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Abstract: Ferulic acid (FA) is an active component in various traditional Chinese medicines, such as
Angelicae sinensis Radix. Previous studies showed that FA exhibits multiple pharmacological
activities, including antioxidant, anti-inflammatory, and hypoglycemic effects. Due to its significant
antioxidant capacity, FA is utilized as an antioxidant food additive. Additionally, its sodium salt,
sodium ferulic, is primarily used in clinic as an adjunct treatment for ischemic cerebrovascular iseases

and associated disease. However, its metabolites in human after oral administration have not been

B iR R BE 24 T AR T R0 E (KC22260); fili 4255 -6 - — 42 A1 7218 g 8,550 H (YNZD-2020001 )
ASCRAFVES R A MR, YA


https://doi.org/
https://cstr.cn/32365.14.zpxb.2024.0165

266 Bt B 4

thoroughly elucidated. Therefore, this study aims at identifying the metabolites of FA after oral
administration and speculating on possible metabolic pathways. Plasma, urine and feces at different
times (segments) from subjects with mild cognitive impairment in clinic were collected after oral
administration of sodium ferulic. Liquid chromatography coupled with mass spectrometry (LC-MS)
combines the high-efficiency separation capabilities of LC with the powerful qualitative analysis
advantage of MS, playing a vital and irreplaceable role in the in-depth study of chemical profiles in
complex systems. The coupling of a quadrupole with time-of-flight mass spectrometry can offer high
sensitivity and high resolution, and has become one of the important analytical tools for the
identification of metabolites. In this study, the structural identification of metabolites was conducted
using ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UPLC-Q/TOF MS) under negative ion mode. In order to enhance the structural
annotation of metabolites, the in vitro incubation system serving as the classic and simple model for
the study of liver metabolic enzymes and drug metabolism, were employed in combining use of
available authentic standards, including ferulic acid, caffeic acid, 3-hydroxycinnamic
acid, and dihydroferulic acid, to produce the targeted metabolite profiles. In the in vitro incubation
system, the focus was on phase I and phase II metabolism, including reduction, hydroxylation,
glucuronidation and sulfation of FA. As expected, a total of 10 metabolites are identified with
retention time in the in vitro samples. The subsequent LC-MS analysis of the clinic samples identifies
31 metabolites of FA, among which 9 ones are detected in plasma, 15 ones in feces, and 27
compounds in urine. The primary metabolic pathways of FA are enriched to include methylation,
demethylation, hydroxylation, dehydroxylation, reduction, glucuronidation, and sulfation of FA. This
study systematically identifies the metabolites of FA in vivo, providing scientific evidence and
reference for further studies in the pharmacological mechanism of FA.

Key words: ferulic acid; ultra-performance liquid chromatography coupled with quadrupole time-of-

flight mass spectrometry (UPLC-Q/TOF MS); metabolites; metabolic pathways
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Triple TOF 66001 43 ## Jit i 1% : i % K SCIEX
NI, B IS B TR (EST) & Peakview ™1.2
B Ab B A& 4t 5 Ultimate 3000 #3 7= %4 A {6 3%
{%: &% Thermo Fisher 2\ F])™ ih; 5424 7 Eppendorf
B0 Al . {% E Eppendorf 2y #) 7 i ; METTLER
XS105 BIHL 73 B K-F-: Fii -1 Mettler-Toledo A FR
I8 F P s XW-80A eI 1R A A VLR
MR D IR AS s il 3 A B2 w7 i ; UP2200H B 7+
PV VAR B 2R A B T IR A A
Milli-Q B4tk ik 2 4t S2[E Millipore /A Fl ™ i o
12 FEHMR ST

Tris-HC1 2% ' ¥ (50 mmol/L, pH 7.4, it 5
JR2100LA) . i ik £ 2% vh # (PBS, pH 7.4, it =
GA24040243369) . #j %5 B -6-W IR (G-6-P, it 5
W3107E23311) ., #ij %j ¥ -6- iz /i = i (G-6-PD,
L5 M19GS148951) . N Tk e Mg W2 v — A% 1 T2 i
% (NADPH, it 5 0760102911) . D-#ij %3 ¥ B2 -
14-IN Fig-— 7K & 9 (Jit 5 J311S205185) . IR —
4 12 4] 20 A I iR (UDPGA, L5 7S241196) . Bl %4
% (ferulic acid, It 5 G13S11L124423), 53 [ % iR
(isoferulic acid, it 5 R19D10D106238), Wil HE fig
(caffeic acid, fit 5 2681). Wil ME fR2 H FiK (methyl
caffeate, It 5 D30N10G104165), — & Wil Mk /iR
(dihydrocaffeic acid, #it5 M23GS14703) . &%
1% (dihydroferulic acid, #t5 JB272747) | 4- 553NN
fR(4-hydroxyphenylpropionic acid, #t5 X11A6X1)
3- 2 HI N R (3-hydroxyphenylpropionic acid, 1t
H10M8P31009) ., 3-}24E A FEMR (3-hydroxycinnamic
acid, #t 5 A17J7L16340): b iP5 A= ) BH 4 A
BRZN w17 s S AEE (MeCl, #t5 RH302910):
15 5 BAG2E B AR B 7 7= s W R (it

C16266513): iR T A ARz e dn A7 FR 2
PR R BEEE (DTT, 4165 0000021293 ), 3'-#
JIR - 5" B2 B R £k (PAPS, It 5 C16362259): 3£
= Sigma 23 w7 it s B A5 HBEORL 14 (20 g/L,
#t5 TBL) . B & CS7TBL/6I/IN BT ICkE 14 (20 g/L,
fit'5 WIIW) | R s AT (20 g/L, fit5 QROX):
Fiti £ T JE 06 AIF 5 (08 ) A8 B il 7= i s — BT
B A2 (dihydroferulic acid, it 5 BD12062): I iff §¢
T 12 2 L Aoy AR 28 W) 77 s T A ) BRS 22
UPLC-Q/TOF MS A&, &li & ¥ K F 98%; LI .
Il R ¥ B g, 35 E Thermo Fisher 23
) Ak B Milli-Q # Ak RG4S
G R FEAS I 565 & — S 22 R B
o T B 42 TR BHISCRE , AR S0 2840 B 25 51 25 HIL 1
(S LL-2023YX01) . ZiXEF BT : 2022 4F
6 H~2023 4 6 HWltif 25 BB E, 4l 60~85 %,
THIAERY 62.4 %, B 12 1] (48.00%), Lotk 13 4]
(52.00%). 2N AFbR#E: DA 60~85 %, (K&
50~75 kg, PR 2) 756 52 B2 NN D RERE A5
(SR E; 3) 1 B2 B A W 455 4) A 2 6%
(AT 53 3% ) HLRE 8 35 52 O RIS BRI DT 5) BEAE
RE D B2 AN B 5 TR PRS0, HEBRARIE: 1) A ™ Fpf
ZLTIRe BN, QA A AR L WO L R L G K i
AR . AR | P A R I A S 22 ke
655 2) AR BB ™ T 1O E R 15 2
REAA PEAMBCERAR;3IE3IMANA
iR 3k T B DA KN T BE I 25905 4) TG LA 58 AR
oA A, A0 ™ A R T B R A S ) ad AR
6) A AEANAR |« KGAH 43 SLSE RGPy T B0 . 2
X IR B B0 R 4 (0.1 g/kE, 1 ki/K, 3 R/HA ),
12 & 1 A7 R, IR 2 A7 e .
1.3 #HmElE
1.3.1 EWREIEE B2 IRE 1L 2.5,
6.7.8.9. 12, 13, 15, 17, 24 h i) i il 5
M3 PR ERE A, Hop, B A B
BT IRALT G, T-80 C AR 17, FEH .
1.3.2 AR I ERR S A A R I K
FEdh B TUK B vRE, or 1. 20, 5. 6.
7.8, 9. 12 h Al 13, 15, 17, 24 h W} 8] 5 49 1l 3¢
B, 430K 3 AL ] s 0 I SR RE S TR s 43 5l
B 500 pL 3 41 7R A B[] o509 I 3% RE &, A
1 500 uL & i ¥ W, 13 € 1 min DL 78 43 U0 € 26
H, T 4 °C L4 12 000 r/min 20> 15 min, B 5,



268

B e 4R Hae

T, Wedi s A 50 uL LI -7K %W (50:50, VIV) B
¥, WATE 2 min, T 4 °C LA 12 000 r/min 5.(> 15 min,
B, A3 20 AR b T =20 °C ORAF, FEA T .

PRV i 00 1 < B PROVBURE 8 T KoK
MRS, S 1, 2h, 5.6, 7. 8.9, 12h Al
13, 15, 17, 24 h BF[A] 83 /) BRIGE 350000 3 41
I ) A5 1) PRI VR B 5 43 I 500 pL 3 4R &
i ) 850 B9 PR VBCRE i, A 1 500 uL NG, i
Ji€ 1 min LAFE SR UUIEHE 1, T 4 °C Lh 12 000 r/min
B30 15 min, B RS, T, Wi A 100 uL &
i - 7K %5 W (50:50, V/V)Z ¥, 0 JiE 2 min, T 4 C
L 12 000 t/min B0 15 min, B EiE R, 5 3] R K
FEdh; T-20 °CARTE, T80T,

FEEAE b 0 T B R 2 R IBGES St 14 4% AP [R]

FEAERE S, DFEE, A 10 435 1A B B B, vk o8 o 7
2B 30 min, T 4 °C LA 12 000 t/min & 0> 15 min,
BFEW ., ZEE1,2h,5,6,7,8,.9, 12h Al
13, 15, 17, 24 h i [A] 2 19 22 0E S BUIRE 4351
W 3 2 B[R] A5 0 25 B U RE TR A5 43 i IR
200 pL 3 ZH R A BF ) A5 A9 S A SR U AR 5, IR T,
FH 100 pL S 7K 35 9 (50:50, VIV) 823, B
2 min, T 4 °C DA 12 000 r/min 5.0 15 min, B3
W, 13 B EEESRIBCYAE s T-20 C ARAF, R oi#T o
1.3.3  XFREAIAMRBCH] K PR 2 mg BT AR
F . ST ARR W eE R . ol R R .
iz . S BTERIR | 3-FR I - AR | 4SRN TR
B 33 5L IR N IR T BE, 0 BIBC K 2 /L A&
W, T4 C R .
1.3.4  DAHACIHIE & FE 5 & NADPH I i
% 1 50 mmol/L Tris-HCI 2% i (pH 7.4) 41 %, H
o £ 45 3.3 mmol/L MgCl,. 1.0 mmol/L NADPH,
5.0 mmol/L G-6-P 1.0 U/mL G-6-PD. 1.0 g/L JIFii
iR, &Y 10 mmol/L, ZAKFH 200 uL, H
RELOR /N T 1%, WHEIKRT 37 C HERG,
HEE S min J5, I A NADPH i Jf £ 48 )5 3l
N, AREEEE 2 h 5, A 100 pL 7K 6 2 1k
W, IAHE 1 min, T4 °C P4 12 000 r/min Z5.C> 10 min,
BV, T-20 °C OR-AF, ff LC-MS/MS 5317 .

[) B 18 7 %o HRZH N 2s (2, 0 R 2 D) A5 6 K
T ISR A A A 0 M SRR, 25 1 4 D) A5 o
P 5 YR AT ) R B TR, AT o
1.3.5  TAHACIE B LS il %5 UDPGA R &
Z 1 50 mmol/L Tris-HC1 22 i (pH 7.4) 41 i, H

o142 4% 5.0 mmol/L MgCl,, 2.0 mmol/L UDPGA
2.5 mmol/L D-7 % i - — R -1,4- Bk -— K & W .
25 mg/L B & . 1 g/L BFHORAR, 4% Wy ik i
10 mmol/L, £ {& #1 200 pL, HY B 2% ik & /N T
1%, W EIRRLEVK LN 15 min J5, T 37 C 18
MR 4R U B S min, I A UDPGA Ji 8l J i, 4k
ZEMEE 2 h 5, A 100 L vk 215 4 1F R,
i€ 1 min, T 4 °C L 12 000 r/min &[> 10 min, B
W, T 20 C LRAF, TF LC-MS/MS 4317 .

PAPS J% i 14 %8 Hi 50 mmol/L Tris-HCI 2% i
W (pH 7.4)4H W, H 4245 5.0 mmol/L MgCl,.
5.0 mmol/L — % 73 ¥% BE (DTT). 1.0 g/L i i1 3%
W, & YU 10 mmol/L, ZAKFH 200 pL, H iz
KWENT 1% WEERT 37 CHIERG,
M F 5 min J5, LA PAPS J 3 [ 0, 4k 252
A 2hJ&, A 100 pL vK ZHEZ ARV, )€ 1 min,
F 4 °C LA 12 000 r/min 5.0 10 min, B35, T
20 °C {47, fF LC-MS/MS 43 #7 .

[ R 35 37 %6 B AT R 28 [ 4, X B A DL 55 2K
T RO AR A A 5 M IRk A sl B B I T, &
P12 DA A St Y RS v A X RIS TR, “TA T 5
14 KIGKH
141 @AM Acclaim™ C30 {354 (3.0 mmx
150 mm, 3.0 pum); i 2l A : 0.1%H R /K % W (A)
1 0.1%H R £ M5 %W (B); Ve AR ¥ : 0~2 min
(0%B), 2~6 min(0%~10%B), 6~ 18 min(10%~
20%B), 18~22 min(20%~80%B); il > i i} 1]
5 min; i % 0.5 mL/min; FE & 40 °C; JERE SR 5
4 °C; #FFEGE 2 pLs
142 Q/TOF MS 44 ESIJ&, i & T #i =,
Z 45 (GS1) JE 51 379211 Pa, f B i #4 < (GS2)
JE 3 379211 Pa, X ¥ L (CUR) Fk 5 241 316 Pa,
Hli 1< (CAD) & High, Bi %5 = HiJE 4 500 V, & F
J5IE BF (TEM) 500 °C, MS' 5t & 47 i 35 Fl m/z
100~500, MS? J5i tt 4514 i il m/z 50~ 500, il i
fE(CE)—20 eV, flifE 4" R HE(CES)+15 V, K#EH
J£ (DP)—80 V. fifi Fi Peakview ™1.2 #F 17 {71 i 1%
PO S5 b 2

2 HBREITR
2.1 FAERERMR R4 47

K H LC-Q/TOF MS & i 45 4 A% iy, M I 2K
PR B 28 A5 A ot v A 00 %81 o] 268 2 JA2 78 (M10) B



3 W fEE: BUBRER AR AR E S

269

31 AR = (M1~M31), 43 51 9. 27, 154
PR =4, ARG F i BUR TR 1, Bk %
SERHN TR 1 JFAI TR MK PR Z A v
S F SR oI

x10*
18 a M2 Ferulic acid
14 1
2
2 10
2
=]
6 M29
Mi4  [{M27,
2r M8
2 6 10 14 18 22 26
Time/min
x10°
M23
0fb

Intensity

18 22 26

%107
Mm27 [jM28

10F°
o 8t Ferulic acid
Z 6t
2
=
= 4r M25

2t ol MEws M4 M29)

0

2 6 10 14 18 22 26
Time/min

e a IR b. IR c. F84F
B 1 AEEYERPAEERENRE= I
RIBFiRE

Fig.1 Extracted ion current chromatograms of FA

metabolites in different biological samples
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175.02, 113.02, H: 1, m/z 371.09 bk E 4 145
TR R IR BT I m/z 195.06 R R B T, 7%
WHIE IR SL it — PP M £ 14 1 CO,(44 w) I
143 % H,0(18 ) I i m/z 113.02 i A 88+ 1
I M2 A M22 S M28 1Y R AR R R AL 7R .
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Fig. 3 Extracted ion current chromatograms of in
vivo metabolites (M14) of ferulic acid and in vitro
sulfation of dihydroferulic acid (dihydroferulic acid-
4-O-sulfate)
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Fig. 4 Extracted ion current chromatograms of in
vivo metabolites (M10 and M21) of ferulic acid and in
vitro glucuronidation of ferulic acid (ferulic acid-4-O-

glucuronide and ferulic acid-9-O-glucuronide)
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