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Highlights
• Glucuronidation of 20-HETE can be inhibited by NSAIDs
• 20-HETE glucuronidations by UGT2B7 and UGT1A9 recombinant enzymes were
strongly inhibited by NSAIDs.
• Inhibition of 20-HETE glucuronidation by diclofenac was further enhanced by the
genetic variant UGT2B7*2.

Abstract
20-hydroxyeicosatetraenoic acid (20-HETE) is an arachidonic acid metabolite which is
known to increase platelet aggregation and cardiovascular risk. In this study, nine non-
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steroidal anti-inflammatory drugs (NSAIDs) selected by chemical structures were
screened to determine their effects on the glucuronidation of 20-HETE using human
liver microsomes (HLMs). Then, the combined effects of the selected NSAID and
genetic polymorphisms in UDP-glucuronosyltransferase (UGT) were investigated.
Among the tested NSAIDs, diclofenac was the strongest inhibitor of 20-HETE
glucuronidation with an IC50 value of 3.5 μM. Celecoxib, naproxen, mefenamic acid,
ibuprofen, and indomethacin showed modest inhibition with IC 50 values of 77, 91, 190,
208, and 220 μM, respectively, while acetylsalicylic acid, rofecoxib, and meloxicam did
not inhibit 20-HETE glucuronidation. Glucuronidation of 20-HETE by UGT2B7 and
UGT1A9 recombinant enzymes was significantly inhibited by indomethacin, mefanemic
acid, diclofenac, ibuprofen, naproxen, and celecoxib (P < 0.001). In addition, diclofenac
exhibited a competitive inhibition mechanism with the Km value of 20-HETE
glucuronidation increasing from 23.5 μM to 62 μM in the presence of 3.5 μM diclofenac.
Diclofenac further decreased 20-HETE glucuronidation in HLMs carrying UGT2B7*2
alleles compared with the wild-type HLMs. The results from this study would be useful in
understanding the alteration of 20-HETE levels in relation to NSAID and UGT genetic
polymorphisms.
Keywords: 20-HETE; UDP-glucuronosyltransferases; Genetic polymorphisms; 20HETE glucuronidation; Diclofenac; NSAID
1. Introduction
20-hydroxyeicosatetraenoic acid (20-HETE) is an arachidonic acid metabolite
produced by the cytochrome P450 pathway [1]. 20-HETE increases platelet aggregation
and blood pressure, decreases bleeding time, and induces diuretic effects in the kidney
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[2, 3]. Higher plasma and urine levels of 20-HETE have been reported to be associated
with hypertension in humans [4-6]. In addition, cardiac 20-HETE levels were increased
in myocardial hypertrophy and in cardiovascular toxicity induced by doxorubicin and
isoproterenol [7, 8]. Furthermore, mice plasma 20-HETE levels were elevated up to
120-fold with chronic rofecoxib treatment, which correlated with increased platelet
aggregation and decreased bleeding time [2]. 20-HETE is mainly excreted through the
urine after glucuronidation by UDP-glucuronosyltransferases (UGTs) [9]. Recently, we
identified the UGT isoforms involved in 20-HETE glucuronidation and found UGT1A9
and UGT2B7 had a high activity for metabolizing 20-HETE [10]. In addition, we showed
that UGT2B7*2 genetic polymorphisms altered 20-HETE glucuronidation in human liver
microsomes (HLMs).
Non-steroidal anti-inflammatory drugs (NSAIDs) have been reported to cause
undesirable cardiovascular side effects and toxicities [11]. In many countries, diclofenac
and rofecoxib consistently rank the highest in terms of cardiovascular risk [12]. Rofecoxib
has been banned from the market due to its cardiovascular side effect and
pharmacovigilance studies showed that diclofenac has a high cardiovascular toxicity
similar to rofecoxib [13]. Studies showed that both diclofenac and rofecoxib increased 20HETE plasma levels [2, 14]. 20-HETE-glucuronide levels were decreased in urine samples
of patients after indomethacin treatment [15]. However, how NSAIDs alter 20-HETE levels
remains unclear. NSAIDs are excreted in the urine in the glucuronidated form [16, 17].
Furthermore, NSAIDs have been shown to inhibit multiple UGT isoforms, including
UGT2B7 and UGT1A9 [18, 19]. Information regarding the effects of NSAIDs on the
inhibition of 20-HETE glucuronidation is lacking. Therefore, in this study, we investigated
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whether commonly used NSAIDs inhibit 20-HETE glucuronidation, and presented the
potency of inhibition as quantitative values using pooled HLMs and recombinant UGT
enzymes.

2. Materials and Methods
2.1. Chemicals and reagents
Alamethicin and uridine diphosphoglucuronic acid (UDPGA) were obtained from Sigma
Aldrich (St. Louis, MO, USA). 20-HETE was obtained from Cayman Chemical (Ann
Arbor, MI, USA). The internal standard, estrone-glucuronide, was purchased from
Toronto Research Chemicals (Toronto, Canada). The NSAIDs, diclofenac, ibuprofen,
mefenamic acid, acetylsalicylic acid, naproxen, indomethacin, meloxicam, celecoxib,
and rofecoxib were purchased from Sigma Aldrich (St. Louis, MO, USA). All other
chemicals and organic solvents were of the highest grade available from commercial
sources.
2.2. Human liver microsomes
Pooled HLM was obtained from BD Gentest (H161; BD Gentest, Woburn, MA, USA)
to test the inhibition activity of NSAIDs against 20-HETE glucuronidation. Further
information about the commercial pooled HLM is available on the website of the
company (https://www.bdbiosciences.com/en-eu).

In order to test the inter-individual

variation in 20-HETE glucuronidation in relation to diclofenac inhibition and UGT2B7*2
genotype, HLMs derived from 44 Korean donors (48.7 ± 10.7 years old; mean ± SD, 23
females and 21 males) were obtained from the Biobank at Inje Pharmacogenomics
Research Center (Inje University College of Medicine, Busan, Korea) [10]. The research
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protocol for the use of HLMs was approved by the institutional review board of Busan
Paik Hospital (Busan, Korea) [20].
2.3. In vitro glucuronidation
In vitro 20-HETE glucuronidation was performed as described previously [10]. Briefly,
15 µg of HLMs was reconstituted with a reaction mixture containing 1–500 µM 20-HETE
and 1.5 mg/mL alamethicin in 0.5 M Tris-HCl buffer (pH 7.4). The reaction was initiated
by the addition of 5 mM UDPGA and incubation at 37°C for 30 min. Then, the reaction
was terminated by the addition of 100 µL of acetonitrile containing 1.2 µM estroneglucuronide as the internal standard. The samples were kept at –20°C until analysis.
For quantitative analysis of 20-HETE-glucuronide and the internal standard, an API
3000 liquid chromatography/tandem mass spectrometry (LC-MS/MS) system (Applied
Biosystems, Foster City, CA, USA) coupled with a 1100 series high-performance liquid
chromatography system (Agilent Technologies, Santa Clara, CA, USA) was used as
described previously [10]. The Km and Vmax values of 20-HETE glucuronidation in
pooled HLMs were estimated using Sigma plot 12.1 software (Systat Software, Inc.,
San Jose, CA, USA).
2.4. Inhibition assays
To determine the effects of NSAIDs on 20-HETE glucuronidation, seven different
concentrations from each NSAID ranging from 0.1 to 1000 µM were incubated with 15
µg of pooled HLMs, before addition of 10 µM 20-HETE, under similar incubation
conditions as described above. Nine different NSAIDs were used: diclofenac, ibuprofen,
mefenamic acid, acetylsalicylic acid, naproxen, indomethacin, meloxicam, celecoxib,
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and rofecoxib, representing different chemical structural groups and cyclooxygenase
selectivity as shown in Table 1. The general UGT inhibitor, probenecid, was used as a
positive control of glucuronidation inhibition [21, 22]. The IC50 value was calculated
using Sigma plot software. To determine the inhibition effects of NSAIDs on 20-HETE
glucuronidation by UGT1A9 and UGT2B7 isozymes, diclofenac, ibuprofen, mefenamic
acid, naproxen, indomethacin, and celecoxib were incubated with 15 µM recombinant
UGT1A9 and UGT2B7 enzymes under similar in vitro 20-HETE glucuronidation
conditions described above. The NSAID concentrations were IC50 values estimated
from the NSAID inhibition values of 20-HETE glucuronidation in pooled HLMs (Table 1).
The mechanism of diclofenac inhibition of 20-HETE glucuronidation was identified by
incubating 3.5 µM diclofenac with pooled HLMs and with various 20-HETE
concentrations (1–500 µM) under the same reaction conditions described above. The
levels of 20-HETE-glucuronide were compared with pooled HLM samples not incubated
with diclofenac. All values represent the means ± standard deviation (SD) of triplicate
reactions.
2.5. UGT2B7*2 genotype
Because we previously showed that a non-synonymous UGT2B7*2 802C>T genetic
variant affected in vitro 20-HETE glucuronidation [10], the effect of UGT2B7*2 on the
inhibition of 20-HETE glucuronidation by diclofenac was investigated. In this study,
genotyping of UGT2B7*2 in 24 HLMs was performed using a previously described DNA
sequencing method [10].
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2.6. Statistical Analyses
The results of the inhibitory effects of NSAIDs on 20-HETE glucuronidation rate were
analyzed using two-tailed Student’s t-test. All statistical analyses were performed using
the SAS program (version 9.1.3; SAS Institute, Cary, NC, USA). Statistically significant
changes compared with the control groups were indicated as *P < 0.05, **P < 0.01, and
***P < 0.001.

3. Results
The in vitro metabolism of 20-HETE by a set of pooled HLMs produced 20-HETE
glucuronidation resulting in Km and Vmax values of 23.5 μM and 2 μM/min/mg,
respectively (Figure 1). Then, 10 µM of 20-HETE (about half the determined Km value,
23.5 μM) was used to investigate the NSAID inhibition on 20-HETE glucuronidation.
Diclofenac was the strongest inhibitor of 20-HETE glucuronidation with an IC50 value of
3.5 μM (Figure 2). Celecoxib, naproxen, mefenamic acid, ibuprofen, and indomethacin
showed modest inhibition with IC50 values of 77, 91, 190, 208, and 220 μM,
respectively, while acetylsalicylic acid, rofecoxib, and meloxicam did not inhibit 20HETE glucuronidation. The positive control inhibitor, probenecid, exhibited an IC50 of
222 μM. All IC50 values for the tested NSAIDs against 20-HETE glucuronidation are
presented in Table 1. As shown in Figure 3, diclofenac, celecoxib, naproxen, mefenamic
acid, ibuprofen, and indomethacin significantly inhibited 20-HETE glucuronidation by the
main 20-HETE metabolizing UGT isoforms, UGT1A9 and UGT2B7 (P < 0.001). Next,
we identified the inhibitory mechanism of 3.5 μM diclofenac, the strongest inhibitor of
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20-HETE glucuronidation. The Km value of 20-HETE glucuronidation in pooled HLMs
increased significantly (P < 0.05) from 23.5 to 62 μM, and in the presence of diclofenac,
the Vmax value did not change, as shown in Figure 4.
The degree of 20-HETE glucuronidation inhibition by diclofenac differed among
the tested HLMs. The inhibition ranged from 40% to 75% among 10 different HLMs
when using 3.5 μM diclofenac. Because the UGT2B7*2 genetic variant decreased the
capacity of HLMs for 20-HETE glucuronidation [10], we investigated the 20-HETE
glucuronidation rate in HLMs carrying the UGT2B7*2 genetic variant in the presence of
3.5 μM diclofenac (Fig. 5). The HLMs having the homozygous UGT2B7*2 genotype
incubated with diclofenac exhibited significantly decreased 20-HETE glucuronide levels
compared with the UGT2B7 wild type incubated with diclofenac (P < 0.05) and the
UGT2B7 wild type incubated without diclofenac (P < 0.01).

4. Discussion and conclusion

Alteration of 20-HETE metabolism can disturb the homeostasis of 20-HETE level,
which may cause cardiovascular diseases and drug-induced cardiotoxicities [1]. In this
study, a novel interaction mechanism between NSAID and 20-HETE via UGT enzymes
was suggested. Inhibition of 20-HETE glucuronidation may increase free 20-HETE level
which may be associated with the risk of cardiovascular disease at least in part. We used
nine different NSAIDs classified based on different chemical group structures in the
present study. Diclofenac, the acetic acid derivative, was the strongest inhibitor of 20-
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HETE glucuronidation. The IC50 value of diclofenac (3.5 μM) was 1.6% (64-fold strong
inhibition) of the value of general UGT inhibitor probenecid (222 μM). The cardiotoxicity of
diclofenac has been reported [12] and it was reported that plasma 20-HETE levels were
increased after diclofenac treatment in a group of volunteers [14]. The results from this
study indicated that diclofenac may clinically alter 20-HETE levels by inhibiting its
glucuronidation. Further clinical investigations are needed to study the effects of 20-HETE
glucuronidation inhibition caused by diclofenac on plasma and urine 20-HETE levels and
cardiovascular events. Other NSAIDs with clinically reported cardiovascular events, such
as ibuprofen and mefenamic acid, showed moderate inhibition of 20-HETE glucuronidation
with IC50 values ranging from 190 to 208 μM. Inhibition of 20-HETE metabolism by these
NSAIDs may play a role in their cardiovascular toxicities, thus, further clinical studies are
needed. Rofecoxib was withdrawn from the market due to its cardiovascular side effect
[23]. A previous study showed that chronic treatment of mice with rofecoxib increased the
plasma 20-HETE levels up to 120-fold which was associated with decreased bleeding time;
however, increased expression of 20-HETE-synthesizing P450 cyp4a was not observed
[2]. Because rofecoxib is glucuronidated by UGT2B15, we hypothesized that rofecoxib may
inhibit or affect the UGT metabolism of 20-HETE. However, inhibition of 20-HETE
glucuronidation by rofecoxib was not observed, indicating that the synthesis or the
metabolism of 20-HETE glucuronidation might not be affected by rofecoxib. Therefore,
another mechanism may be involved in this endogenous drug interaction, such as
inhibition of 20-HETE metabolism by Cox-2, which was reported to be involved in 20-HETE
metabolism [24]. Cox-2 levels are low in the normal state but are induced significantly in
the inflammatory state [25]. Therefore, in inflammatory situations, Cox-2 and UGT may be
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involved in the 20-HETE elimination pathways, however, in the normal state, UGT may be
the major 20-HETE elimination pathway. Whether rofecoxib affects the 20-HETE
metabolism by Cox-2 is unclear. The UGT1A9 and UGT2B7 isoforms were identified as
major metabolizers of 20-HETE [10]. Because 20-HETE is metabolized by multiple UGT
isoforms, inhibition of 20-HETE glucuronidation in pooled HLMs requires inhibition of
multiple UGT isoforms, including UGT1A9 and UGT2B7. In this study, both UGT1A9 and
UGT2B7 were significantly inhibited by the tested NSAIDs, consistent with previous studies
showing multiple UGT isoforms were inhibited by NSAIDs [18, 19]. Reportedly, NSAIDs
inhibit UGTs by both competitive and non-competitive mechanisms [26, 27]. In this study,
we selected the strongest 20-HETE glucuronidation inhibitor, diclofenac, and showed that
the affinity, represented by the Km value, increased from 23.5 to 67 μM in the presence of
3.5 μM diclofenac, while the Vmax value did not change. Based on these results, both
diclofenac and 20-HETE may compete for the same UGT enzyme binding site in the
glucuronidation reaction.

The UGT2B7*2 genetic variant affects the metabolism of drugs and endogenous
compounds including diclofenac and 20-HETE [10, 28]. Reportedly, UGT2B7*2 is
associated with diclofenac-induced hepatotoxicity [29]. Because variation in the 20-HETE
inhibition by diclofenac among the tested HLMs was observed in this study and we
previously reported that UGT2B7 influenced 20-HETE glucuronidation, we investigated the
possible influence of the UGT2B7*2 genetic variant on 20-HETE glucuronidation in HLMs
incubated with diclofenac. UGT2B7*2 802C>T had an additive effect with diclofenac in
decreasing 20-HETE glucuronidation. Liver tissues having UGT2B7*2 genotype treated
with diclofenac exhibited significantly decreased 20-HETE glucuronidation compared with
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the wild-type UGT2B7. Consequently, individuals carrying UGT2B7*2 alleles and treated
with diclofenac may have further altered cardio toxic 20-HETE levels.

In conclusion, this is the first study showing that multiple NSAIDs inhibited
glucuronidation of 20-HETE in HLMs and recombinant UGT enzymes. Among nine
NSAIDs, diclofenac was found to exert the

strongest inhibition on 20-HETE

glucuronidation. Inhibition of 20-HETE glucuronidation by diclofenac was further enhanced
in the HLMs carrying a UGT2B7*2 genotype. These findings would increase our
understanding of the NSAID-related variations in 20-HETE levels with cardiovascular
complications in future studies.
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Figure legends
Fig. 1. Dose-dependent 20-HETE glucuronidation by human liver microsomes. Reaction
mixture included human liver microsomes (15 ug), various concentrations of 20-HETE (1–
100 μM), and 5 mM UDPGA in 0.5 M Tris-HCl buffer (pH 7.4). Other detailed experimental
conditions and detection methods are described under Materials & Methods. The Km and
Vmax values for the 20-HETE glucuronidation were 23.5 μM and 2 μM/min/mg, respectively.
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Fig. 2. Inhibition of 20-HETE glucuronidation by NSAIDs. Human liver microsomes (15 ug)
were reconstituted with a reaction mixture containing 10 µM 20-HETE in 0.5 M Tris-HCl
buffer (pH 7.4) at 37°C for 30 min. The concentration of the NSAIDs used ranged from 0.1
to 1000 μM. Experimental conditions, detection and other details are described under
Materials & Methods. Diclofenac was the strongest inhibitor of 20-HETE glucuronidation
with an IC50 value of 3.5 μM. Celecoxib, naproxen, mefenamic acid, ibuprofen, and
indomethacin showed modest inhibition, while aspirin, rofecoxib, and meloxicam did not
inhibit 20-HETE glucuronidation.
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Fig. 3. Inhibition of 20-HETE glucuronidation by NSAIDs in recombinant UGT1A9 and
UGT2B7 enzymes. The NSAIDs were incubated with 15 uM of recombinant UGT2B7 and
YGT1A9. The NSAID concentrations used were IC 50 values estimated from the inhibition
values of 20-HETE glucuronidation in human liver microsomes (Table 1). Details are
described under Materials and Methods. All the tested NSAIDs inhibited UGT1A9 and
UGT2B7, the major 20-HETE metabolizing UGT isoforms. Statistically significant
differences compared with controls are indicated as ***P < 0.001.
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Fig. 4. Lineweaver-Burk plot of a Michaelis-Menten equation in the presence of diclofenac.
Diclofenac showed a competitive inhibition mechanism with the Km value of 20-HETE
glucuronidation increasing from 23.5 to 66.7 μM in the presence of 3.5 μM diclofenac. The
data are the mean of duplicate determination from a representative experiment.
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Fig. 5. Effects of diclofenac on 20-HETE glucuronidation in the presence and absence of
the UGT2B7*2 allele in HLMs. Inhibition of 20-HETE glucuronidation by diclofenac was
further enhanced in UGT2B7*2 HLMs compared with the wild-type genotype HLMs (**, P <
0.01). The genotype CC indicates wild-type UGT2B7 and TT indicates the homozygote
UGT2B7*2 genotype. “Dic” refers to diclofenac treatment. Statistical significance is
indicated as *P < 0.05.
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Table 1. The IC50 values against 20-HETE glucuronidation by NSAIDs
NSAID

Estimated IC50 (µM)

Diclofenac

3.5 ± 0.4 *

Aspirin

ND

Mefenamic acid

190 ± 23 *

Meloxicam

ND

Celecoxib

77 ± 9 *

Indomethacin

220 ±19 *

Ibuprofen

208 ± 20 *

Naproxen

91 ± 11 *

Rofecoxib

ND

Probenecid

222 ± 23 *

T
he
IC5
0

wa
s
cal
cul
ated after incubation of pooled human liver microsomes with 10 µM of 20-HETE and
seven different concentrations from each NSAID ranged from 0.1 to 1000 µM. The IC50
was presented in the mean ± SD. ND, The IC50 was not determined, since there was no
inhibition activity of the NSAID against 20-HETE glucuronidation in the tested doses. *,
P<0.05 compared with the control probenecid.
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