com-
plete inhibition was observed in human liver microsomes for 2-hydrox-
ylation, with an IC50 of 5.1 lM. Inhibition of desethyleneation was
weaker. For 1-(3-chlorophenyl)-3-phenylurea, inhibition of linezolid
metabolism in liver microsomes was only observed at inhibitor concen-
trations much greater than those that demonstrated effects in recombinant
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Fig. 5. IC50 curves for LKY-047, sesamin, and 1-(3-chlorophenyl)-3-phenylurea on linezolid metabolism catalyzed by CYP2J2, CYP4F2, CYP1B1, and human liver
microsomes. 2-Hydroxylinezolid is in red, and desethylenelinezolid is in blue.
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CYP1B1. Overall, these data suggest that in human liver microsomes,
CYP2J2 and CYP4F2 contribute to the metabolism of linezolid, but
CYP1B1 does not.
Test of Selectivity of CYP2J2, CYP4F2, and CYP1B1 Inhibi-

tors. The three inhibitors LKY-047, sesamin, and 1-(3-chlorophenyl)-3-
phenylurea were tested as inhibitors of linezolid metabolism catalyzed
by the other P450 enzymes demonstrated to metabolize linezolid (i.e.,
CYP1A1, CYP2C8, CYP2D6, CYP3A4, and CYP3A5), to verify or
refute that these inhibitors are selective for their intended enzymes
(Fig. 6). The concentrations of the inhibitors evaluated were those that
provided at least 90% inhibition of the targeted enzyme: 60 lM for
LKY-047, 30 lM for sesamin, and 10 lM for 1-(3-chlorophenyl)-3-
phenylurea. LKY-047 most potently inhibited CYP2J2; however, there
was considerable inhibition of CYP4F2 and 1B1. Interestingly, LKY-
047 appeared to stimulate CYP3A activity. Sesamin robustly inhibited
not only CYP4F2 but also CYP2J2 and weakly inhibited several of the
other P450s. 1-(3-Chlorophenyl)-3-phenylurea mostly inhibited only
CYP1B1.
Effect of a Panel of Cytochrome P450 Inhibitors on Human

Liver Microsomal Metabolism of Linezolid. In recombinant cyto-
chrome P450s, five enzymes demonstrated a capability to metabolize
linezolid in addition to CYP2J2, CYP4F2, and CYP1B1 (see above).
To determine whether these other enzymes are involved in linezolid
metabolism in liver microsomes, P450 selective inhibitors for these
other five enzymes were tested (Fig. 7). a-Naphthoflavone (CYP1A1),

gemfibrozil glucuronide (CYP2C8), quinidine (CYP2D6), ketoconazole
(CYP3A), troleandomycin (CYP3A), and cyp3cide (CYP3A4) were
evaluated at concentrations known to inhibit these enzymes and com-
pared with LKY-047, sesamin, and 1-(3-chlorophenyl)-3-phenylurea.
These other inhibitors had little to no effect on linezolid 2-hydroxylation
and some effects on de-ethyleneation.

Discussion

Previous in vitro experimentation could not readily identify specific
P450 enzymes responsible for metabolism of linezolid, and it was
hypothesized that morpholine oxidation could occur via the action of
reactive oxygen species that can be generated as side products during
in vitro incubations (Wynalda et al., 2000). An attempt was made to
probe this possibility in a clinical pharmacokinetic study wherein line-
zolid was co-administered with high doses of the antioxidant vitamins
C and E; however, no impact was observed (Gordi et al., 2003). Other
drug interaction studies (Gandelman et al., 2011; Bolhuis et al., 2013)
suggested a minor role for CYP3A. During a re-evaluation of reaction
phenotyping methods employed in our laboratories, it was uncovered
that CYP2J2, CYP4F2, and CYP1B1 could readily metabolize linezolid,
especially CYP2J2. Ironically, these three enzymes were not among the
comprehensive list of P450 enzymes investigated by Wynalda et al.,
(2000). This observation spurred the present investigation in an attempt
to finally identify the enzymes important in linezolid metabolism.
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Fig. 6. Inhibition of linezolid metabolism catalyzed by eight cytochrome P450 enzymes. Concentrations of inhibitors used were 60, 30, and 10 mM for LKY-047, sesa-
min, and 1-(3-chlorophenyl)-3-phenylurea, respectively. Asterisks indicate data with P # 0.01 versus control.
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CYP2J2 metabolized linezolid to the 2-hydroxy and desethylene
metabolites faster than any other P450 enzyme. Compared with the
main drug-metabolizing P450 enzymes, less is known about CYP2J2. It
is expressed in the liver (Yamazaki et al., 2006), intestine (Paine et al.,
2006), and heart (Delozier et al., 2007) and in the latter case may be
involved in the regulation of bioactive epoxyeicosatrienoic acids (Mur-
ray, 2016). It has been shown to metabolize drugs such as terfenadine,
astemazole, and ebsastine (Matsumoto et al., 2002; Lee et al., 2010).
The inhibitor LKY-047 (Phuc et al., 2017) was employed to delineate
the role of CYP2J2 in linezolid metabolism in liver microsomes. LKY-
047 was confirmed as an inhibitor of recombinant CYP2J2 with a
potency similar to that previously reported (Fig. 5). The fit of the inhibi-
tion curve in human liver microsomes (Fig. 5) supports that CYP2J2
has about a 50%–60% contribution to linezolid 2-hydroxylation, the initial
step in linezolid metabolism. Its quantitative role in the secondary metabo-
lism to desethylenelinezolid is not as clear, even though this reaction
occurred in incubations containing recombinant CYP2J2. An important
role for CYP2J2 in linezolid clearance does not contradict the previously
reported clinical observations (Gandelman et al., 2011; Bolhuis et al.,
2013) and in vitro study (Wynalda et al., 2000). The current data support
an important role for this enzyme in linezolid metabolic clearance.
CYP4F2 was also shown to be able to metabolize linezolid to the 2-

hydroxy metabolite, with a lower conversion to the desethylene metabo-
lite. CYP4F enzymes are more associated with the metabolism of fatty
acids than drugs, although they have been shown to metabolize some
drugs, like parfuramidine and fingolimod (Kalsotra and Strobel, 2006;
Wang et al., 2007; Jin et al., 2011). CYP4F2 is expressed in liver and
kidney of humans. Although the specific activity of CYP4F2 for linezo-
lid 2-hydroxylation was sixfold lower than CYP2J2, the expression
level in liver for CYP4F2 is greater, ranging up to 30 pmol/mg protein
(Michaels and Wang, 2014). Sesamin, a known inhibitor of CYP4F2
(Watanabe et al., 2020), was shown to cause nearly complete inhibition
of linezolid 2-hydroxylation in both recombinant CYP4F2 and human
liver microsomes (Fig. 5). At first glance, this could be viewed as con-
trasting the result obtained for LKY-047 in liver microsomes showing

the aforementioned �50%–60% contribution by CYP2J2. However,
sesamin was subsequently tested as an inhibitor for CYP2J2 plus the
other enzymes shown to catalyze any level of linezolid metabolism, and
it was shown to be a robust inhibitor of CYP2J2 (Fig. 6). Thus, the full
inhibition observed in liver microsomes for sesamin is likely due to
simultaneous inhibition of both CYP4F2 and CYP2J2. Furthermore, the
small effect of ketoconazole on linezolid metabolism in human liver
microsomes could be due to inhibition of CYP4F2 and not CYP3A4,
since ketoconazole was shown to impact the pharmacokinetics of the
CYP4F2 metabolized drug fingolimod (Kovarik et al., 2009).
CYP1B1 was a third P450 enzyme shown to metabolize linezolid

that had not been previously evaluated by Wynalda et al. (2000). It
actually generated not only the 2-hydroxy and desethylene metabolites,
but two other previously undescribed hydroxy metabolites as well.
However, CYP1B1 is not highly expressed in liver and the lack of an
effect of the CYP1B1 inhibitor 1-(3-chlorophenyl)-3-phenylurea in liver
microsomes is consistent with this enzyme not having a substantial role
in linezolid clearance, at least not hepatic clearance. Five other P450
enzymes demonstrated a capability to metabolize linezolid: CYP1A1,
CYP2C8, CYP2D6, CYP3A4, and CYP3A5; however, the inhibition
data using selective inhibitors for these enzymes (a-naphthoflavone
for CYP1A1; gemfibrozil glucuronide for CYP2C8; quinidine for
CYP2D6; and three inhibitors for CYP3A; Fig. 7) support that none of
these enzymes plays a large role in linezolid clearance via the 2-hydrox-
ylation pathway. There could be some role for these in subsequent reac-
tions that lead to desethylene linezolid. Also, CYP1A1 is expressed in
extrahepatic tissues and not liver and thus could have still some contri-
bution to linezolid metabolism in vivo.
It is challenging to generate reliable quantitative fm estimates for

enzymes not commonly encountered in drug metabolism, like
CYP2J2, CYP4F2, and CYP1B1. Experience with the inhibitor tools
for these enzymes is not as great as it is for inhibitors for the more
commonly encountered drug metabolizing P450 enzymes (e.g., quini-
dine for CYP2D6 or ketoconazole for CYP3A, etc). The findings in
this study support that the initial pathway of linezolid metabolism,
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2-hydroxylation, has large contributions from CYP2J2 and CYP4F2 in
liver. Subsequent metabolism to the desethylene metabolite may be
catalyzed by several P450 enzymes. Further investigation should
address the potential contributions of extrahepatic tissues to linezolid
metabolism since some of these enzymes (CYP1A1, CYP1B1, and
CYP2J2) are expressed in tissues other than liver. The findings of
potentially meaningful contributions of CYP2J2 and CYP4F2 to line-
zolid metabolic clearance should not result in any changes in prescrib-
ing practice for this drug since there are not any known major drug-
drug interactions or pharmacogenetic impacts on these enzymes.
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