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A B S T R A C T   

UDP-glucuronosyltransferases (UGTs) catalyze the conjugation of glucuronic acid with endogenous and exoge-
nous lipophilic small molecules to facilitate their inactivation and excretion from the body. This represents 
approximately 35 % of all phase II metabolic transformations. Fatty acids and their oxidized eicosanoid de-
rivatives can be metabolized by UGTs. F2-isoprostanes (F2-IsoPs) are eicosanoids formed from the free radical 
oxidation of arachidonic acid. These molecules are potent vasoconstrictors and are widely used as biomarkers of 
endogenous oxidative damage. An increasing body of evidence demonstrates the efficacy of measuring the 
β-oxidation metabolites of F2-IsoPs rather than the unmetabolized F2-IsoPs to quantify oxidative damage in 
certain settings. Yet, the metabolism of F2-IsoPs is incompletely understood. This study sought to identify and 
characterize novel phase II metabolites of 15-F2t-IsoP and 5-epi-5-F2t-IsoP, two abundantly produced F2-IsoPs, in 
human liver microsomes (HLM). Utilizing liquid chromatography-mass spectrometry, we demonstrated that 
glucuronide conjugates are the major metabolites of these F2-IsoPs in HLM. Further, we showed that these 
molecules are metabolized by specific UGT isoforms. 15-F2t-IsoP is metabolized by UGT1A3, 1A9, and 2B7, while 
5-epi-5-F2t-IsoP is metabolized by UGT1A7, 1A9, and 2B7. We identified, for the first time, the formation of intact 
glucuronide F2-IsoPs in human urine and showed that F2-IsoP glucuronidation is reduced in people supplemented 
with eicosapentaenoic and docosahexaenoic acids for 12 weeks. These studies demonstrate that endogenous F2- 
IsoP levels can be modified by factors other than redox mechanisms.   

1. Introduction 

More than 30 years ago, Morrow and Roberts discovered that F2- 
isoprostanes (F2-IsoPs) are formed via the free radical (nonenzymatic) 
oxidation of arachidonic acid [1,2]. The Biomarkers of Oxidative Stress 
Study (BOSS) [3–5] demonstrated that these molecules are formed in a 
dose- and time-dependent manner following administration of a 
controlled disruption in redox homeostasis. This finding revolutionized 
the ability of oxidative stress (OS) to be evaluated in human and animal 
models of disease [6,7]. F2-IsoPs are also increased in numerous OS 
related diseases, including cardiovascular disease [8–10], neuro-
degeneration [11–15], frailty [16–19], diabetes [20–22], and 
SARS-CoV-2 [23–26]. 

F2-IsoPs are separated into four sets of regioisomers identified by the 
position of the hydroxyl group on the side chain (Fig. 1). Oxidation of 
arachidonic acid in vitro indicates that 5- and 15-series F2-IsoPs are 
equally produced in greater abundance than 8- and 12-series F2-IsoPs 
[27]. The most well-studied F2-IsoP is 15-F2t-IsoP (also referred to as 
iPF2α-III, 8-iso-prostaglandin F2α or 8-iso-PGF2α, and 8-isoprostane, 
Fig. 1 inset). This molecule was the first F2-IsoP to be chemically syn-
thesized, and immunoassay (ELISA) and mass spectrometric (MS) 
methodologies have commonly been used for its’ quantification [7]. 
More than twenty years ago, Lawson and colleagues reported that the 
5-series F2-IsoP isomers 5-F2c-IsoP (8,12-iso-iPF2α-VI) and 5-epi-5--
F2c-IsoP (5-epi-8,12-iso-iPF2α-VI) are more abundant in human urine 
than 15-F2t-IsoP [28]. Yet, most literature reports still focus solely on 
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quantification of 15-F2t-IsoP. 
F2-IsoPs in urine are less affected by autoxidation during sample 

collection and long-term storage than those in plasma or tissue [29]. 
Roberts et al. identified the major urinary metabolite of 15-F2t-IsoP is 2, 
3-dinor-5,6-dihydro-15-F2t-IsoP (F2-IsoP-M) [30], a phase I metabolite 
generated via β-oxidation and subsequent double bond reduction. 

Chiabrando and colleagues also identified 2,3-dinor-15-F2t-IsoP to be 
present in human and rat urine [31]. Further, Chiabrando et al. explored 
the metabolism of 15-F2t-IsoP and other 15-series F2-IsoPs by primary 
rat hepatocytes. They demonstrated that 15-series F2-IsoPs can undergo 
an additional round of β-oxidation to yield tetranor-15-F2-IsoPs) and can 
be metabolized by phase II mechanisms to yield taurine conjugates. 
Notably, the metabolism of 5-series F2-IsoPs remains unexplored. 

An increasing body of evidence demonstrates the efficacy of F2-IsoP- 
M as a biomarker of OS. In one of the first studies to evaluate F2-IsoP-M 
in a large population, F2-IsoP-M but not unmetabolized 15-F2t-IsoP was 
positively associated with age and postmenopausal status among 
middle-aged and older women [32]. In other studies, urinary F2-IsoP-M 
showed associations with plasma antioxidant levels, carbohydrate 
intake, and glycemic index while urinary 15-F2t-IsoP did not [33–36]. A 
variety of environmental factors, including lower socioeconomic status 
and exposures to phthalates and herbicides, are also positively associ-
ated with F2-IsoP-M but not unmetabolized 15-F2t-IsoP [37–39]. Taken 
together, these studies support the idea that understanding the meta-
bolism of these widely-used biomarkers is imperative for interpreting 
the F2-IsoPs as biomarkers of OS. 

Indirect evidence supports the idea that F2-IsoPs can be metabolized 
to yield glucuronide conjugates. In 1996, Awad and Morrow first sug-
gested this possibility when studying the production of biliary F2-IsoPs 
in rats administered carbon tetrachloride [40]. Other groups have 
shown that treatment of human urine with β-glucuronidase enzymes, 
which would degrade F2-IsoP glucuronide conjugates to release free 
F2-IsoPs and glucuronic acid, leads to an increase in the level of free 
F2-IsoPs [41–43]. Yet, no study to date has demonstrated the formation 
of an intact F2-IsoP glucuronide conjugate. To better understand F2-IsoP 
metabolism by glucuronide conjugation, we have, for the first time, 
investigated the metabolic transformation of 15-F2t-IsoP and 

5-epi-5-F2t-IsoP (5-epi-5-iPF2α-VI) following incubation with human liver 
microsomes and specific UGT isoforms. The presence of F2-IsoP glucu-
ronide conjugates were analyzed in these incubations and in human 
urine samples using liquid chromatography-mass spectrometry 
(LC/MS). 

2. Materials and methods 

2.1. Reagents and supplies 

15-F2t-IsoP and [2H4]-15-F2t-IsoP were obtained from Cayman 
Chemical. 5-epi-5-F2t-IsoP was generous gift from the laboratory of 
Thierry Durand (University of Montpellier, Montpellier, France). Gen-
eral lab supplies and solvents were obtained Fischer-Scientific (Hamp-
ton, NH). All solvents were of LC/MS grade. B-One® was obtained from 
Kura Biotech (Puerto Varas, Los Lagos, Chile). Human liver microsomes 
(HLM) were obtained from BioIVT, LLC (Westbury, NY USA). Reagents 
for HLM incubations were purchased from Sigma-Aldrich (St. Louis, MO 
USA). Recombinant UDP-glucuronosyltransferase (UGT) isoforms and 
UGT reaction mix reagents were obtained from (GENTEST, Woburn, MA 
USA). 

2.2. Urine sample collection 

The Fatty Acid Desaturase Activity, Fish Oil, and Colorectal Cancer 
Prevention study was approved by the Vanderbilt University Medical 
Center Institutional Review Board and registered at ClinicalTrials.gov 
(NCT01661764) [44,45]. Participants were recruited from individuals 
who were identified as colorectal adenoma cases within the Tennessee 
Colorectal Polyp Study or were identified through electronic medical 
record reviews to have undergone a colonoscopy at Vanderbilt Univer-
sity Medical Center and diagnosed with an adenoma. Eligible partici-
pants were between the ages of 40 and 80 years, had a past medical 
history of one or more adenomas, and had a known genotype for the 
rs174535 SNP of the fatty acid desaturase 1 enzyme (FADS1). Partici-
pants were excluded if they had a previous resected CRC, congestive 
heart failure or coronary artery disease, inflammatory bowel disease, 

Fig. 1. F2-isoprostanes are generated from the free radical oxidation of esterified arachidonic acid in membrane lipids. F2-IsoPs are released by the action of lipases to 
yield the free fatty acids. Four different series of F2-IsoP regioisomers are named based on the position of the hydroxyl group on the side chain. 15-series F2-IsoPs are 
the most well studied isomers, while 5-series F2-IsoPs are formed more abundantly in human biological fluids. 
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any cancer (except nonmelanoma skin cancer), advanced kidney dis-
ease, cirrhosis, were pregnant or breast feeding, using fish oil supple-
ments or anticoagulants, or allergic to fish products. 

For the purposes of the work presented herein, 10 subjects who 
received the fish oil-sourced supplement Lovaza were selected. Each 
participant received three daily pills, each containing 465 mg of eico-
sapentaenoic acid (EPA) and 375 mg docosahexaenoic acid (DHA) for a 
total daily dose of 1395 mg EPA plus 1125 mg DHA. Adherence was 
assessed by weekly telephone calls, pill counts, and red blood cell n-3 
LC-PUFA measurements. Study participation lasted 24 weeks with three 
in-person visits: at baseline, 12 weeks, and 24 weeks. At each visit, 
participants arrived after an overnight fast, and 30 mL of spot urine were 
collected and stored at − 80 ◦C. 

2.3. Human liver microsome glucuronidation of F2-IsoP 

The metabolism of F2-IsoPs by HLM was performed according to the 
protocol of Hill et al. with modifications [46]. Briefly, 15-F2t-IsoP, 
[2H4]-15-F2t-IsoP, or 5-epi-5-F2t-IsoP (0.005 mL of a 10 μM solution in 
ethanol) was mixed with 0.432 mL PBS pH 7.4, 0.050 mL 
NADPH-regenerating system (NRS) containing 93 mg 
glucose-6-phosphate, 100 mg NADP, 38U glucose-6-phosphate dehy-
drogenase, 67 mg magnesium chloride hexahydrate, 48 mg UDPGA and 
0.250 mg alamethicin in 1 mL of PBS. Samples were mixed and incu-
bated at 37 ◦C for 5min. After this incubation, 0.013 mL of HLM (20 
mg/mL, InVitroCYPTM 25 mixed-gender pooled donors) were added to 
each sample. The samples were mixed again and incubated at 37 ◦C for 
0–120 min. The reaction was stopped by the addition of 0.275 mL ice 
cold methanol and vortexed. Samples were centrifuged (10,000g for 10 
min at 4 ◦C) and the supernatant was collected for extraction and LC/MS 
analysis. 

2.4. F2-IsoP incubation with UDP-glucuronosyltransferase isoforms 

Incubations of F2-IsoPs with UDP-glucuronosyltransferase (UGT) 
enzymes was performed according to the manufacturer’s instructions. 
15-F2t-IsoP or 5-epi-5-F2t-IsoP (0.005 mL of a 10 μM solution in ethanol) 
was mixed with 0.147 mL DI water, 0.020 mL UGT Reaction Mix Solu-
tion A, 0.050 mL UGT Reaction Mix Solution B, and 0.030 mL of the 
recombinant UGT, Samples were incubated at 37 ◦C for 15 min. The 
reaction was stopped by the addition of 0.125 mL ice cold methanol and 
vortexed. Samples were centrifuged (10,000g for 10 min at 4 ◦C) and the 
supernatant was collected for extraction and LC/MS analysis. 

2.5. Sample extraction for analysis of F2-IsoP glucuronide conjugates by 
LC/MS 

Sample supernatant (0.5 mL) or urine (0.5 mL) was diluted with 9.5 
mL 0.1 N aqueous HCl containing [2H4]-15-F2t-IsoP (5.2 ng). The sample 
pH was adjusted to 3 with 1 N aqueous HCl. Solid phase extraction was 
performed using a C-18 Sep-Pak cartridge (Waters Corp., Milford, MA 
USA) preconditioned with 10 mL acetonitrile and 10 mL 50 mM 
ammonium acetate (pH 3.4). After samples were loaded, the cartridge 
was washed with 10 mL 50 mM ammonium acetate (pH 3.4) and 10 mL 
heptane. Metabolites were eluted with 10 mL 95 % ethanol. Samples 
were dried under a stream of nitrogen and resuspended in a 5:1 mixture 
of mobile phases A and B (0.06 mL). Mobile phase A was water con-
taining 0.2 % acetic acid while mobile phase B was acetonitrile:water 
(95:5) containing 0.1 % acetic acid. 

2.6. Liquid chromatography-mass spectrometry (LC/MS) analysis of F2- 
IsoP glucuronide conjugates 

LC/MS was performed on a Waters Xevo TQ-XS triple quadrupole 
mass spectrometer connected to a Waters Acquity I-Class UPLC (Waters 
Corp., Milford, MA USA). Separation of analytes was obtained using a 

Waters Acquity UPLC HSS T3 (1.0 × 100 mm, 1.8 μm particle size) with 
mobile phases A and B as described above. The LC gradient and MS 
settings are described in the Supplemental Materials. 

2.7. Extraction of human urine for analysis of F2-IsoPs by LC/MS 

[2H4]-15-F2t-IsoP (1ng/0.005 mL ethanol, internal standard) was 
added to a 0.050 mL aliquot of urine. The sample was diluted with 0.4 
mL 5 % methanol in water containing 0.1 % formic acid (Solution A) and 
acidified to pH 3 with 0.1 N HCl. Solid phase extraction was performed 
using an Oasis HLB 96-well μElution plate (Waters, Milford, MA, USA) 
preconditioned with 0.4 mL methanol and 0.4 mL Solution A. Samples 
were loaded onto the μElution plate, and wells were washed with 0.4 mL 
Solution A and then 0.2 mL hexane. Analytes were eluted with 0.030 mL 
isopropanol/acetonitrile (1:1) into a 96-well LC/MS collection plate 
containing 0.030 mL LC/MS grade water in each well. 

2.8. Treatment of HLM supernatant or human urine with B-One® 

[2H4]-15-F2t-IsoP (1ng/0.005 mL ethanol, internal standard) was 
added to a 0.050 mL aliquot of HLM supernatant or a 0.050 mL aliquot 
of urine. The β-glucuronidase enzyme B-One® (0.100 mL, Kura Biotech, 
Puerto Varas, Chile) was added to each sample. Samples were mixed and 
incubated at room temperature for 5 min. The samples were then diluted 
with 0.4 mL 5 % methanol in water containing 0.1 % formic acid, 
acidified to pH 3 with 0.1 N HCl, and extracted as described above for F2- 
IsoP LC/MS analysis. 

2.9. Liquid chromatography-mass spectrometry (LC/MS) analysis of F2- 
IsoPs 

LC/MS was performed on a Waters Xevo TQ-XS triple quadrupole 
mass spectrometer connected to a Waters Acquity I-Class UPLC (Waters 
Corp., Milford, MA USA). Separation of analytes was obtained using a 
Waters Acquity UPLC BEH C18 (1.0 × 100 mm, 1.7um particle size) with 
using water containing 0.01 % acetic acid (mobile phase A) and aceto-
nitrile (mobile phase B). The LC gradient and MS settings are described 
in the Supplemental Materials. 

3. Results 

3.1. Incubation of F2-IsoPs with human liver microsomes 

15-F2t-IsoP and 5-epi-5-F2t-IsoP were separately incubated with HLM 
and the NADP-regenerating system (NRS) at 37 ◦C. Individual tubes 
were incubated for 0–120 min; the reaction was stopped by the addition 
of ice-cold methanol. Control incubations were performed (A) without 
any F2-IsoP or (B) without the NRS. Using targeted LC-MS/MS with 
multiple reaction monitoring (MRM), samples were analyzed for the 
presence of phase II F2-IsoP metabolites including F2-IsoP glucuronide 
conjugates, F2-IsoP sulfate conjugates, and glucuronide and sulfate 
conjugates of dinor-F2-IsoP metabolites that result from β-oxidation. 
Only F2-IsoP glucuronide conjugates were detected. Chromatograms 
showing the time-dependent formation of 15-F2t-IsoP and 5-epi-5-F2t- 
IsoP glucuronide conjugates are shown in Fig. 2A and C, respectively. 
HLM incubations with 15-F2t-IsoP show the formation of glucuronide 
metabolites after just 1 min (Fig. 2B). 5-epi-5-F2t-IsoP is metabolized to 
these polar conjugates within 3 min (Fig. 2D). To confirm that these 
metabolites were glucuronide conjugates, the 5-epi-5-F2t-IsoP HLM su-
pernatant (t = 2hrs) were treated with a β-glucuronidase enzyme (B- 
One®, Kura Biotech, Puerto Varas, Chile). Metabolite peaks were no 
longer detected. 

3.2. Product ion scan of F2-IsoP glucuronide metabolites 

To further confirm the structure of these metabolites as glucuronide 
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conjugates, the extracted supernatants of 15-F2t-IsoP and 5-epi-5-F2t- 
IsoP HLM incubation (t = 30 min) were analyzed by LC-MS/MS product 
ion scanning of m/z 529. The resulting spectra are shown in Fig. 3. 
Product ions detected in both the 15-F2t-IsoP and 5-epi-5-F2t-IsoP 
glucuronide conjugate spectra are m/z 469, 353, 175, and 113. The low- 
abundance product ion m/z 469 results from the loss of CO2 and H2O 
from the m/z 529 [M − H]- ion. Neutral loss of 176, which is a common 
loss to glucuronide conjugates, results in the product ion at m/z 353. The 
product ions m/z 175 and 113 result from the glucuronide directly. The 
product ion spectra of the 5-epi-5-F2t-IsoP glucuronide conjugate also 
shows low abundance fragments at m/z 335, 317, and 299 resulting 
from sequential loss of H2O from m/z 353. Unfortunately, none of these 
fragments allow determination of the exact position of glucuronide 
conjugation. 

3.3. Incubation of 15-F2t-IsoP and 5-epi-5-F2t-IsoP with individual UGT 
isoforms 

Nine recombinant UGT isoforms were used for the determination of 
the contribution of UGTs to the formation of F2-IsoP glucuronidation. 
Single concentrations of 15-F2t-IsoP and 5-epi-5-F2t-IsoP (100 nM) were 
used to screen the contribution of possible UGT isoforms to F2-IsoP 
metabolism. UGT1A9 and UGT2B7 are involved in the metabolism of 
both 15-F2t-IsoP and 5-epi-5-F2t-IsoP to their corresponding glucuronide 
metabolites (Fig. 4). UGT1A3 was shown to have activity for only 15-F2t- 
IsoP, while UGT1A7 was shown to have activity for only 5-epi-5-F2t-IsoP. 
UGT1A1, UGT1A4, UGT1A6, UGT1A10, and UGT2B15 did not show 
activity for either F2-IsoP isomer. 

3.4. Analysis of F2-IsoPs in human urine after treatment with B-One® 

Other laboratories have utilized traditional β-glucuronidase enzyme 
preparations to explore the possibility that F2-IsoPs are metabolized via 
glucuronide conjugation. Each of these enzyme preparations required 
heating of the samples at 37 ◦C as well as optimization of pH and in-
cubation time. The effect of pH and heat on the stability of urinary F2- 
IsoPs remains undetermined as F2-IsoP glucuronide standards do not 
exist. B-One® is advantageous compared to other β-glucuronidase en-
zymes due its broad substrate reactivity and the quick reaction time at 
ambient temperatures. Since a 5-min incubation of the HLM supernatant 
with B-One® at room temperature eliminated the presence of the F2-IsoP 
glucuronide, we utilized these same conditions for the urine analysis. 

Urine samples were previously collected from subjects within the 
Fatty Acid Desaturase Activity, Fish Oil, and Colorectal Cancer Pre-
vention study. Each of these participants had morning, fasted urine 
samples collected at baseline and following 12- and 24- week supple-
mentation with the fish oil supplement Lovasa. Levels of F2-IsoPs were 
measured before and after treatment if B-One® using LC-MS/MS. 5-epi- 
5-F2t-IsoP is not resolved from 5-F2t-IsoP under these conditions, thus we 
measure isomers simultaneously as 5(R,S)–F2t-IsoP. When all samples 
(baseline plus treatment) were compared together, levels of both 15-F2t- 
IsoP and 5(R,S)–F2t-IsoP were significantly increased in the urine sam-
ples following treatment with B-One® (Fig. 5A) but to different extents. 
15-F2t-IsoP levels were increased on average 69 % while levels of 5-epi- 
5-F2t-IsoP were increased by ~20 %. However, when samples were 
stratified by time point, only baseline levels of 15-F2t-IsoP were signif-
icantly increased following B-One® treatment (Fig. 5B). We further 
compared the effect of Lovasa on F2-IsoPs levels in the urine samples. 

Fig. 2. 15-F2t-IsoP and 5-epi-5-F2t-IsoP were incubated with human liver microsomes (HLM) and the NADPH regenerating system mix for 0–120 min. Aliquots of the 
microsome reaction were extracted and analyzed by LC/MS. (A) Chromatograms showing the formation of a peak consistent with the expected m/z transition (m/z 
529 → m/z 353) for a 15-F2t-IsoP glucuronide conjugate from the incubation with HLM. (B) Time-dependent formation of the 15-F2t-IsoP glucuronide conjugate. (C) 
Chromatograms showing the formation of a peak consistent with the expected m/z transition (m/z 529 → m/z 353) for a 5-epi-5-F2t-IsoP glucuronide conjugate from 
the incubation with HLM. (D) Time-dependent formation of the 5-epi-5-F2t-IsoP glucuronide conjugate. Control A HLM incubations contained 15-F2t-IsoP or 5-epi-5-F2t- 
IsoP but no NADPH, while Control B incubations contained NADPH but no F2-IsoP isomer. 
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Fig. 3. (A) Product ion spectra of the 15-F2t-IsoP glucuronide conjugate eluting at 5.03 min in Fig. 3A. (B) Product ion spectra of the 5-epi-5-F2t-IsoP glucuronide 
conjugate eluting at 5.00 min in Fig. 3B. 

Fig. 4. 15-F2t-IsoP and 5-epi-5-F2t-IsoP were incubated with individual recombinant UGT enzymes for 60 min. Aliquots of the microsome reaction were extracted and 
analyzed by LC/MS. (A) Chromatograms showing the formation of a peak consistent with the expected m/z transition (m/z 529 → m/z 353) for a 15-F2t-IsoP 
glucuronide conjugate from the incubation with UGT enzymes. (B) Chromatograms showing the formation of a peak consistent with the expected m/z transition (m/z 
529 → m/z 353) for a 5-epi-5-F2t-IsoP glucuronide conjugate from the incubation with UGT enzymes. The blank incubations contained no F2-IsoPs. 

Fig. 5. (A) Unmetabolized F2-IsoPs were measured in human urine using LC-MS/MS before and after treatment with β-glucuronidase – all subjects and all time 
points. (B) Levels of unmetabolized 15-F2t-IsoP in urine before and after treatment β-glucuronidase stratified by time of sample collection. (C) Levels of unmetab-
olized 5(R,S)–F2t-IsoP in urine before and after treatment with β-glucuronidase stratified by time of sample collection. 
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Measurement of unconjugated urinary 15-F2t-IsoP (no B-One® treat-
ment) showed no significant change after 12 or 24 weeks of treatment, 
while measurement of total urinary 15-F2t-IsoP (urine treated with B- 
One®) showed a time-dependent decrease during the treatment period. 
Both unconjugated and total 5(R,S)–F2t-IsoP showed a significant 
decrease following 24 weeks of treatment. 

3.5. Detection of intact F2-IsoP glucuronide conjugates in human urine 

Finally, we sought to detect intact F2-IsoP glucuronide conjugates in 
human urine. Fig. 6 shows that MRM analysis of the transition m/z 529 
→ m/z 353 detected multiple peaks at the expected retention time for F2- 
IsoP glucuronide conjugates. F2-IsoP glucuronide conjugates do not have 
a MS/MS fragmentation pattern that allows for distinction of 15-F2t- 
IsoP-G and 5-epi-5-F2t-IsoP-G, but the presence of multiple peaks in-
dicates multiple isomers as would be expected. Product scan analysis of 
these peaks shows a fragmentation pattern similar to that detected for 
the F2-IsoP-G produced by HLM. 

4. Discussion 

F2-IsoPs are biologically active molecules generated primarily from 
the free radical catalyzed, non-enzymatic oxidation of arachidonic acid. 
The Biomarkers of Oxidative Stress Study (BOSS) demonstrated that F2- 
IsoPs are formed in a time- and dose-dependent manner following 
administration of CCl4, a potent inducer of oxidative stress. These 
molecules are widely used as biomarkers of endogenous oxidative injury 
in a variety of human conditions and diseases. Currently, clinicaltrials. 
gov reports F2-IsoPs evaluation in more than 60 active clinical trials. 
Even though most studies focus on F2-IsoPs as simply biomarkers of 
oxidative injury, these molecules also exhibit potent biological activity. 
15-F2t-IsoP is a potent vasoconstrictor, activates platelets, and has 
recently been shown to promote lung fibroblast proliferation. These 
biological activities, at least in part, result from activation of the 
thromboxane-prostanoid receptor TBXA2R. It is thus imperative to fully 
understand mechanisms by which this molecule and other F2-IsoPs are 
inactivated and cleared from the body. 

Glucuronidation, catalyzed by UGTs, represents approximately 35 % 
of all phase II metabolic transformations. In these reactions, glucuronic 
acid is conjugated to polar molecular functional groups, including hy-
droxyls and carboxylic acids. Other eicosanoids, including leukotriene 
B4, 20-hydroxy-eicosatetraenoic acid (20-HETE), and prostaglandin E2 
(PGE2), are metabolized via this mechanism [47–51]. Other laboratories 
have provided indirect evidence that F2-IsoPs are metabolized by 
β-glucuronidation, however this study is the first to directly demonstrate 
formation of intact F2-IsoP glucuronide conjugates. Herein, we found 
that human liver microsomes metabolize two F2-IsoP isomers, 
15-F2t-IsoP and 5-epi-5-F2t-IsoP, to glucuronide conjugates as deter-
mined using LC/MS. Further, we demonstrated that specific UGTs are 
responsible for this metabolic transformation and specificity differences 
exist between F2-IsoP regioisomers. While UGT1A9 and UGT2B7 

metabolically transform both 15-F2t-IsoP and 5-epi-5-F2t-IsoP, 
15-F2t-IsoP is transformed by UGT1A3 and UGT1A7 shows activity to-
ward the metabolism of 5-epi-5-F2t-IsoP. 15-F2t-IsoP and 5-epi-5-F2t-IsoP 
are spatially quite different molecules due to the proximity of the side 
chain hydroxyl group to the carboxyl acid and the end terminus of the 
chain. This spatial difference likely influences the positioning of the 
molecules in the active sites of individual UGT isoforms; yet factors that 
influence UGT isoform substrate specificity are poorly understood [52]. 

The metabolism of F2-IsoPs via glucuronidation has important im-
plications toward the quantification of these molecules in vivo. F2-IsoPs 
have long-been considered ideal oxidative stress biomarkers due to their 
relative chemical stability compared to ROS, such as hydrogen peroxide 
and superoxide, and other highly transient species [7]. Yet, changes in 
UGT expression and availability could potentially lead to changes in 
concentrations of endogenous F2-IsoP glucuronide conjugates and, 
consequentially, changes in levels of unmetabolized F2-IsoPs. For 
instance, valproic acid (VPA) is a drug commonly used to treat epileptic 
seizures. VPA is metabolized through glucuronidation by UGT1A9 and 
UGT2B7, two of the UGTs that metabolized F2-IsoPs [53]. Tong et al. 
have shown that administration of VPA to rats is associated with a 
concomitant increase in 15-F2t-IsoP. The authors indicated in the paper 
that the mechanism by which VPA increased levels of 15-F2t-IsoP were 
unclear but implicated a role for oxidative stress. Our results suggest that 
VPA could preferentially compete with 15-F2t-IsoP for the UGT enzymes, 
thereby reducing 15-F2t-IsoP glucuronidation and, in turn, increasing 
levels of unmetabolized 15-F2t-IsoP. In addition to VPA, other eicosa-
noids, estrogens, bile acids, fatty acids, numerous pharmaceuticals, and 
foods can all influence the activity of UGTs. Further, UGT expression is 
altered in many diseases, and disruption of redox homeostasis also leads 
to changes in UGT expression [54,55]. 

In this work, participants in the Fatty Acid Desaturase Activity, Fish 
Oil, and Colorectal Cancer Prevention study received a daily dose of 
Lovasa, containing the fatty acids EPA and DHA, for a period of 24 
weeks. EPA and DHA have previously been shown to inhibit UGT ac-
tivity and consequentially decrease glucuronidation of endogenous UGT 
substrates such as estradiol [56]. Herein, we observed that levels of total 
urinary 15-F2t-IsoP (measured following β-glucuronidase treatment) 
decreased following treatment with Lovasa, whereas levels of free uri-
nary 15-F2t-IsoP were unchanged. This result indicates a decrease in 
15-F2t-IsoP glucuronidation following consumption of high dose 
EPA/DHA. Over the past decade, there has been significant interest in 
the effect of fish oil supplementation on human health and the resulting 
effect on the production of endogenous oxidized lipids, including not 
only isoprostanes but also enzymatically generated prostaglandins, 
epoxy-fatty acids, and specialized pro-resolving lipid mediators. The 
results overall have been mixed and overall disappointing [57,58]. Most 
studies of fish oil supplementation have shown no decrease in F2-IsoPs as 
originally hypothesized, thus concluding that EPA/DHA supplementa-
tion has no effect on OS. Although this study is small, these results 
demonstrate that urinary levels of F2-IsoPs are not only affected by 
endogenous OS but also by metabolism induced by EPA/DHA 

Fig. 6. Detection of intact F2-IsoP glucuronide conjugates in a human urine sample (m/z 529 → m/z 353) using LC-MS/MS.  

G.L. Milne et al.                                                                                                                                                                                                                                 



Redox Biology 70 (2024) 103020

7

supplementation. Together these results highlight the need for more 
comprehensive assessment of OS and F2-IsoP formation in a follow-up 
study with a larger population. 

In summary, we report that two F2-IsoP isomers, 15-F2t-IsoP and 5- 
epi-5-F2t-IsoP, are rapid metabolized to glucuronic acid conjugates via 
action of UGTs in human liver microsomes. These novel findings provide 
direct evidence for the inactivation and elimination of F2-IsoPs via 
specific UGTs. Further, these studies represent the first detection of 
intact F2-IsoP glucuronide conjugates in human urine. Importantly, our 
findings demonstrate that endogenous levels of urinary free F2-IsoPs can 
be affected by mechanisms that are independent of oxidative stress and 
lipid peroxidation. Quantification of unmetabolized F2-IsoPs is 
commonly used in both experimental and clinical research and may 
result in a biased, inaccurate assessment of true F2-IsoP production. 
Development of chemically synthesized standards for F2-IsoP glucuro-
nide conjugates will be essential for the further characterization and 
quantitation of these metabolites. 
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