
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 1
2:

29
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exploring stereo
aDepartment of Pharmaceutical Analys

Pharmaceutical University, Shenyang, 1100

yunli76@163.com; Tel: +86-24-43520580
bDepartment of Pharmaceutical Engineeri

University of Technology, Zibo, 255049, Chi

† Rong Rong and Qi-li Zhang contributed

Cite this: RSC Adv., 2020, 10, 27267

Received 19th April 2020
Accepted 28th June 2020

DOI: 10.1039/d0ra03500a

rsc.li/rsc-advances

This journal is © The Royal Society o
selective excretion and
metabolism studies of novel 2-(2-
hydroxypropanamido)-5-trifluoromethyl benzoic
acid enantiomers

Rong Rong,†a Qi-li Zhang,†b Rui-zhen Zhang,a Yu-han Dan,a Xin Wang,a

Yun-li Zhao*a and Zhi-guo Yu *a

R-/S-2-(2-Hydroxypropanamido)-5-trifluoromethyl benzoic acid (R-/S-HFBA), as a novel COX inhibitor,

was firstly reported to have remarkable anti-inflammatory and antiplatelet aggregation activities by our

group. In our previous study, stereoselective differences in pharmacokinetics were found between HFBA

enantiomers after oral and intravenous administration of each enantiomer to rats. The discrepancies

might be associated with the excretion and metabolism of the two enantiomers. In this research, an

UHPLC-MS/MS method was established and validated for quantification of R-/S-HFBA in rats urine, feces

and bile samples in excretion study. Moreover, an ultra high performance liquid chromatography

coupled with Fourier transform ion cyclotron resonance mass spectrometry (UHPLC-FT-ICR-MS)

method was employed to understand the metabolism of R-/S-HFBA in rats. Results showed that the

total cumulative excretion of R-/S-HFBA in three routes were 65.8% and 58.5% of the dose, respectively.

The urinary excretion of R-/S-HFBA was the main route, which accounted for 40.2% and 31.7%

respectively; the cumulative biliary excretion of R-/S-HFBA were 11.3% and 7.4%; the cumulative

amounts of R-/S-HFBA excreted directly via feces without absorption from the gastrointestinal tract

were 14.3% and 19.4%, respectively. R-/S-HFBA existed stereoselective discrepancy in excretion. In

addition, 8 metabolites of S-HFBA were detected and tentatively identified including glucuronidation,

glycine and N-acetyl conjugation while R-HFBA existed 7 metabolites without glycine conjugation.

Formation of metabolites of R-/S-HFBA also exhibited stereoselectivity. In summary, these new findings

on excretion and metabolism of R-/S-HFBA provided valuable information for stereoselective

pharmacokinetics and were greatly helpful for further investigation, such as safety and mechanism of

action.
1. Introduction

Inammation, one of the most important biological protective
processes against injury, infection or irritants, is able to induce
cellular damage and release pro-inammatory mediators.1,2

Prolonged existence of uncontrolled inammation can cause
various fatal diseases such as inammatory bowel disease,
psoriasis, multiple sclerosis.3,4 Non-steroidal anti-inammatory
drugs (NSAIDs) are widely used therapeutic agents due to their
anti-inammatory, analgesic antipyretic effect.5 The pharma-
cological action of NSAIDs is attributed to the suppression of
cyclooxygenase (COX). COX owns two most important isoforms:
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f Chemistry 2020
COX-1 is the naturally expressed enzyme involved in prostanoid
biosynthesis and maintenance functions such as gastric cyto-
protection. COX-2 is considered as inducibly expressed by
inammatory irritant from injuries or infections.6,7 However,
long-term clinical use of NSAIDs, especially aspirin, can cause
serious side effects, such as gastrointestinal, cardiovascular,
Fig. 1 Chemical structures of R-HFBA (A), S-HFBA (B) and IS (C).
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and kidney complications.8,9 Thus, it is extremely necessary to
develop more safe and effective anti-inammatory agents to
replace or supplement the current therapies.

2-(2-Hydroxypropanamido)-5-triuoromethyl benzoic acid
(HFBA, Fig. 1), with one chiral center and two enantiomers, R-/S-
HFBA, was initially synthesized by our group. R-/S-HFBA pre-
sented remarkable anti-inammatory and antiplatelet aggre-
gation activities superior to aspirin, with less gastrointestinal
toxicity.10 The action mechanism of HFBA was found to inhibit
COX enzyme resulting in a reduction of thromboxane A2 and
inammatory mediators. HFBA could be a effective and safe
agent for anti-inammatory and antiplatelet aggregation
therapy with prolonged pharmacological activity. Besides, in
our laboratory, the different pharmacokinetic proles of the two
enantiomers in rats were observed aer the oral administration
of R-HFBA and S-HFBA. R-HFBA exhibited greater t1/2, AUC and
lower clearance (CL) than those of S-HFBA.10

Metabolite identication and excretion studies play a crucial
role in the discovery and development of new drugs.11 Metab-
olism is the biochemical process to detoxify and eliminate
xenobiotics and endogenous compounds through converting
them into more hydrophilic species. Metabolism could have an
impact on many aspects of a drug, such as distribution, excre-
tion and drug activation, which usually determines the ability of
a new substance to reach clinical use.12–14 Early information on
the identication of metabolites formed in vivo is extraordi-
narily useful for improving the biopharmaceutical and early
safe assessment in drug discovery research.15,16 Proper study on
the excretion is signicant for investigating the major target
sites and detailed understanding of the in vivo disposition is
also required. These ndings can supply valuable information
for further research. However, detailed knowledge of metabo-
lism and excretion of R-/S-HFBA has not been reported yet.

Nowadays, high resolution mass spectrometers such as
Fourier transform ion cyclotron resonance mass spectrometry
Fig. 2 Typical chromatograms of HFBA in rat bile: (A) blank rat bile samp
sample collected at 4–6 h after administration of R-HFBA.

27268 | RSC Adv., 2020, 10, 27267–27279
(FT-ICR-MS), linear ion trap quadrupole (LTQ),17 or time-of-
ight (TOF)18–20 have been becoming extensively used for
detection and identication of metabolites of small molecules.
Among them, FT-ICR-MS has achieved increasingly attention
and become powerful tools for various analyses due to its high
mass accuracy and unsurpassed resolution.21,22 In this present
study, the excretion study of HFBA enantiomers was performed
using UHPLC-MS/MS aer a single oral dose. Subsequently, an
ultra high performance liquid chromatography coupled with
Fourier transform ion cyclotron resonance mass spectrometry
(UHPLC-FT-ICR-MS) method was also employed for the
metabolite identication of R-/S-HFBA in rats aer oral
administration.
2. Materials and methods
2.1 Chemicals and reagents

R-HFBA and S-HFBA were synthesized separately in our labo-
ratory (Shenyang Pharmaceutical University, Shenyang, China).
The optical purity of each HFBA enantiomer was over 99%.10

Acetaminophen (internal standard, IS, purity > 99%, Fig. 1) was
obtained from Sigma (St. Louis, MO, USA). HPLC-grade meth-
anol and acetonitrile were bought form Fisher Scientic (Fair
Lawn, NJ, USA). Formic acid (HPLC grade) was obtained from
Concord Technology CO. Ltd (Tianjin, China). Other chemicals
were all of analytical grade.
2.2 Animals

SPF degree male Sprague-Dawley rats (220� 20 g) were supplied
by Experimental Animal Center of Shenyang Pharmaceutical
University (Shenyang, China). Animals were housed in standard
environmental conditions at a temperature of 25 � 2 �C and
relative humidity of 50 � 10% with free access to standard food
and water. They were fasted for 12 h and only have access to
le; (B) blank bile sample spiked with R-HFBA at LLOQ and IS; (C) rat bile

This journal is © The Royal Society of Chemistry 2020
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Table 1 Linear regression data for the determination of HFBA in rat urine, feces and bile

Samples Calibration curve Regression coefficient (r) LLOQ (mg mL�1) RSD (%)

Urine y ¼ 3.26x + 4.49 � 10�3 0.9945 0.005 15.2
Feces y ¼ 3.29x + 8.94 � 10�3 0.9968 0.005 7.6
Bile y ¼ 3.36x + 1.55 � 10�3 0.9974 0.005 5.7

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 1
2:

29
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
water before the experimentation. All experimental studies were
performed according to the Guideline for Animal Experimen-
tation of Shenyang Pharmaceutical University and the approval
from Animal Ethics Committee of Shenyang Pharmaceutical
University (Approval Number: 211002000310215).
2.3 Instrument and analytical conditions

2.3.1 Excretion. An ACQUITY UPLC™ liquid chromatog-
raphy system equipped with a quaternary pump, automatic
injector, oven and a Xevo TQS MS/MS system (Waters Corpo-
ration, Milford, MA, USA) was used for excretion analyses.
Chromatographic separation was performed on a Thermo Syn-
cronis C18 column (50 mm � 2.1 mm, 1.7 mm; Thermo, USA).
The analytes were eluted using a gradient method at a ow rate
of 0.4 mL min�1. Mobile phase A was 0.1% formic acid in water
and mobile phase B was acetonitrile according to the following
gradient: 0–1.5 min, 15–46% B; 1.5–2.5 min, 46% B; 2.5–
2.6 min, 46–15% B; 2.6–3.5 min, 15% B. The injection volume
was 2 mL. The column and automatic injector temperature were
set at 35 �C and 4 �C, respectively.

The mass spectrometer was operated in positive electrospray
mode using multiple reaction monitoring (MRM). The des-
olvation temperature and source temperature were 350 �C and
150 �C, respectively. The capillary voltage was 3.0 kV. The des-
olvation gas ow rate and the cone gas ow rate were 700 L h�1

and 150 L h�1, respectively. The ion transitions (m/z) were 278.0
> 187.9 for R-/S-HFBA, 151.9 > 109.9 for IS. The collision energy
were 18 eV for R-/S-HFBA and 14 eV for IS, respectively. The cone
voltage were 21 V for R-/S-HFBA and 22 V for IS, respectively. The
Table 2 Precision and accuracy of HFBA in rat urine, feces and bile (n
¼ 6)

Matrix
Concentration
(mg mL�1)

Precision RSD (%)
Accuracy RE
(%)Inter-day Intra-day

Urine 0.005 14.9 10.2 �5.6
0.01 9.8 7.8 1.4
0.4 10.3 8.5 5.4
8 5.2 9.1 4.1

Feces 0.005 11.4 8.3 �0.7
0.01 4.8 7.5 �5.2
0.4 10.7 5.7 �6.3
8 9.6 8.9 1.2

Bile 0.005 13.7 10.4 �4.5
0.01 9.2 11.8 2.8
0.4 5.4 6.2 3.9
8 6.8 5.4 �0.6

This journal is © The Royal Society of Chemistry 2020
product ion spectra for R-/S-HFBA and IS were shown in our
previous report.23

2.3.2 Metabolism. The apparatus consisted of an Agilent
1260 UHPLC system (Agilent, USA), with quadruple pump, auto-
sampler, online degasser, column compartment diode-array
detector and a Bruker Solarix 7.0T FT-ICR-MS system (Bruker,
Germany). Analytical column was a ACQUITY UPLC™ BEH C18
column (100 mm � 2.1 mm, 1.7 mm; Waters, USA). The mobile
phase was 0.1% formic acid water–acetonitrile (78 : 22, v/v) with
a ow rate of 0.3 mL min�1. The auto-sampler and the column
temperature was set at 4 �C and 35 �C, respectively. The injec-
tion volume was 5 mL.

The mass spectrometric detection was operated on a Solarix
7.0T FT-ICR mass spectrometer equipped with electrospray
ionization interface and performed in positive ion mode. The
ion source parameters were set as following: capillary voltage,
4500 V; dry gas temperature, 250 �C; dry gas ow, 8 L min�1;
nebulizing gas, high-purity nitrogen (N2); nebulizer gas pres-
sure, 4 bar; collision gas, high-purity argon (Ar). Mass spectra
recorded was in the range of m/z 50–1000. The collision energy
was 10 eV for the MS/MS experiments.

2.4 Drug administration and sample collection

For excretion study, twenty Sprague-Dawley rats were weighed
and randomly divided into four groups (5 rats in each group). R-
HFBA and S-HFBA was dissolved in 0.5% CMC-Na (cro-
scarmellose sodium) aqueous solution, respectively. Animals in
two groups for R-HFBA or S-HFBA were held in individual
metabolic cage aer administrated with a single dose of 50 mg
kg�1 R-HFBA or S-HFBA enantiomer by gastric gavage. Urine
Table 3 Recovery and matrix effects of HFBA and IS in rat urine, feces
and bile (n ¼ 6)

Matrix
Concentration
(mg mL�1)

Recovery (%,
mean � SD)

Matrix effect (%,
mean � SD)

Urine 0.01 98.9 � 5.2 96.5 � 3.6
4 101.4 � 6.7 90.9 � 5.4
8 96.6 � 3.4 101.5 � 2.6
IS 103.6 � 4.8 92.6 � 11.5

Feces 0.01 97.8 � 3.2 85.0 � 11.4
4 93.7 � 6.8 92.8 � 7.9
8 92.6 � 10.2 101.6 � 5.4
IS 99.1 � 5.9 103.2 � 3.6

Bile 0.01 101.2 � 4.7 94.1 � 3.2
4 92.8 � 3.8 91.7 � 6.8
8 95.4 � 2.3 90.4 � 6.7
IS 103.1 � 2.9 92.6 � 3.9
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Table 4 Stability data of HFBA in rat urine, feces and bile (n ¼ 6)

Matrix
Concentration
(mg mL�1)

Frozen for 30 days
Room temperature for
6 h Autosampler for 12 h

Three freeze–thaw
cycles

RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%) RSD (%) RE (%)

Urine 0.01 6.7 7.1 8.6 6.7 8.0 �3.6 10.4 �7.3
4 2.9 3.8 3.4 2.0 3.1 1.9 4.8 4.0
8 9.4 10.8 11.5 4.9 7.9 7.2 9.3 8.1

Feces 0.01 5.9 �3.2 6.9 �2.1 7.3 �0.9 8.2 0.8
4 6.8 1.9 6.1 �1.8 4.8 �3.5 8.6 �3.5
8 5.7 3.7 5.8 7.4 8.2 4.6 4.1 7.7

Bile 0.01 11.2 3.5 6.3 �9.8 9.3 �8.0 13.5 �6.8
4 7.4 4.5 9.9 3.9 7.0 4.7 7.8 7.6
8 2.8 6.3 4.2 6.4 4.8 7.9 4.2 9.9
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and feces were collected at the indicated intervals: 0–2 h, 2–4 h,
4–6 h, 6–8 h, 8–10 h, 10–12 h, 12–24 h, 24–36 h and 36–48 h.
Other two groups were used for bile collection. The rats were
anesthetized with ether and cannulated in the bile duct. Aer
their recovery from anesthesia, R-HFBA or S-HFBA (50 mg kg�1)
was orally administered to the cannulated rats and bile was
collected every 2 h up to 12 h. At every interval, the volume of
bile and urine samples were measured and feces samples were
weighed aer natural drying. Blank urine, feces and bile
samples were also collected before oral administration. All
samples were stored at �80 �C before use.

For metabolism study, the rats were randomly divided into
four groups with ve in each group. R-HFBA and S-HFBA
Fig. 3 Excretion rate of unchanged R-/S-HFBA in rats urine, feces and
a single dose at 50 mg kg�1. Data are represent as mean � SD (n ¼ 5). *
samples.

27270 | RSC Adv., 2020, 10, 27267–27279
(dissolved in 0.5% CMC-Na) was respectively administered to
two groups by gastric gavage with a single dose of 100 mg kg�1.
Aer then the rats were housed in separate metabolic cages to
collect the feces and urine samples within 0–24 h aer treat-
ment. Blood samples were also collected in heparinized
centrifuge tubes at 0.5, 3 and 6 h aer administration and then
centrifuged at 12 000 rpm for 5 min to get plasma. Other two
groups were catheterized in common bile ducts under general
anesthesia. Aer recovering from the anesthesia, the rats were
orally treated with R-HFBA or S-HFBA at a single dose of 100 mg
kg�1 and bile samples were collected 0–12 h aer
administration.
bile at different time intervals following intragastric administration of
p < 0.05, **p < 0.01 vs. R-HFBA at the same time intervals in the same

This journal is © The Royal Society of Chemistry 2020
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Table 5 Cumulative amounts of R-/S-HFBA in rat urine, feces and bile after oral administration of 50 mg kg�1 (n ¼ 5)a

Time (h)

Urine (mg) Feces (mg) Bile (mg)

R-HFBA S-HFBA R-HFBA S-HFBA R-HFBA S-HFBA

2 2747 � 332 1831 � 253** 6.300 � 1.60 5.800 � 7.70 185.3 � 8.20 170.8 � 14.1
4 3149 � 292 2525 � 285* 11.00 � 3.50 17.60 � 18.9 531.7 � 95.4 515.4 � 77.5
6 3309 � 457 2713 � 185* 254.1 � 400 89.90 � 80.3 783.1 � 56.6 571.8 � 95.4*
8 3894 � 504 3098 � 279 1216 � 518 791.6 � 519 925.9 � 68.1 652.9 � 50.7*
10 4010 � 450 3249 � 294* 1980 � 512 1604 � 459 1075 � 62.6 745.6 � 57.7*
12 4117 � 435 3313 � 319* 2362 � 629 2470 � 203 1239 � 54.6 817.0 � 90.9*
24 4333 � 518 3413 � 251* 2687 � 598 2764 � 248 — —
36 4394 � 485 3469 � 216* 2782 � 635 2878 � 213 — —
48 4425 � 478 3489 � 225* 2817 � 626 2944 � 252 — —

a *p < 0.05, **p < 0.01 vs. R-HFBA at the same times in the same samples; (—) not detected.
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2.5 Sample preparation

2.5.1 Excretion. Urine or bile samples were diluted 200
times with physiological saline. In a 5 mL centrifuge tube, 100
mL diluted urine or bile samples, 20 mL IS solution (2 mg mL�1)
and 20 mL of 0.75 mol L�1 hydrochloric acid were added, then
vortexed for 1 min. 2 mL of ethylacetate was added and vortexed
for 5 min. The mixture was centrifuged at 12 000 rpm for 5 min
at 4 �C and the supernatant was carefully transferred to another
tube and then evaporated to dryness by nitrogen ow. The
residue was redissolved in 200 mL mobile phase and vortex-
mixed for 30 s. Aer centrifuged at 12 000 rpm for 3 min at
Fig. 4 Representative extracted ion chromatograms (EICs) of R-/S-HFBA
of R-/S-HFBA at a single dose of 100mg kg�1: (A) blank urine sample from
of R-HFBA; (C) 0–24 h urine sample from rats after intragastric administ

This journal is © The Royal Society of Chemistry 2020
4 �C, 2 mL of the supernatant was injected into the UHPLC-MS/
MS system for analysis.

The powdered feces samples (0.25 g, if less than 0.25 g, get all
and weighed) were diluted with 2 mL physiological saline and
ultrasonic to homogenize. The homogenates were centrifuged
at 12 000 rpm for 10 min to obtain the supernatants. The
supernatants were further processed as the urine and bile
samples.

2.5.2 Metabolism. Plasma samples were pooled and 50 mL of
pooled plasma was added into 150 mL methanol and vortexed for
5 min. The mixture was centrifuged at 12 000 rpm for 5 min. The
and its metabolites in rats urine sample after intragastric administration
rats; (B) 0–24 h urine sample from rats after intragastric administration
ration of S-HFBA.

RSC Adv., 2020, 10, 27267–27279 | 27271

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03500a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 1
2:

29
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
supernatant was collected and stored at 4 �C before injected into
the UHPLC-FT-ICR-MS system for analysis. Feces samples were
mixed, dried in the dark at ambient temperature and then
powdered. 0.2 g of blended feces samples were added into 2.5 mL
methanol and ultrasonic extracted for 30 min and subsequently
the mixture was centrifuged at 12 000 rpm for 10 min. The
supernatant was collected and stored at 4 �C before analysis. Urine
and bile samples were prepared according to our previous report.22
2.6 Method validation

The UHPLC-MS/MSmethod used for quantitative analysis of R-/S-
HFBA in biological matrices (urine, bile and feces) was validated
Fig. 5 MS/MS spectrum of HFBA and its proposed fragmentation pathw

27272 | RSC Adv., 2020, 10, 27267–27279
by R-HFBA enantiomer following the guidelines of the US Food
and Drug Administration (FDA) for a bioanalytical method vali-
dation.24 The thorough and complete method validation included
specicity, lower limit of quantication (LLOQ), linearity, preci-
sion, accuracy, extraction recovery, matrix effect and stability.
2.7 Statistical analysis

2.7.1 Metabolism. Metabolites were identied and
analyzed by FT-MS control, Bruker Compass-Hystar and Data
Analysis Soware (Bruker, Germany).

2.7.2 Excretion. The results are expressed as mean �
standard deviation (SD). Differences between two groups were
ays.

This journal is © The Royal Society of Chemistry 2020
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compared by Student's t-test. All of the statistical analyses were
determined by SPSS Statistics 17.0. Differences at p < 0.05 and p
< 0.01 were considered to be statistically signicant and highly
signicant, respectively.
3. Results
3.1 Method validation

For specicity, under the developed method, no signicant
endogenous interference in drug-free urine, bile and feces samples
was observed at the retention times of HFBA and IS. Typical
chromatograms of blank rat bile sample, blank bile sample spiked
with HFBA at LLOQ and IS, and rat bile sample collected at 4–6 h
aer administration of HFBA are shown in Fig. 2.

The linearity was evaluated by plotting the peak area ratio of
HFBA to the IS versus the nominal concentration using least
square linear regression with 1/x2 as weight factor. The cali-
bration curves for HFBA showed good linearity over the range of
0.005–10 mg mL�1 in all matrices. Results are summarized in
Table 1. The LLOQ of current assay for HFBA in all matrices was
0.005 mg mL�1 with S/N ratio more than 5 and acceptable
accuracy (RE, %; �5.6 to �0.7%) and precision (RSD, %;
#14.9%).

Precision and accuracy were determined in all matrices by
analyzing six replicates of QC (quality control) samples at four
different concentrations (LLOQ, low, middle, and high) on three
continuous days. The intra-day and inter-day precision (RSD, %)
were asked for no more than 15% except for LLOQ, whose
precision was #20%. The accuracy (RE, %) was required to be
within �15% except for LLOQ (�20%). The results are pre-
sented in Table 2 and showed that all values were in the
acceptable range.

Extraction recoveries were determined using low, middle
and high concentration levels of QC samples and evaluated by
Fig. 6 The MS/MS spectrum and major proposed fragment structures o

This journal is © The Royal Society of Chemistry 2020
comparing peak area of HFBA obtained from processed QC
samples with those from spike-aer-extraction samples. The
extraction recovery of HFBA in urine, feces and bile ranged
96.6–101.4%, 92.6–97.8% and 92.8–101.2%, respectively. The
matrix effect was assessed by comparing peak areas of HFBA
dissolved with blank post-extraction matrix supernate at three
levels with those dissolved in the initial mobile phase at cor-
responding concentrations. IS (2 mg mL�1) was also evaluated
similarly. Results are listed in Table 3. These results demon-
strated that the extraction and purication method was reliable
and suitable for HFBA and IS in urine, bile and feces.

The stability of HFBA in urine, bile and feces were investi-
gated by analyzing three levels of QC samples at 4 �C for 12 h
(autosampler stability), at room temperature for 6 h (tempera-
ture stability), three freeze–thaw cycles (freeze–thaw stability)
and at �80 �C for 30 days (long-term stability). The results
shown in Table 4 indicated that HFBA were stable in all
matrices under those different conditions.

3.2 Excretion study

In this present study, the urine, feces and bile excretions of R-/S-
HFBA in rats were studied respectively. The excretion ratio of R-/
S-HFBA in three routes at different time periods was shown in
Fig. 3. The cumulative excretion amount of R-/S-HFBA in three
routes were listed in Table 5. In urine, the highest excretion
ratio for R-/S-HFBA was found at 0–2 h. The urinary excretion
ratios of R-HFBA at 0–2 h, 2–4 h and 6–8 h were signicantly
higher than those of S-HFBA (p < 0.01, p < 0.05), respectively.
The cumulative excretion of R-/S-HFBA in urine during 48 h was
4425 � 478 mg and 3489 � 225 mg, which accounted for 40.2%
and 31.7% of the total dose. Fecal excretion ratio of R-/S-HFBA
was highest at 6–8 h and 10–12 h respectively, and did not nd
statistic difference at any time period between the enantiomers.
The 48 h accumulative fecal excretion of R-/S-HFBA accounted
f M1, M2 and M3.
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for 25.6% and 26.8% of the total dose respectively. Meanwhile,
there was a signicant difference (p < 0.05) in biliary excretion
ratio between R-HFBA and S-HFBA except for 0–2 h and 2–4 h.
The unchanged R-HFBA and S-HFBA, excreted via bile during
12 h aer oral administration, accounted for 11.3% and 7.4%.
The total cumulative excretion of R-HFBA and S-HFBA were
65.8% and 58.5%, respectively. Of these, 14.3% and 19.4% of
the oral dose were excreted directly from feces without
absorption respectively. These results indicated that the total
cumulative amount of three excretory pathways for R-/S-HFBA
was relatively high and R-/S-HFBA existed stereoselective
discrepancy in excretion.
3.3 Identication of metabolites

The composition and accurate mass for the precursor or frag-
ment product ions were analyzed using the Bruker Compass-
Hystar and Data Analysis Soware (Bruker, Germany). The
maximum mass errors between the theoretical mass of molec-
ular ions and determined values should be below 2 ppm, which
Fig. 7 The MS/MS spectrum and major proposed fragment structures o

27274 | RSC Adv., 2020, 10, 27267–27279
demonstrating a high level of condence in the proposed
elemental compositions of the metabolites. Structures of the
metabolites were further identied according to the retention
time, MS and MS/MS data, the fragmentation pattern of the
parent compound relevant and drug biotransformation
knowledge.

Compared with blank samples, parent compound R-/S-HFBA
(M0) and their metabolites (M1–M8) were detected in the
plasma, feces, bile, and urine samples. Representative extracted
ion chromatograms of R-/S-HFBA and its metabolites in rats
urine sample were shown in Fig. 4.

3.3.1 Parent compound (M0). The HFBA (M0) was observed
at 17.87 min, exhibited an accurate MS at m/z 278.06351 [M +
H]+, suggesting an elemental composition of C11H11F3NO4. The
MS/MS product ions of M0 were obtained at m/z 260.05221
(C11H9F3NO3, [M + H–H2O]

+), 242.04175 (C11H7F3NO2, [M + H–

2H2O]
+), 214.04738 (C10H7F3NO, [M + H–2H2O–CO]

+),
206.04182 (C8H7F3NO2, [M + H–C3H4O2]

+), 188.03130
(C8H5F3NO, [M + H–C3H4O2–H2O]

+) and 160.03682 (C7H5F3N,
f M4 and M5.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 The MS/MS spectrum and major proposed fragment structures of M6, M7 and M8.
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[M + H–C3H4O2–H2O–CO]
+). The proposed fragment pattern

was presented in Fig. 5. By further comparing the retention time
with the reference standard, M0 was thus identied as HFBA.

3.3.2 Metabolite M1, M2 and M3. Metabolite M1, M2 and
M3 were eluted at 3.59, 3.76 and 4.14 min. They had the same
[M + H]+ ion at m/z 454.09 (C17H19F3NO10), which were 176 Da
(C6H8O6, GluA) higher than M0. Therefore, they were proposed
as glucuronide (GluA) conjugation metabolite of HFBA. With
further analysis of the MS/MS spectra, it could be found that
both M2 and M3 could form fragment ions at m/z 278.06
(protonated HFBA) andm/z 206.04 ([M + H–GluA–C3H4O2]

+), but
these characteristic product ions were not detected in the MS/
MS spectra of M1. Therefore, the loss of the two fragment
ions, particularly m/z 206.04, suggesting that the glucur-
onidation should take place at carboxyl in metaboliteM1. In the
product ions ofM2, bothm/z 436.08507 ([M + H–H2O]

+) andm/z
418.07432 ([M + H–2H2O]

+) were detected; but in the fragment
ions ofM3, only m/z 436.08507 ([M + H–H2O]

+) was observed. In
the structure of HFBA, dehydration could occur at both C-20 and
carboxyl position. So M2 was identied as N-glucuronidation
metabolite and in M3 the position of glucuronide conjugation
might be the hydroxyl of C-20.

3.3.3 Metabolites M4 and M5. Metabolites M4 and M5
were eluted at 3.69 and 4.03 min with same protonated
molecule at m/z 382.07 (C14H15F3NO8), 72 Da (C3H4O2) lighter
than that of metabolites M1, M2 and M3. Therefore, M4 and
M5 were suggested as subsequent glucuronide-combined
metabolites of hydrolysis product of HFBA. In the MS/MS
product ions spectrum of M4, fragment ion at m/z 364.06403
([M + H–H2O]

+) was observed, implying that glucuronidation
occur at the amino group. While in the fragment ions spec-
trum of M5, there was no dehydrated fragment ion generated,
indicating that the conjugating location of glucuronide might
be at the carboxyl.
This journal is © The Royal Society of Chemistry 2020
3.3.4 Metabolite M6.MetaboliteM6 had a retention time of
6.43 min and displayed an accurate protonated ion at m/z
335.08493, with the theoretical elemental composition of
C13H14F3N2O5. The product ion at m/z 260.05302 was generated
through a loss of 75 Da (C2H5NO2, glycine) from M6. The frag-
ment ion atm/z 317.07448 was formed by the loss of 18 Da (H2O)
from the precursor. Moreover, additional product ions at m/z
214.04763, 188.03164 and 160.03693 were consisting with those
of HFBA. Accordingly, M6 was speculated as the glycine
combining metabolite of HFBA.

3.3.5 Metabolite M7. Metabolite M7 eluted at 6.82 min
showed a protonated ion at m/z 263.06366 (C10H10F3N2O3). The
MS/MS spectrum exhibited characteristic fragment ion at m/z
188.03165, which was probably caused by loss of glycine
(C2H5NO2, 75 Da). So M7 might be a glycine conjugation
metabolite. Additionally, M7 was 72 Da(C3H4O2) less than M6,
suggesting that M7 was probable a hydrolysis metabolite.
Therefore, M7 was proposed to be hydrolysis and glycine
combining metabolite of HFBA.

3.3.6 Metabolite M8. Metabolite M8 was detected at
6.70 min with the molecular formula of C13H13F3NO5, and
exhibited an accurate [M + H]+ ion at m/z 320.07403, which was
42 Da (C2H2O) more than the protonated ion of M0. Two
characteristic product ions at m/z 302.06342 and 278.06346
were formed by loss of H2O and acetyl group (42 Da) form M8,
respectively. Besides, a series of fragment product ions at m/z
260.05278, 242.04224, 214.04736, 206.04208, 188.03154 and
160.03662 were in accordance with those of M0. Eventually, M8
was determined as N-acetyl conjugation metabolite of HFBA.

MS/MS spectrum of the metabolites were present in Fig. 6–8.
The retention times, observed and calculated mass, mass
errors, proposed elemental compositions and characteristic
fragment ions of these metabolites are shown in Table 6.
According to the above results, the possible metabolic pathways
of HFBA were shown in Fig. 9.
RSC Adv., 2020, 10, 27267–27279 | 27275
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Table 6 Characterization of R-/S-HFBA and its metabolites identification in vitro using FT-ICR-MS spectrometrya

No.
RT
(min)

Observed
mass (Da)

Calculated
mass (Da)

Error
(ppm) Formula

Product
ion m/z
(Da) Metabolite description Source

M0 17.87 278.06351 278.06347 �0.17 C11H10F3NO4 260.05221,
242.04175,
214.04738,
206.04182,
188.03130,
160.03682

Parent p (R, S), u (R, S),f
(R, S), b (R, S)

M1 3.59 454.09563 454.09556 �0.15 C17H18F3NO10 436.08474,
260.05295,
242.04238,
214.04748,
188.03182,
160.03678

Glucuronidation u (R, S), b (R, S)

M2 3.76 454.09546 454.09556 0.22 C17H18F3NO10 436.08507,
418.07432,
278.06326,
260.05281,
242.04242,
214.04737,
206.04210,
188.03166,
160.03667

Glucuronidation u (R, S), f (R, S),
b (R, S)

M3 4.14 454.09535 454.09556 0.46 C17H18F3NO10 436.08507,
278.06337,
260.05278,
242.04218,
214.04726,
206.04215,
188.03156,
160.03671

Glucuronidation u (R, S), f (R, S),
b (R, S)

M4 3.69 382.07390 382.07443 0.14 C14H14F3NO8 364.06403,
206.04248,
188.03164,
160.03660

Hydrolysis +
glucuronidation

p (S), u (R, S),
b (R, S)

M5 4.03 382.07425 382.07443 0.47 C14H14F3NO8 188.03156,
160.03674

Hydrolysis +
glucuronidation

u (R, S), b (R, S)

M6 6.43 335.08504 335.08493 �0.33 C13H13F3N2O5 317.07448,
260.05302,
242.04257,
214.04763,
188.03164,
160.03693

Glycine conjugation u (S), b (S)

M7 6.82 263.06366 263.06380 0.53 C10H9F3N2O3 188.03165,
160.03658

Hydrolysis + glycine
conjugation

u (R, S), b (R, S)

M8 6.70 320.07400 320.07403 0.09 C13H12F3NO5 302.06342,
278.06326,
260.05278,
242.04224,
214.04736,
206.04208,
188.03154,
160.03662

N-Acetyl conjugation u (R, S)

a u: urine samples, p: plasma samples, f: feces samples, b: bile samples; R: R-HFBA, S: S-HFBA.
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4. Discussion

In excretion study, renal excretion was the main route of R-/S-
HFBA elimination in rats aer a single oral administration at
50 mg kg�1. This may be related to the smaller molecular weight
27276 | RSC Adv., 2020, 10, 27267–27279
and good water solubility of R-/S-HFBA.25 The total cumulative
excretion of R-HFBA and S-HFBA in rats were 65.8% and 58.5%,
respectively, suggesting that R-/S-HFBA was mainly excreted as
the parent compounds and the rest portion could be eliminated
by metabolism. This investigation presents some information
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Proposed metabolic pathways of R-/S-HFBA in rats.
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on R-/S-HFBA excretion, which is important to research enter-
ohepatic circulation, develop opportune dosage forms and
devote pre-clinical studies of R-/S-HFBA. Furthermore, the
excretion results demonstrated that signicant differences in
the excretion were observed between the two enantiomers. The
cumulative excretions of R-HFBA in urine were higher than
those of S-HFBA at the same time periods except for 6–8 h.
These phenomena may be relatived with the stereoselective
differences in the interaction between R-/S-HFBA and receptor
transporter or enzymes during the renal tubular reabsorption
and metabolism. There were also signicant differences in the
cumulative biliary excretion between R-HFBA and S-HFBA
except for 0–2 h and 2–4 h, which could be associated with the
participation of efflux transporters in hepatic epithelial cells at
lower concentrations of R-/S-HFBA within 4–12 h. Besides, the
different plasma protein binding may be another factor that
lead to differences in excretion between R-/S-HFBA. Recent
research in our laboratory had found stereoselective plasma
protein binding for R-/S-HFBA.23

The metabolism study adopted UHPLC-FT-ICR-MS method
in positive ion mode for achieving higher mass resolution of
HFBA and possible metabolites in the MS spectra. A total
number of 8 metabolites of HFBA were rstly identied in the
rat bile, urine, plasma and feces. The metabolic pathways
included glucuronidation, glycine conjugation and acetylation.
As reported in our previous study, 2-(2-hydroxypropanamido)
benzoic acid (HPABA), the precursor compound of HFBA,
underwent extensive metabolic reactions in plasma, urine, feces
and bile, especially hydroxylation metabolism in the position of
phenyl ring.22 In order to decrease signicant metabolism to
improve pharmacological activity and bioavailability,
This journal is © The Royal Society of Chemistry 2020
triuoromethyl group was introduced into HPABA to synthesize
HFBA.10 So according to this study, we found that HFBA was
more metabolically stable than HPABA. The variety and the
number of HFBA metabolites are signicantly reduced
compared with that of HPABA metabolites. Hydroxylation
metabolite and glucuronic acid derivatives of ring-hydroxylated
phase I metabolite could not be detected and there were only
one or two metabolites found in rat plasma and feces aer oral
administration of HFBA. Drugs can be eliminated from the
biological system through biotransformation into metabolites.
This will affect both its bioavailability and its pharmacokinetic
half-life aer oral administration. Compounds that are stable in
metabolism are likely to show good pharmacokinetic charac-
teristics.26,27 Our previous research had conrmed that HFBA
possessed better bioavailability and longer half-life than
HPABA, as well as increased activity.10

In this present study, we found that glucuronidation was the
main metabolic pathway of HFBA, including glucuronidation of
HFBA (M1–M3) and glucuronidation of the hydrolysis product
of HFBA (M4–M5). Glucuronidation is a type of phase II meta-
bolic conjugation reaction which is catalyzed by the uridine 50-
diphospho-glucuronosyl transferases (UGTs). The glucur-
onidated drugs are much more hydrophilic than before and can
be excreted via renal or biliary routes, which confers the detoxic
effects to this pathway. The UGTs contain 22 enzymes, among
which the members of the UGT1A and UGT2B subfamilies are
responsible for drug metabolism.28 In order to further under-
stand the metabolic mechanism of HFBA and predict potential
drug metabolism interactions, our subsequent research will
identify the specic UGT enzymes participated in the
RSC Adv., 2020, 10, 27267–27279 | 27277
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glucuronidation of HFBA by the selective inhibitors or single
UGT isoenzyme.

Chirality is an intrinsic property to all biological organism.
Macromolecules such as enzymes, proteins, polysaccharides
and nucleic acids oen own characteristic chiral structures.29

The stereospecicity of these macromolecules might result in
different biochemical procedures (e.g. absorption, excretion
and metabolism) between the enantiomers when interacting
with chiral drugs. In our this present study, 8 metabolites of S-
HFBA were identied in rats bile, urine, plasma and feces
samples while R-HFBA existed 7 metabolites in such samples.
There was no glycine conjugation metabolite of R-HFBA found.
The amount of those metabolites between the enantiomers was
also at a different level. Formation of metabolites exhibited
stereoselectivity. Overall, R-HFBA underwent higher excretion
and lower metabolism than S-HFBA in rats, which might be
a new explanation why R-HFBA had signicantly lower CL,
longer t1/2 and larger AUC than S-HFBA aer oral administra-
tion or intravenous to rats in pharmacokinetic studies.10

Different avenues may lead to the stereoselective metabolism of
chiral drugs: (1) the metabolic enzymes may react with both
enantiomers at different rates to generate different amounts of
metabolites; (2) some stereoselective enzymes react with only
one enantiomer; (3) sequential reaction with the substrate
enantiomers by one enzyme. Our results indicated that R-HFBA
was more metabolically stable than S-HFBA. Further study will
concentrate on researching such enzymes more intensively to
explore the stereoselective metabolism mechanism of R-/S-
HFBA.

5. Conclusion

A rapid, sensitive and reliable UHPLC-MS/MS method for
determination of R-/S-HFBA in rat urine, feces and bile samples
was developed and fully validated. Following this method, the
excretion of R-/S-HFBA in rats were completely revealed.
Meanwhile, the metabolism of R-/S-HFBA in rats was also
investigated for the rst time though UHPLC-FT-ICR-MS
method. A total of 8 metabolites were discovered and identi-
ed. Information obtained in this study provided valuable data
for understanding R-/S-HFBA more clearly. The work is of
signicant value for the further investigation and development
of R-/S-HFBA as an innovative drug.
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