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[ABSTRACT] Chlorogenic acid  (5-CQA),  neochlorogenic  acid  (3-CQA),  and  cryptochlorogenic  acid  (4-CQA),  usually  simultan-
eously exist in many traditional Chinese medicines (TCMs). However, insufficient attentions have been paid to the comparative meta-
bolism study on these three isomeric constituents with similar effects on anti-inflammation until  now. In this study, a novel strategy
was established to perform comparative analysis of their metabolic fates in rats and elucidate the pharmacological mechanism of anti-
inflammation.  Firstly,  diagnostic  product  ions  (DPIs)  deduced  from  the  representative  reference  standards  were  adopted  to  rapidly
screen and characterize the metabolites in rat plasma, urine and faeces using UHPLC-Q-TOF MS. Subsequently, Network pharmaco-
logy was utilized to elucidate their anti-inflammatory mechanism. Consequently, a total of 73 metabolites were detected and character-
ized, including 50, 47 and 43 metabolites for 5-CQA, 4-CQA and 3-CQA, orderly. Moreover, the network pharmacology study indic-
ated that these three isomeric constituents and their major metabolites with similar in vivo metabolic pathways exerted anti-inflammat-
ory effects through co-owned 20 biological processes, which involved 10 major signal pathways and 159 potential targets. Our study
shed light on the similarities and differences of the metabolic profiling and anti-inflammatory activity among these three isomeric con-
stituents and set  an example for the further researches on the active mechanism of isomeric constituents existing in TCMs based on
comparative metabolism study.
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Introduction

A wide range of chemical constituents are the secondary
metabolic  products  distributing  in  numerous  plant  species.
Therefore, it is a common phenomenon that a great many iso-

meric  constituents  existing  in  traditional  Chinese  medicines
(TCMs). Classically, these isomeric constituents with similar
skeleton  structures  are  much  more  likely  to  exhibit  similar
pharmacological activities and pharmacokinetic properties [1],
even though some certain constituents may possess different
or even opposite pharmacological effects [2-3].

Chlorogenic  acid  (5-caffeoyl  qunic  acid,  5-CQA),  the
most  famous  phenolic  acids  in  TCMs  and  Chinese  herbal
products  (Lonicera  japonica, Forsythia  suspensa, Gardenia
jasminoides, Shuanghuanglian oral  solution, Yinhuang gran-
ule, etc) and  the  most  abundant  polyphenol  existing  in  hu-
man diet [4-5], has attracted wide publicity in past two decades.
It is  well  known for  the remarkable biological  properties  in-
cluding  heat-clearing [6-7],  detoxifying [8],  anti-inflammatory
and  antibacterial  effects [9]  etc.  Meanwhile,  5-CQA  is  the
most important member of chlorogenic acids (CGAs) family,
which  consists  of  quinic  acid  combining  with  one  to  four
residues  of  certain  cinnamic  acids,  most  commonly  caffeic

[Received on] 17-Jun.-2020
[Research funding] This work was supported by the Young and Cre-
ative  Team  for  Talent  Introduction  of  Shandong  Province  (No.
10073004), Binzhou Medical University Scientific Research Fund for
High-level  Talents  (Nos.  2019KYQD06 and BY2018KYQD11),  the
Locality-University  Cooperation  Project  of  Yantai  City  (No.
2019XDRHXMPT18)  and  the  Ability  Establishment  of  Sustainable
Use for Valuable Chinese Medicine Resources (No. 2060302).
[*Corresponding author] Tel:  86-535-6913719,  E-mail:  zhangjiayu
0615@163.com  (ZHANG  Jia-Yu);  Tel:  86-543-3258550,  E-mail:
myq388@126.com (MAN Yu-Qing)
∆These authors contributed equally to this work.
These authors have no conflict of interest to declare. 

 

Available online at www.sciencedirect.com

Chinese Journal of Natural Medicines 2021, 19(3): 212-224
doi: 10.1016/S1875-5364(21)60023-7

•Research article•

– 212 –



acid, p-coumaric acid and ferulic acid. Ordinarily, 5-CQA has
several  positional  isomers,  such  as  neochlorogenic  acid  (3-
CQA),  cryptochlorogenic  acid  (4-CQA)  (Fig.  S1),  while  1-
CQA  was  less  commonly  seen  or  low-contents  bearing  in
TCMs.  The  structural  differences  of  3-CQA,  4-CQA  and  5-
CQA lie  in the substitution sites  of  hydroxyl  group replaced
on quinic acid. Nowadays, most attentions have been paid to
the metabolic fate of 5-CQA in various biosamples, while the
comparative  metabolism  studies  on  5-CQA,  4-CQA  and  3-
CQA have  not  been  studied  systematically  yet,  although the
isomeric constituents theoretically might undergo similar bio-
transformation  reactions in  vivo.  However,  it  is  still  unclear
that their metabolic profiling is identical or not. Accordingly,
the in vivo metabolism-correlated active mechanism of the co-
owned  anti-inflammatory  pharmacological  activity  remains
further studies.

With  the  development  of  analytical  technologies,  ultra-
high performance liquid chromatography coupled with quad-
rupole  time-of-flight  mass  spectrometry  (UHPLC-Q-TOF
MS) has shown excellent performance in the metabolite iden-
tification [10]. It usually serves as a rapid analysis platform for
the complex  chemical  constituents  owing  to  high  chromato-
graphic  resolution,  enhanced  retention  time  reproducibility
and improved sensitivity and selectivity. Herein, an UHPLC-
Q-TOF  MS  based  strategy  was  established  to  perform  the
comprehensive profiling  and  identification  of  drug  metabol-
ites  in  rat  plasma,  urine  and  faeces  after  the  respective  oral
administration of 5-CQA, 4-CQA and 3-CQA to rats. The full
scan-ddMS2 data-acquisition  method  coupled  with  multiple
data-mining techniques,  including  multiple  mass  defect  fil-
ters (MMDFs)  and  diagnostic  product  ions  (DPIs),  was  ap-
plied to improve the metabolite identification efficiency [11].

Moreover, network pharmacology is a novel, promising,
cost-effective development  approach  based  on  bioinformat-
ics systems biology and poly-pharmacology [12]. Instead of the
traditional model “one drug, one target”, Network Pharmaco-
logy provides a  good understanding of  the principles  of  net-
works and systems biology, and it has been considered to be
the new pattern in drug discovery. Now, more and more un-
known  mechanisms  of  herbal  medicines  and  their  patent
medicines are being gradually revealed by Network Pharma-
cology [13-14].

Although  the  anti-inflammatory  mechanisms  of  5-CQA
and its two isomers had been studied many times, the anti-in-
flammatory activities of their metabolites in vivo were rarely
concerned. Exactly, in this study, we first clarified the meta-
bolic  behavior  of  5-CQA  and  its  two  isomers  in  normal
Sprague Dawley (SD) rats with UHPLC-Q-TOF MS analysis
platform.  Secondly,  the  high-quality  mass  spectrometry  data
of CQAs metabolites including phase I and phase II metabol-
ites were obtained. By comparing all the data, we finally ob-
tain the key products, which might demonstrate different anti-
inflammatory  mechanisms  compared  with  their  prototype
compounds.  Therefore,  the  physiological  activities  of  these
metabolites were  finally  explored  using  Network  Pharmaco-

logy, and a substantial relationship between the CQAs meta-
bolites in vivo and their physiological activities was construc-
ted. 

Materials and Methods
 

Chemicals and materials
Reference  standards  including  5-CQA,  3-CQA,  4-CQA,

caffeic acid, quinic acid, ferulic acid, isoferulic acid, were all
purchased from Chengdu Biopurify Phytochemicals Co., Ltd.
(Chengdu,  China).  Their  structures  were  fully  elucidated  by
comparison of their spectral data (ESI-MS and 1H, 13C NMR)
with those published literature values. Their purities were all
determined to be higher than 98% by HPLC-UV analysis.

HPLC grade acetonitrile, methanol and formic acid (FA)
were  purchased  from  Thermo  Fisher  Scientific  (Fair  Lawn,
NJ, USA).  Ultrapure  water  used  in  the  experiment  was  pre-
pared  by  a  Milli-Q  system  (Millipore,  MA,  USA).  All  the
other  chemicals  of  analytical  grade  were  available  at  the
workstation, Beijing Chemical Works (Beijing, China). Grace
PureTM SPE  C18-low  solid-phase  extraction  cartridges  (200
mg/3  mL,  59  μm,  70  Å)  for  the  pretreatment  of  biological
samples were supplied by Grace Davison Discovery ScienceTM

(Deerfield, IL, USA). 

Animals
Male SD rats weighing 220 ± 10 g [certification number

SCXK  (Jing  2016-0006)]  were  provided  by  Beijing  Vital
River  Laboratory  Animal  Technology  Co.  (Beijing,  China).
Twelve SD rats were raised in SPF level conditions in Beijing
University  of  Chinese  Medicine  with  stable  temperature  of
22−24  °C  and  humidity  of  55%−65%.  All  the  SD rats  were
allowed free access to water and food during one week’s ac-
climation with 12 h light/dark cycle. After for, they were ran-
domly  divided  into  four  groups  including  Control  group,  5-
CQA group, 4-CQA group and 3-CQA group. They were fas-
ted 12 h prior to the experiment with free access to water. 

Drug administration and biological samples preparation
The  standards  were  suspended  in  normal  saline.  Then

rats  in  different  drug  groups  were  orally  given  at  a  dose  of
250 mg/kg body weight.  Normal saline solution (2 mL) was
administrated  to  rats  in  Control  Group.  Blood  samples  (0.8
mL) were taken from the suborbital  venous plexus of rats at
0.5, 1.0, 1.5, 2 and 4 h post-administration. Samples of urine
and  faeces  were  respectively  collected  0−24  h  after  the  oral
administration.  Each  faeces  sample  (2.0  g)  was  dissolved  in
deionized water with an ultrasonic processing for 60 min. Fi-
nally, all the biosamples were centrifuged at 3000 r·min–1 for
15  min  to  obtain  supernatant,  and  then  the  samples  in  the
same  group  were  merged  into  one  collective  sample.  All
these samples were stored at −80 °C prior to the LC-MS ana-
lysis.

The  concentration  and  purification  of  all  biological
samples  were  prepared  by  Grace  PureTM SPE  columns.
Plasma, urine and faeces samples (1.0 mL) were respectively
loaded into the SPE cartridges, which were successively pre-
treated with 5 mL methanol and 5 mL deionized water. And
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then,  the  SPE  cartridges  were  washed  with  deionized  water
(5.0 mL) and methanol (3.0 mL) in proper order.  The meth-
anol eluate  was  collected  and  dried  under  high  purity  nitro-
gen at room temperature. The residue was re-dissolved in 100
μL of acetonitrile/water (2∶98, V/V) and then centrifuged at
14 000 r·min–1 for 15 min. The supernatant (3.0 μL) was in-
jected into the LC-MS instrument for analysis. 

Instrument and conditions
The UHPLC  analyses  were  performed  using  an  Exion-

LCTM AC  liquid  chromatography  system  (Shimadzu,  Japan)
with a  binary  pump and an  autosampler.  Q-TOF mass  spec-
trometer coupled with dual-spray TurboV ion source (X500R
Q-TOF, AB SCIEX, Foster City, CA, USA) equipped with a
high electrospray  ionization  (HESI)  source.  The  chromato-
graphic  separation  was  carried  out  at  40  °C  using  a  Waters
HSS T3 UPLC column (2.1 mm × 100 mm, 1.7 μm; Waters
Corporation, Milford,  MA,  USA).  The  mobile  phase  con-
sisted  of  0.1% (V/V)  formic  acid  (A)–acetonitrile  (B)  at  a
flow rate of 0.30 mL·min–1 and the linear gradient procedure
was  described  as  follows:  0–6  min,  2%–10% B;  6–10  min,
10%–25% B;  10–15  min,  25%–35% B;  15–16  min,
35%–40% B;  16–20  min,  40%–80% B;  20–21  min,
80%–95% B; 21–24 min, 95% B.

Analyses  on  an  UHPLC-Q-TOF  were  performed  using
simultaneous  MS1 and MS/MS (IDA) acquisition.  The  para-
meters  were  set  as  follows:  HESI  polarity,  negative;  curtain
gas,  35;  ion  source  gas  1,  60  psi;  ion  source  gas  2,  60  psi;
temperature, 550 °C;  ion  spray voltage  floating,  4.5  kV;  de-
clustering  potential,  80  V;  MS1 accumulation  time,  100  ms;
MS1 mass range, m/z 100–1000; MS/MS accumulation time,

10 ms; cycle time, 640 ms; Q1 window, 20 Da; collision en-
ergy, 45 eV; collision energy spread, 15 eV. The mass calib-
ration was automatically performed every 5 injections using a
HESI  negative  calibration  solution via an inbuilt  CDS.  On-
line MDF windows were set to ± 50 mDa. 

Peak selections and data processing
Acquisition  and  processing  of  all  the  data  were  carried

out by SCIEX OS 1.3 workstation from AB SCIEX. To ob-
tain  as  many  fragment  ions  as  possible,  chromatographic
peaks with intensities over 30 000 were selected for identific-
ation. All the relevant data, including peak number, retention
time, accurate mass, predicted chemical formula, and corres-
ponding mass error, were summarized in Table 1. The chem-
ical formulas for all the parent ions were calculated from the
accurate mass  using a  formula  predictor  by setting the  para-
meters as follows: C [0–30], H [0–50], O [0–30], S [0–3], N
[0–3]  and  ring  double  bond  (RDB)  equivalent  value  [0–15].
Other  elements,  such  as  P  and  Br,  were  not  considered  as
they rarely  presented in  the  complex matrix.  Potential  meta-
bolites  discovery  involved  parameters  were  set  as  follows:
Firstly, biotransformation covers extensive phase I and phase
II metabolism. Then minimum peak width was set to 5.0 sec,
and  the  minimum  chromatographic  intensity  was  set  to  500
cps.  The  maximum  mass  errors  between  the  measured  and
calculated values were fixed within 10 ppm. 

Mechanism  study  on  anti-inflammation  about  metabolites
based on network pharmacology 

The prediction  of  putative  targets  of  inflammation and com-
pounds

Putative  genes  related  to  inflammation  were  obtained
 
Table 1    The identified metabolites in vivo of 3-CQA, 5-CQA and 4-CQA in rats

Peak
tR/

min
Formula
[M – H]

Theoretical
Mass (m/z)

Experimental
Mass (m/z)

Error
(ppm)

ESI-MS/
MS fragment ions

Identification/
Reactions

5-CQA 4-CQA 3-CQA

M1   0.88 C9H9O5 197.044 45 197.045 80     6.9
MS2 [197]: 149 (100)*,
121 (80), 167 (23) Syringic acid √ √ √

M2   0.93 C7H11O6 191.055 01 191.056 14     5.9
MS2 [191]: 173 (100)*, 155 (63),
111 (43), 127 (15)

Quinic acid * √ √ √

M3   3.67 C7H9O5 173.044 45 173.045 72     7.3
MS2 [173]: 129 (100),
155 (36), 111 (23) Shikimic acid √ √

M4   4.78 C9H7O2 147.045 40 147.045 43     0.2 MS2 [147]: 103 (100) Cinnamic acid √ √ √

M5   5.33 C8H7O4 167.033 88 167.034 97     6.5
MS2 [167]: 167 (100),
124 (47), 140 (13) Vanillic acid √ √ √

M6   5.42 C16H20O12S 435.059 17 435.060 93     4.0
MS2 [435]: 261 (100), 417 (70),
181 (38), 163 (43)

Sulfonation,
hydrogenation

√

M7   5.77 C8H7O4 167.033 88 167.035 40     9.1
MS2 [167]: 123 (100),
149 (22)*, 137 (18) Vanillic acid √

M8   5.89 C8H7O4 167.033 88 167.035 50     9.7 MS2 [167]: 123 (100), 167 (56) Vanillic acid √

M9   6.14 C11H10NO5 236.055 34 236.057 07     7.3 MS2 [236]: 162 (100), 134 (34)* Caffeic acid-glycine √ √ √

M10   6.15 C9H9O5 197.044 45 197.046 01     7.9 MS2 [197]: 123 (100), 135 (34)* Syringic acid √

M11   6.24 C7H5O4 153.018 23 153.019 64     9.2 MS2 [153]: 109 (100) 3, 4-dihydroxybenzoic
acid

√

M12   6.31 C9H9O7S 261.006 35 261.007 54     4.6 MS2 [261]: 181 (100), 135 (33)* Dihydrocaffeic acid
sulfated conjugate √ √ √

M13   6.49 C8H7O4 167.033 88 167.035 42     9.2
MS2 [167]: 123 (100),
167 (43), 149 (9)* Vanillic acid √
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Continued        

Peak
tR/

min
Formula
[M – H]

Theoretical
Mass (m/z)

Experimental
Mass (m/z)

Error
(ppm)

ESI-MS/
MS fragment ions

Identification/
Reactions

5-CQA 4-CQA 3-CQA

M14   6.57 C9H8NO3 178.049 86 178.051 14     7.2
MS2 [178]: 178 (100)*,
150 (78), 160 (68) Hippuric acid √

M15   6.83 C16H17O12S 433.043 52 433.045 25     4.0
MS2 [433]: 433 (100), 415 (79),
389 (78), 153 (42), 191 (17)* Sulfonation √

M16   6.89 C9H9O4 181.049 53 181.050 58     5.8 MS2 [181]: 137 (100) Dihydrocaffeic acid √ √

M17   6.91 C16H19O9 355.102 35 355.103 88     4.3
MS2 [355]: 181 (100), 137 (30),
173 (16)*, 191 (11), 267 (9) Hydrogenation √

M18   6.93 C16H17O9 353.086 71 353.086 82     0.3
MS2 [353]: 191 (100)*,
179 (63)*, 135 (58)* 3-CQA * √ √ √

M19   7.00 C9H9O7S 261.006 35 261.007 99     6.3 MS2 [261]: 137 (100), 181 (12) Dihydrocaffeic acid
sulfated conjugate

√ √

M20   7.24 C9H9O4 181.049 53 181.050 76     6.8 MS2 [181]: 137 (100) Dihydrocaffeic acid √

M21   7.26 C16H17O9 353.086 71 353.087 60     2.5
MS2 [353]: 191 (100)*,
179 (75)*, 135 (46)* 5-CQA isomer √

M22   7.43 C7H5O3 137.023 32 137.024 59     9.3
MS2 [137]: 137 (100), 93 (54),
136 (31), 109 (11) 3-hydroxybenzoic acid √ √ √

M23   7.77 C9H8NO4 194.044 78 194.046 40     8.3 MS2 [194]: 135 (100*), 150 (72) 3-hydroxyl hippuric acid √ √ √

M24   7.93 C16H17O12S 433.043 52 433.044 90     3.2
MS2 [433]: 433 (100), 153 (60),
397 (50), 173 (34)*, 191 (22)*,
353 (21)

Sulfonation √

M25   8.05 C11H9O5 221.044 44 221.045 86     6.4 MS2 [221]: 159 (100) Caffeic acid-acetylation √

M26   8.10 C23H29O14 529.119 90 529.120 53     1.2
MS2 [529]: 191 (100)*, 337 (63),
161 (38), 353 (18), 193 (12) Glucuronidation √

M27   8.13 C9H9O7S 261.006 35 261.007 47     4.3
MS2 [261]: 181 (100),
137 (38), 167 (35)

Dihydrocaffeic acid
sulfated conjugate

√ √

M28   8.25 C16H17O9 353.086 71 353.088 59     5.3
MS2 [353]: 179 (100)*, 173 (90*),
191 (74)*, 135 (62)* 5-CQA isomer √ √

M29   8.26 C9H7O7S 258.991 80 258.992 64     3.2
MS2 [259]: 153 (100), 125 (76),
135 (41)*, 179 (36)*

Sulfate conjugate of
caffeic acid

√

M30   8.32 C9H9O7S 261.006 35 261.007 86     5.8
MS2 [261]: 181 (100),
137 (38), 179 (8)*

Dihydrocaffeic acid
sulfated conjugate

√ √

M31   8.54 C23H29O14 529.119 90 529.120 85     1.8
MS2 [529]: 179 (100)*, 173 (74)*,
191 (55)*, 353 (55),
337 (18), 135 (13)*

Glucuronidation √

M32   8.56 C9H9O4 181.049 53 181.050 75     6.7 MS2 [181]: 137 (100)* Dihydrocaffeic acid √ √ √

M33   8.59 C16H17O9 353.086 71 353.087 99     3.6 MS2 [353]: 191(100)*, 135(68)* 5-CQA isomer √ √

M34   8.61 C9H8NO3 178.049 86 178.051 07     6.8 MS2 [178]: 134 (100), 150 (90) Hippuric acid √ √ √

M35   8.64 C10H9O4 193.049 53 193.050 76     6.4 MS2 [193]: 149 (100)* Ferulic acid isomer √

M36   8.84 C16H17O9 353.086 71 353.087 17     1.3
MS2 [353]: 191 (100)*,
179 (68)*, 135 (60)*, 173 (56)* 5-CQA * √ √ √

M37   8.89 C9H7O4 179.033 88 179.035 33     8.1
MS2 [179]: 135 (100)*,
134 (50)*, 91 (50) Caffeic acid isomer √ √

M38   8.92 C17H19O9 367.102 36 367.103 74     3.8
MS2 [367]: 193 (100)*,
134 (92)*, 191 (34)* Methylation √ √ √

M39   9.01 C9H9O4 165.054 60 165.055 88     7.8 MS2 [165]: 121 (100), 135 (72)* 3-hydroxyphenylpropionic
acid

√ √

M40   9.08 C10H9O7S 273.007 40 273.007 60     0.7
MS2 [273]: 193 (100), 134 (51)*,
178 (43)*, 149 (22)*

Sulfate conjugate of
methyl caffeic acid

√ √ √

M41   9.08 C17H21O9 369.118 01 369.120 44     6.6 MS2 [369]: 195 (100), 173 (8)* Methylation,
hydrogenation

√ √ √

M42   9.17 C9H7O4 179.033 88 179.035 26     7.7
MS2 [179]: 135 (100)*, 161 (56)*,
134 (25)*, 107 (10)

Caffeic acid * √ √ √

M43   9.22 C10H11O4 195.065 18 195.066 67     7.6
MS2 [195]: 150 (100), 122 (31),
165 (30), 180 (10), 108 (7) Dihydro-ferulic acid √
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Continued        

Peak
tR/

min
Formula
[M – H]

Theoretical
Mass (m/z)

Experimental
Mass (m/z)

Error
(ppm)

ESI-MS/
MS fragment ions

Identification/
Reactions

5-CQA 4-CQA 3-CQA

M44   9.23 C10H11O3 179.070 27 179.071 59     7.4
MS2 [179]: 135 (100)*,
91 (98), 178 (60)* Methyl 2-ethoxybenzoate √ √

M45   9.24 C7H5O2 121.028 40 121.028 85     3.7 MS2 [121]: 121 (100), 93 (25) Benzoic acid √ √ √

M46   9.28 C23H29O14 529.119 90 529.121 67     3.3
MS2 [529]: 191 (100)*, 337 (39),
353 (31), 161 (22), 179 (14)* Glucuronidation √

M47   9.31 C16H19O9 355.102 35 355.103 94     4.5
MS2 [355]: 173 (100),
160 (82), 191 (26) Hydrogenation √

M48   9.38 C9H7O3 163.038 97 163.040 30     8.2 MS2 [163]: 101 (8), 119 (7) Coumaric acid √ √

M49   9.39 C17H19O9 367.102 36 367.103 14     2.1
MS2 [367]: 193 (100),
134 (78)*, 178 (5)* Methylation √ √ √

M50   9.41 C10H9O4 193.049 53 193.050 94     7.3 MS2 [193]: 134 (100)* Isoferulic acid * √ √

M51   9.47 C16H17O9 353.086 71 353.086 93     0.6 MS2 [353]: 191 (100)* 4-CQA * √

M52   9.51 C17H21O9 369.118 01 369.119 55     4.2
MS2 [369]: 191 (100)*,
173 (23)*, 137 (6)

Methylation,
Hydrogenation

√ √

M53   9.52 C9H7O4 179.033 88 179.035 22     7.5 MS2 [179]: 135 (100)* Caffeic acid isomer √

M54   9.73 C9H9O4 181.049 53 181.050 93     7.7 MS2 [181]: 137 (100), 163 (25) Dihydrocaffeic acid √

M55   9.83 C17H21O9 369.118 01 369.119 56     4.2 MS2 [369]: 173 (100)* Methylation,
Hydrogenation

√ √

M56   9.85 C10H11O4 195.065 18 195.066 54     7.0
MS2 [195]: 180 (100),
163 (45), 134 (20)* Dihydro-ferulic acid √

M57 10.02 C17H21O9 369.118 01 369.119 76     4.7
MS2 [369]: 369 (100),
173 (73)*, 191 (65)*

Methylation,
Hydrogenation

√ √ √

M58 10.10 C17H19O9 367.102 36 367.102 25   −0.3
MS2 [367]: 173 (100)*, 191 (43)*,
134 (32)*, 193 (18) Methylation √ √ √

M59 10.23 C17H21O9 369.118 01 369.120 11     5.7
MS2 [369]: 191 (100)*, 173 (21)*,
181 (17), 137 (6)

Methylation,
Hydrogenation

√

M60 10.24 C8H7O2 135.044 06 135.045 40     9.9
MS2 [135]: 135 (100)*,
120 (83), 92 (45) Vinylcatechol √ √ √

M61 10.32 C17H21O9 369.118 01 369.119 15     3.1
MS2 [369]: 369 (100),
173 (98)*, 191 (68)*

Methylation,
Hydrogenation

√ √

M62 10.42 C9H9O5 197.044 45 197.045 80     6.9
MS2 [197]: 153 (100), 182 (96),
123 (84), 137 (45) Syringic acid √ √

M63 10.42 C17H19O9 367.102 36 367.102 86     1.4
MS2 [367]: 173 (100)*,
193 (25), 134 (24)* Methylation √ √ √

M64 10.67 C10H11O4 195.065 18 195.066 65     7.5 MS2 [195]: 121 (100), 136 (40) Dihydro-ferulic acid √

M65 10.72 C9H9O4 165.054 60 165.055 85     7.6 MS2 [165]: 121 (100), 135 (72)* 3-hydroxyphenylpropionic
acid

√ √

M66 10.79 C9H9O4 179.033 88 179.035 22     7.5
MS2 [179]: 135 (100)*,
134 (70)*, 107 (14) Caffeic acid isomer √

M67 11.04 C16H19O9 355.102 36 355.099 23   −8.8
MS2 [355]: 167 (100), 181 (85),
137 (56), 275 (23) Hydrogenation √ √

M68 11.05 C10H9O4 193.049 53 193.050 85     6.8
MS2 [193]: 134 (100)*, 178 (35)*,
149 (13)*, 106 (7)

Ferulic acid * √

M69 11.42 C10H11O4 195.065 18 195.066 23     5.4 MS2 [195]: 180 (100), 152 (9) Dihydro-ferulic acid √ √

M70 12.69 C10H9O4 193.049 53 193.050 96     7.4 MS2 [193]: 134 (100)*, 149 (56)* Ferulic acid isomer √

M71 13.53 C10H9O4 193.049 53 193.051 35     9.4 MS2 [193]: 134 (100)*, 149 (46)* Ferulic acid isomer √

M72 13.82 C24H31O14 543.170 83 543.171 72     1.6
MS2 [543]: 367 (100), 349 (34),
173 (12)*, 129 (13)

Methylation,
Glucuronidation of CQA

√ √ √

M73 14.15 C15H17O10 357.081 62 357.078 55   −8.6
MS2 [357]: 357 (100),
313 (48), 163 (28)

Hydrolysis,
Glucuronidation of
Dihydrocaffeic acid

√ √ √

tR: retention time; √: detected; *: DPIs

LI Jie, et al. / Chin J Nat Med, 2021, 19(3): 212-224

– 216 –



from National Center for Biotechnology Information (NCBI)
Gene  Database  (https://www.ncbi.nlm.nih.gov/),  UniProt
database  (https://www.uniprot.org/)  and  Online  Mendelian
Inheritance  in  Man  database  (http://www.omim.org/)  using
“inflammation” as a keyword and species just set as “Homo
sapiens” [15-16]. Potential targets of the aimed compounds were
obtained from  Traditional  Chinese  Medicine  Systems  Phar-
macology  Database  Analysis  Platform  (http://tcmspw.com/
tcmsp.php)  and  PubChem  database  (https://pubchem.ncbi.
nlm.nih.gov/). Based  on  the  above  results,  the  common  tar-
gets were  obtained  through  comparative  analysis  by  Bioin-
formatics  &  Evolutionary  Genomics  Database  (http://bioin-
formatics.psb.ugent.be/webtools/Venn/) of  potential  inflam-
mation targets and compound targets. 

Network construction and its characteristics
To facilitate scientific interpretation of the complex rela-

tionships  between  compounds  and  related  predictive  targets,
Network  of  compound-related  target  was  established  using
Cytoscape software  (version 3.7.2,  USA).  At  the  same time,
the  possible  information  on  inter-protein  interactions  was
mined by  importing  common  targets  of  potential  inflamma-
tion  targets  and  compound  targets  to  the  STRING  database
(https://string-db.org/cgi/input) [17], which play a role of a sta-
tion  for  all  information  on  functional  links  between  targets.
To  ensure  the  accuracy  of  the  results,  only  “Homo sapiens”
targets with P-vaule score higher than 0.01 were picked out.
Three  topological  network  features  including  “degree ”,
“betweenness” and “closeness” were calculated. The close re-
lationship between  attributes  in  different  networks  was  rep-
resented by “nodes”.  When the  number  on connected edges
of a node was more than 2 times that of other nodes, it would
be considered as a key node [17]. 

Pathway enrichment and gene ontology analysis
Pathway  enrichment  and  gene  ontology  analysis  were

presented on  the  proteins  involved  in  the  protein-protein  in-
teraction  (PPI)  network  using  Kyoto  Encyclopedia  of  Genes
and  Genomes  (KEGG, https://www.kegg.jp/)  database  and
DAVID  database  (https://david.ncifcrf.gov/). Relevant  path-
ways  and GO terms with P-value less  than 0.01 were  selec-
ted as the significant signaling pathways [18-19]. 

Results

A summarized diagram of presently developed analytic-
al  strategy  and  methodology  for  the  comparative  study  of
CQA isomers  based  on  metabolite  identification in  vivo and
Network Pharmacology was illustrated in Fig. 1. 

Analytical strategy for metabolite identification
In  order  to  accomplish  the  systematic  screening  and

characterization of metabolites, an analytical strategy was de-
veloped  on  the  UHPLC-high  resolution  MS instrument  with
multiple  data  acquisition  and  processing  techniques.  Firstly,
the full scan ESI-MS and ESI-MS/MS data sets of all the bio-
samples  were  acquired  based  on  data-dependent  acquisition
method.  Then,  considering  the  metabolites  generated  from
the prototype drug usually possess similar skeleton structure,

they could be screened by MDF filtering (MS1 level),  which
could be applied to trace the primary metabolites,  especially
the unknown drug metabolites. Therefore, several MDF tem-
plates were used in parallel based on the structures of 5-CQA,
3-CQA and 4-CQA: (1) parent drug (m/z 353.0867), the core
nucleus  such  as  caffeic  acid  (m/z 179.0339)  and  quinic  acid
(m/z 191.0550);  (2)  the  GSH  conjugation  (m/z 660.1715),
glycosylation  (m/z 515.1404),  glucuronide  conjugation  (m/z
529.1199),  and  sulfate  conjugation  (m/z 433.0435)  of  CQA.
Specifically, each MDF window was set to ±50 mDa around
the mass defects of the templates over a mass ranging of ±50
Da around the filter template masses.

For  the  subsequent  data-mining  processing,  SCIEX  OS
1.3 workstation  was  adopted  to  filter  the  known  and  un-
known metabolites.  The  high-resolution  extracted  ion  chro-
matogram  (HREIC)  process  with m/z values  calculated  is
highly effective in discovering the known metabolites. Mean-
while,  Metabolite  PilotTM software  was  used  to  analyze  the
unknown  metabolites,  and  thus  the  metabolite  candidates
were  screened  out.  Finally,  a  combination  of  data  mining
methods including  neutral  loss  fragments  (NLFs)  and  dia-
gnostic product ions (DPIs, shown in Fig. 2) were performed
to rapidly  identify  and  confirm  the  multiple  metabolites  ac-
cording  to  the  ESI-MS/MS  level  searching.  In  addition,  the
ESI-MS/MS spectra of reference standards were illustrated in
Fig. S2. 

Characterization  of  5-CQA,  4-CQA  and  3-CQA  metabolites
in rats

As a  result,  a  total  of  73  metabolites  were  detected  and
characterized in  rat  urine,  plasma  and  faeces  samples  attrib-
uted  to  5-CQA group,  4-CQA group and 3-CQA group (50,
47  and  43,  respectively)  based  on  UHPLC-Q-TOF-MS/MS
analysis coupled with the established analytical strategy. The
detailed mass data of these detected metabolites were listed in
Table 1, and the metabolite distribution in urine, plasma and
faeces was summarized in Table S1.

M18, M21, M28, M33, M36 and M51 showed the same
[M – H]− ions  at m/z 353.086  71  (C16H17O9,  error  ≤  ±10.00
ppm). They also presented the similar fragmentation patterns
and produced the same DPIs compared with CQA standards,
such as m/z 179.0350 (caffeic acid skeleton) through the neut-
ral  loss  of m/z 174  (C7H10O5). Furthermore,  they  all  pos-
sessed characteristic secondary generation product ions at m/z
161.0224  and m/z 135.0452,  which  were  formed  by  neutral
loss of  18 Da (H2O) and 44 Da (CO2)  individually from the
ion at m/z 179.0350.  The DPIs  at m/z 191.0561 (quinic  acid
skeleton) and m/z 173.0455 ([quinic acid – H2O]−)  were also
observed.  Finally, M18, M36,  and M51 were  positively
identified  as  the  prototype  drugs  (3-CQA,  5-CQA  and  4-
CQA)  based  on  the  comparison  of  ESI-MS/MS  spectra  and
retention  times  with  the  corresponding  reference  standards,
respectively.

M37, M42, M53 and M66 were eluted at 9.17 min, 8.89
min, 10.79 min and 9.52 min, orderly. They afforded the de-
protonated  molecule  ions  at m/z 179.035  26  (C9H7O4,  mass
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error  within  ±10.00 ppm).  Moreover,  the  DPI  at m/z 135
[M – H – CO2]

− was observed in all of their ESI-MS2 spectra,
which suggested the presence of carboxyl group in their mo-
lecules.  And  thus, M42 was  positively  identified  as  caffeic
acid based on the comparison of ESI-MS/MS spectra and re-
tention time with the corresponding reference standard, while
the others were characterized as caffeic acid isomers [20].

M16, M20, M32 and M54 showed the same theoretical
[M – H]− ions  at m/z 181.049  53,  which  was  calculated  as
C9H9O4 based on the  accurate  mass  with  mass  errors  within
±10 ppm. In their ESI-MS2 spectra, the intensively character-

istic  product  ion  at m/z 163  [M – H – H2O]− was  generated
due to the neutral  loss of H2O (18 Da).  In combination with
the  fragment  ion  at m/z 137  [M – H – CO2]

−, they  were  fi-
nally identified as hydrogenation products of caffeic acid [21].

M25 showed the theoretical [M – H]− ion at m/z 221.044 44
(C11H9O5, mass error of 6.4 ppm). It yielded the fragment ion
at m/z 159, which indicated the existence of hydroxyl, methyl
and carbon oxide group. Considering that it was 42 Da more
than  that  of  caffeic  acid, M25 was  finally  characterized  as
acetylation conjugation of caffeic acid [21].

M9 afforded [M – H]− ion at m/z 236.055 34 in the full-
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Fig. 1    Summary diagram of the developed strategy and methodology
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scan ESI-MS spectrum. It further yielded a series of product
ions  at m/z 162  ([M – H – NH2CH2COO]−)  and m/z 134
([M – H – C2H4NO2 – CO]−)  by  loss  of  C2H4NO2 and
C3H4NO3,  respectively.  And  thus, M9 was  characterized  as
glycine conjugation of caffeic acid [21].

M73 eluted at 10.14 min afforded the deprotonated mo-
lecule ion at m/z 357.081 62 (C15H17O10, mass error of −3.07
ppm). Furthermore, the ion at m/z 357 generated the product
ions  at m/z 313  [M – H – CO2]

− and m/z 163  [M – H –
glucuronide – H2O]−.  Therefore, M73 was  characterized  as
glucuronide conjugation of dihydro-caffeic acid [21].

M4 displayed  the  theoretical  [M – H]− ion  at m/z
147.0454  (C9H7O2,  mass  error  within  ±10.00  ppm).  In  the
ESI-MS2 spectrum,  it  yielded  the  product  ion  at m/z 103
[M – H – CO2]

−. Considering that it was 32 Da less than that
of caffeic acid, M4 was tentatively characterized as cinnamic
acid [22].

M48 afforded  [M – H]− ion  at m/z 163.038 97.  Its  for-
mula could be interpreted as C9H7O3 with mass error within
±2.00 ppm. It was 16 Da less than that of caffeic acid, indic-
ating that M48 might the dehydroxylation product of caffeic
acid. Moreover, the product ions at m/z 119 [M – H – CO2]

−

and m/z 101 [M – H – CO2 – H2O]− were also detected, sug-
gesting the presence of carboxyl group and hydroxyl group in
its molecule. Therefore, M48 was tentatively characterized as
coumaric acid [22].

M29 afforded  the  deprotonated  molecule  ion  at m/z
258.991 80 (C9H7O7S, mass error within ±10.00 ppm). It was
80 Da more than that of caffeic acid, which indicated that the
sulfation reaction probably occurred during the biotransform-
ation.  Moreover,  DPIs  at m/z 179  [M – H – SO3]

− and m/z
135 [M – H – SO3 – CO2]

− were also observed. Based on the
above  deduction  and  relevant  biotransformation, M29 was

tentatively characterized as sulfate conjugate of caffeic acid [23].
With the retention times ranging from 6.31 to 8.32 min,

M12, M19, M27 and M30 showed  the  same  theoretical
[M – H]− ions at m/z 261.006 35 (C9H9O7S, mass error with-
in ±10.00 ppm). In addition, DPIs at m/z 181 [M – H – SO3]

−

and m/z 137  [M – H – SO3 – CO2]
− appeared  in  their  ESI-

MS2 spectra  owing  to  the  neutral  loss  of  SO3 and  (SO3 +
CO2), respectively. Therefore, they were all tentatively char-
acterized as hydrogenation and subsequently sulfate conjuga-
tion of caffeic acid.

M40 eluted  at  9.08  min  gave  [M – H]− ion  at m/z
273.0074 (C10H9O7S, mass error within ±10.00 ppm). It  fur-
ther yielded a series of characteristic product ions at m/z 178
([M – H – SO3 – CH3]

−), m/z 149 ([M – H – SO3 – CO2]
−),

m/z 134 ([M – H – SO3 – CO2 – CH3]
−) and m/z 193 ([M – H –

SO3]
−).  And  thus, M40 was  tentatively  characterized  as

methylation and sulfation conjugation of caffeic acid [24].
M35, M50, M68, M70 and M71 yielded [M – H]− ions

at m/z 193.049 53 (C10H9O4, mass error within ± 10.00 ppm).
In the ESI-MS2 spectra, the characteristic product ions at m/z
178 [M – H – CH3]

−, m/z 149 [M – H – CO2]
− and m/z 134

[M – H – CO2 – CH3]
− indicated  the  possible  presence  of

carboxyl group and methyl group in their molecules. Among
them, M68 and M50 could be positively identified as ferulic
acid  and  isoferulic  acid  based  on  the  comparison  of  ESI-
MS/MS  spectra  and  retention  time  with  those  of  reference
standards. And thus, the other three metabolites were charac-
terized as ferulic acid isomers [24].

M60 afforded [M – H]− ion at m/z 135.044 06 (C8H7O2,
mass  error  within  ±10.00  ppm)  with  the  retention  time  of
10.24 min. Moreover, the ion at m/z 135 yielded the product
ions at m/z 120 [M – H – CH3]

− and m/z 92 [M – H – CO –
CH3]

−,  which  suggested  the  presence  of  methyl  group  and
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carbonyl group, respectively. According to the previous liter-
ature  data, M60 was tentatively  characterized  as  vinylcat-
echol [25].

M39 and M65 provided  their  deprotonated  molecular
ions at m/z 165.055 89 and m/z 165.055 84 (C9H9O4, mass er-
ror within ±10.00 ppm), respectively. The product ion at m/z
121 [M – H – CO2]

− appeared in their ESI-MS2 spectra, sug-
gesting  the  presence  of  carbonyl  group.  Accordingly,  both
M39 and M65 were  tentatively  characterized  as  3-hydroxy-
phenylpropionic acid or its isomer.

M43, M56, M64 and M69 showed  the  same  [M – H]−

ions at m/z 195.065 18 (C10H11O4, mass error ≤ ±10.00 ppm),
which presented the similar fragmentation patterns, DPIs and
characteristic  product  ions.  Besides,  they  were  2  Da  more
than that of ferulic acid, indicating that they were hydrogena-
tion  products  of  ferulic  acid.  The  characteristic  product  ions
at m/z 180  [M – H – CH3]

− and m/z 136  [M – H – CH3 –
CO2]

− appearing in their ESI-MS2 spectra also confirmed our
deduction. And thus, M43, M56, M64 and M69 were tentat-
ively characterized as dihydro-ferulic acid and its isomers [26].

M2 afforded [M – H]− ion  at m/z 191.056 14 (C7H11O6,
mass error ≤ ±10.00 ppm), and then yielded a series of DPIs
at m/z 173 [M – H – H2O]−, m/z 147 [M – H – CO2]

− and m/z
111 [M – H – CO2 – 2H2O]−. Based on the comparison of ESI-
MS/MS spectrum and retention  time with  the  corresponding
reference  standard, M2 was  unambiguously  identified  as
quinic acid [21].

M3 afforded  [M – H]− ion  at m/z 173.044  45  (C7H9O5,
mass error ≤ ±10.00 ppm). which was 18 Da less than that of
quinic acid, indicating that M3 was likely to be dihydroxyla-
tion  product  of  quinic  acid.  Meanwhile,  the  occurrence  of
product  ions  at m/z 129  [M – H – CO2]

−, m/z 155
[M – H – H2O]− and m/z 111  [M – H – CO2 – 2H2O]− in  its
ESI-MS/MS  spectrum, M3 was  tentatively  characterized  as
shikimic acid [22].

M45 generated [M – H]− ion at m/z 121.028 85 (C7H5O2,
mass  error  ≤  ±10.00  ppm).  The  product  ion  at m/z 93
[M – H – CO]− appeared in the ESI-MS2 spectra, which sug-
gested  the  presence  of  carbonyl  group.  Therefore, M45 was
tentatively characterized as benzoic acid.

M44 yielded  the  deprotonated  molecule  ion  at m/z
179.070  27  (C10H11O3, mass  error  ≤  ±10.00  ppm).  Further-
more, it gave rise to the characteristic product ion at m/z 135
[M – H – CO2]

−,  which  indicated  the  presence  of  carbonyl
group in its molecular. Therefore, M44 was tentatively char-
acterized as methyl 2-ethoxybenzoate.

M22 possessed  the  theoretical  [M – H]− ion  at m/z
137.023 32 (C7H5O3, mass error ≤ ±10.00 ppm). It was 16 Da
more than that of benzoic acid, indicating that it might be hy-
droxylation  product  of  benzoic  acid.  Meanwhile,  combined
with the product ions at m/z 93 [M – H – CO2]

− and m/z 109
[M – H – H2O]−, M22 was  tentatively  characterized as  3-hy-
droxybenzoic acid.

M11 afforded  the  deprotonated  molecule  ion  at m/z
153.018  23  (C7H5O4,  mass  error  ≤  ±10.00  ppm).  It  yielded

the  product  ion  at m/z 109  [M – H – CO2]
−,  suggesting  the

presence  of  the  carboxyl  group  in  its  molecule.  Therefore,
M11 was characterized as 3,4-dihydroxybenzoic acid.

M14 and M34 generated the same [M – H]− ions at m/z
178.049  86  (C9H8NO3)  with  mass  error  within  ±10.00  ppm.
In addition, DPI at m/z 134 [M – H – CO2]

− indicating the oc-
currence  of  a  carboxyl  group  was  also  observed.  Therefore,
M14 and M34 were characterized as hippuric acid or its iso-
mer.

M23 yielded [M – H]− ion at m/z 194.044 78 (C8H8NO4)
with  mass  error  within  ±10.00  ppm.  Additionally,  it  was  16
Da more than that of hippuric acid. Moreover, DPI at m/z 135
[M – H – CO2 – CH3]

− and  product  ion  at m/z 150
[M – H – CO2]

− indicating  the  occurrence  of  carboxyl  group
and methyl group were observed. Therefore, M23 was tentat-
ively characterized as 3-hydroxyl hippuric acid.

M1, M10 and M62 afforded  the  deprotonated  molecule
ion  at m/z 197.044  45  (C9H9O5,  mass  error  ≤  ±10.00  ppm).
Then the ion at m/z 197 further yielded a series of character-
istic  product  ions at m/z 167, m/z 149 and m/z 121. Accord-
ing to the previously reported literature, M1, M10 and M62
were  tentatively  characterized  as  syringic  acid  or  its  isom-
ers [27].

In  the  ESI-MS2 spectra  of M5, M7, M8 and M13,  the
[M – H]− ions  at m/z 167.033  88  (C8H7O4,  error  ≤  ±10.00
ppm) generated the fragment ions at m/z 123 [M – H – CO2]

−

and m/z 149  [M – H – H2O]−,  indicating  the  presence  of
carboxyl and  hydroxyl  groups.  Therefore,  they  were  tentat-
ively characterized as vanillic acid or its isomers.

M17, M47 and M67 afforded  [M – H]− ions  at m/z
355.102 35 (C16H19O9, mass error ≤ ±10.00 ppm) with the re-
tention time ranging from 6.91 to 11.04 min. They were 2 Da
more than that of prototype drug, indicating that they may be
the hydrogenation products of CQA. Meanwhile, the charac-
teristic  product  ion  at m/z 191.0561  [M – H – C9H8O3]

−

(quinic acid skeleton) and m/z 173.0455 [M – H – C9H10O4]
−

in  their  ESI-MS2 spectra  suggested  the  presence  of  quinic
acid group. Then it yielded the fragment ion at m/z 181.0495
[M – H – C7H10O5]

− (dihydro-caffeic  acid  skeleton),  which
indicated  the  existence  of  dihydro-caffeic  acid  group.  The
fragment ion at m/z 137.0233 were also observed, which were
formed  by  neutral  loss  of  44  Da  (CO2)  from  the  ion  at m/z
181.0495.  Therefore,  they  were  tentatively  characterized  as
dihydro-CQA isomers [28].

M38, M49, M58 and M63 were extracted in the HREIC
at m/z 367.104 00 (C17H19O9,  mass error ≤ ±2.00 ppm) with
retention time from 8.92 to 10.42 min. They all possessed the
similar  DPIs  at  179.0350  (caffeic  acid  skeleton)  and m/z
135.0452.  Besides,  the  DPIs m/z 191.0561  ([quinic
acid – H]−) and m/z 173.0455 ([quinic acid – H2O – H]−) also
existed. And thus, they tended to be methylation products of
CQA [28].

M41, M52, M55, M57, M59 and M61 showed the same
[M – H]− ions at m/z 369.11801 (C17H21O9, mass error with-
in ±10.00 ppm). They were 2 Da more than that of methyla-
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tion  product  of  CQA.  In  their  ESI-MS2 spectra,  there  were
abundant product ions at m/z 191 [quinic acid – H]−, m/z 173
[quinic  acid – H – H2O]− and  product  ions  at m/z 181  [di-
hydrocaffeic  acid – H]− and m/z 137 [dihydrocaffeic  aciddi-
hydrocaffeic acidCO2 – H]−, indicating that they were hydro-
genation and methylation products of CQA.

M72 eluted  at  13.82  min  yielded  [M – H]− ion  at m/z
543.170  83  (C24H31O14).  It  was  176  Da  more  than  that  of
methyl  CQA,  suggesting  the  presence  of  glucuronidation
group  in  the  molecule.  Therefore,  in  combination  with  the
DPIs  at m/z 173  [quinic  acid – H2O – H]−, m/z 135  [caffeic
acid – CO2 – H]− and  product  ion  at m/z 367  [M – H – gluc-
ose]−, M72 was characterized as glucose conjugation product
of methyl CQA.

Both M15 and M24 afforded  [M – H]− ions  at m/z
433.043  52  (C16H17O12S,  mass  error  ≤  ±10.00  ppm).  They
further  yielded  a  series  of  DPIs  (m/z 191  [quinic  acid – H]−,
m/z 173  [quinic  acid – H2O – H]− and m/z 135  [caffeic
acid – CO2 – H]−) and product ion (m/z 353 [M – H – SO3]

−).
The  fact  that  they  were  80  Da  more  than  that  of  prototype
drugs,  suggested  the  presence  of  sulfonation  group  in  their
molecules.  Therefore,  they  were  tentatively  characterized  as
sulfate conjugation products of CQA.

M26, M31 and M46 afforded the deprotonated molecule
ion  at m/z 529.1199  (C23H29O14,  mass  error  ≤  ±1.00  ppm).
They were 176 Da more than that of the prototype drug, sug-
gesting the  presence  of  a  glucuronide  group  in  their  mo-
lecules. Furthermore, in combination with the observed DPIs
(m/z 353 [M – H – 176]−, m/z 191 [quinic acid – H]−, m/z 173
[quinic  acid – H2O – H]− and m/z 135  [caffeic  acid – H –
CO2]

−),  they  were  tentatively  characterized  as  glucuronide
conjugation products of CQA.

M6 generated  the  deprotonated  molecule  ion  at m/z
435.059  17  (C16H20O12S,  mass  error  ≤  ±10.00  ppm).  It  was
80  Da  more  than  that  of  dihydro-CQA,  indicating  that  the
sulfation  reaction  probably  occurred.  Moreover,  the  product
ions  at m/z 417  [M – H – H2O]−, m/z 181  [Dihydrocaffeic
acid – H]− and m/z 261  [Dihydrocaffeic  acid – H  +  SO3]

−)
were also observed. Therefore, M6 was tentatively character-
ized as sulfate conjugation product of dihydro-CQA. 

Comparative  metabolism  study  on  5-CQA,  4-CQA  and  3-
CQA in rats

In  this  study,  all  the in  vivo metabolites  of  5-CQA,  4-
CQA and 3-CQA in rat  plasma, urine and faeces were com-
pared comprehensively (Figs. 3, S3, and 4). Summarizing the
metabolic pathways  of  73  metabolites  identified  in  rats  re-
spectively  administrated  with  5-CQA,  4-CQA  and  3-CQA,
three main  biotransformation  pathways  producing  metabol-
ites were listed as follows: Firstly,  positional isomerism was
prone to engender during biotransformation. For instance, the
caffeoyl on quinic acid was easy to migrate, which resulted in
the  mutual  transformation  among  5-CQA,  4-CQA  and  3-
CQA. Secondly, 5-CQA, 4-CQA and 3-CQA could be easily
hydrolyzed into caffeic acid and quinic acid, which were im-
mediately followed by a series of metabolic reactions includ-

ing sulfate conjugation,  methylation and sulfate conjugation,
acetylation  and  glucuronide  conjugation.  In  addition,  some
biotransformation pathways were also observed based on the
prototype  drugs,  such  as  methylation,  hydrogenation,  and
so on.

Individually, there  were  many  specific  metabolites  gen-
erated for these three CQAs. For example, a total of 16 meta-
bolites  were  found  solely  for  5-CQA  mostly  involved  in
sulfate conjugation,  methylation,  cysteine  glycine  conjuga-
tion, etc.  Meanwhile,  10  metabolites  were  only  detected  in
the  metabolic  profiling  of  4-CQA,  including  hydrogenation,
methylation,  and  so  on.  In  contrast,  relatively  few  special
metabolites were screened and identified for 3-CQA.

Moreover, during  the  biotransformation  process,  proto-
type  drugs  usually  yielded  the  intermediate  metabolites  at
first, and then the further metabolic reactions occurred based
on these  intermediate  metabolites.  Therefore,  the  intermedi-
ate metabolites  were  usually  regarded  as  main  essential  in-
gredients  among the  metabolic  profiling,  such as  5-CQA, 4-
CQA,  3-CQA,  qunic  acid,  caffeic  acid,  ferulic  acid  and
isoferulic  acid  (Fig.  5).  The  rest  metabolites  generated  from
these  essential  metabolites  were  often  in  extremely  low
quantity. Therefore,  when  Network  Pharmacology  was  ap-
plied to interpret the anti-inflammatory mechanism for those
three CQAs, three prototype drugs (5-CQA, 4-CQA, 3-CQA)
and four  essential  metabolites  (qunic  acid,  caffeic  acid,  fer-
ulic acid and isoferulic acid) were adopted as the research ob-
jects. 

Network  pharmacology  for  anti-inflammation  mechanism
study 

Target prediction acting on inflammation and compounds
In  total,  36  115  known  targets  for  inflammation  were

collected from database [29]. The details were described in Ta-
ble S2. Furthermore, the number of putative targets for 7 es-
sential metabolites was summed up to 649 by eliminating the
overlapping values.  Detailed  information  about  putative  tar-
gets is provided in Table S3. As a result, a total of 159 anti-
inflammatory potential targets were screened by selecting in-
tersection (Table S4). 

Networks and its features
After eliminating the overlapping proteins, a compound-

target network was constructed on the basis of 7 metabolites
(5-CQA,  4-CQA,  3-CQA,  qunic  acid,  caffeic  acid,  ferulic
acid  and  isoferulic  acid)  and  their  targets.  As  shown  in
Fig.  6,  the  network  was  composed  of  166  nodes  and  648
edges. System biology studies had shown that genes and pro-
teins were  interconnected  and the  PPI  Networks  were  relev-
ant  to  understand  the  role  of  various  proteins  involved  in
complex diseases (Table S5) [30]. Finally, we obtained the PPI
relationship (Fig. 6), which consisted of 159 nodes and 1046
edges. The essential proteins were found to occur in both in-
flammation  associated  and  compounds  target  Networks:
GAPDH,  ALB,  TP53,  MAPK1,  ESR1,  HRAS,  MAPK8,
MAPK14 and  SOD1,  which  played  an  important  role  in  the
response to 7 metabolites in the anti-inflammation activities.
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And the related parameters (Degree, Betweenness and Close-
ness) of essential proteins was shown in Table S6. 

Enrichment analysis
The biological processes (BP), molecular functions (MF)
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Fig. 3    Distribution for metabolites of 5-CQA, 4-CQA, 3-CQA in rat plasma, urine and faeces
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Fig. 4    Veen diagram of the metabolites of 5-CQA, 4-CQA and 3-CQA
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and cellular component (CC) of 7 metabolites were analyzed
using FunRich  software.  The  results  showed  that  these  tar-
gets were  enriched  into  20  biological  processes,  51  molecu-
lar functions and 92 cell components (Table S7). Meanwhile,
159  interactive  targets  involved  642  signal  pathways  in
KEGG Enrichment  analysis  (Table  S8).  The  top  ten  path-
ways (P < 0.01) were p75 (NTR)-mediated signaling, MAPK
related  pathways,  Glutathione  conjugation,  S1P2  pathway,
TNF receptor signaling pathway, p38 MAPK signaling path-
way, ALK1 pathway, Phase II conjugation, Biological oxida-
tions and dopamine degradation (Figs. 6C and 6D). Based on
these  data,  we  speculated  that  components  could  exert  anti-
inflammatory effects  by  mediating  the  related  pathways  in-
volved in  hormone  levels,  DNA  transcription,  receptor  ex-
pression and metabolism, and so on. 

Conclusions

Due to the low absorption efficiency of 5-CQA, 4-CQA
and 3-CQA,  it  is  difficult  to  reveal  their  metabolic  behavior
of  three  compounds [31-33].  Unless  they  are  administered  at  a
higher dose  than  clinic  dose,  their  metabolic  laws  and  path-
ways  could  be  figured  out,  and  thus  numerous  metabolites
were able to be found in different biological samples. There-
fore, the larger doses were a necessary prerequisite for study-
ing the compounds’ metabolic pathway. Here,  we set  a dose
of  250  mg/kg  body  weight,  which  was  10–25  times  of  the
clinic dose. Besides, metabolites identification relied on UH-
PLC-HRMS, and its advantages to ensure the detection sens-
itivity. We previously summarized that  CQAs could be con-
verted  to  caffeic  acid  and  quinic  acid in  vivo.  This  process
was accompolished  under  the  action  of  intestinal  flora  es-
terase, which mainly occured in the cecum and colon [34-35]. In
this  study,  5-CQA,  4-CQA  and  3-CQA  generated  a  wide
range of metabolites when individually administrated to rats.
Moreover,  5-CQA,  4-CQA  and  3-CQA  mainly  underwent
similar metabolic pathways including methylation, hydrogen-
ation, glucuronic  acid  conjugation,  sulfonation,  isomeriza-
tion, and so on.

Network  Pharmacology  results  demonstrated  that  5-
CQA, 4-CQA, 3-CQA and their  metabolites exerted an anti-
inflammatory effect through co-owned 52 targets.  A number
of different targets enriched the same metabolic pathway, in-
dicating  that  5-CQA  and  homologs  exerted  anti-inflammat-
ory activities through similar metabolic pathways. According
to  the  GO  analysis  result,  5-CQA  and  its  homologs  had  the
same  biological  and  molecular  processes.  Besides,  Network
Pharmacology results  demonstrated that  the  sites  of  exerting
efficacy in the body were also highly similar.  Most  of  CQA
homolog targets  were  found  to  be  receptor,  transferase,  lig-
ase,  signaling  molecule,  hydrolase,  phosphatase,  and  so  on,
indicating that CQA homolog and their metabolites could act
as signal molecules binding to these targets and regulating the
biological functions of related targets.

In this  study,  we  revealed  that  5-CQA  and  its  two  iso-
mers  produced  74  metabolites  in  rats.  Moreover,  many  of

these metabolites have not ever been reported. We also sum-
marized a much more systematic metabolic pathways through
analysis of prototype drugs and their metabolites, and four in-
gredients (caffeic acid, quinic acid, ferulic acid and isoferulic
acid) were deduced as the most important metabolites, which
produced  by  a  series  of  reactions.  It  was  generally  believed
that  the  metabolic  components  in  biological  samples  have
many  better  biological  activities.  Therefore,  we  regarded  5-
CQA, 4-CQA, 3-CQA and four main metabolites as the can-
didate  components,  and  then  predicted  their  anti-inflammat-
ory mechanism of those seven components through Network
Pharmacology. Eventually,  much  more  biological  informa-
tion  was  obtained  because  four  more  metabolic  components
were considered during the analysis. In conclusion, we estab-
lished  a  strategy  for  the  differential  expression  of  isomeric
components-metabolite  profiles-network  targets-biological
effects for 5-CQA and its homologs, which would provide a
new idea for the other similar studies. 

Supplementary Materials

Supplementary materials  are available as Supporting In-
formation, and can be requested by sending E-mail to the cor-
responding author.
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