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Abstract A novel anti-tumor candidate drug, 5-chlorogenic
acid (5-CQA) injection, was used for the treatment of ma-
lignant glioma in clinical trial (phase I) in China. The isola-
tion and identification of the metabolites of 5-CQA injection
in humans were investigated in the present study. Urine and
feces samples obtained after intramuscular administration of
5-CQA injection to healthy adults have been analyzed by
high-performance liquid chromatography coupled with
high-resolution mass and multiple-stage mass spectrometry
(HPLC-HRMS/MSn). No metabolite was detected in human
feces; however, in human urine, a total of six metabolites
were identified including isomerized 5-CQA (P1 and P2),
hydrolyzed 5-CQA (M1and M2), and methylated 5-CQA

(M3 and M4). Among them, M3 and M4 were the main
metabolites and target analytes for human mass balance
study. Additionally, the structure of M3 and M4 was char-
acterized by high-performance liquid chromatography-solid
phase extraction-nuclear magnetic resonance (HPLC-SPE-
NMR), and the results demonstrated that the methoxy group
of M3 and M4 was exclusively attributed to C-3′ and C-4′,
respectively. Due to the unavailability of commercial refer-
ence, the pure products of M3 and M4 were synthesized by
5-CQA methylation and followed by isolation and purifica-
tion. Moreover, the potential activity of M3 and M4 on
malignant glioma was predicted using a reverse molecular
docking analysis on eight malignant glioma-related path-
ways. The results showed that M3 and M4 had various
interactions against malignant glioma-related targets. Our
study provides an insight into the metabolism of 5-CQA
injection in humans and supports the clinical human mass
balance study.
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HPLC-SPE-NMR High-performance liquid
chromatography-solid phase
extraction-nuclear magnetic
resonance

HSQC Heteronuclear single-quantum
correlation

Introduction

Chlorogenic acids (CQAs) are a family of esters formed by
trans-cinnamic acids and D-(-)-quinic acid [1], which serve as
the bioactive compounds of herbal medicines such as the flow-
er of Lonicera japonica Thunb and the leaves of Eucommia
ulmoides [2]. The most widely occurring CQA in plants and
medicinal herbs is 5-O-caffeoylquinic acid [(1S,3R,4R,5R)-
3-{[(2Z)-3-(3,4-dihydroxyphenyl) prop-2-enoyl]oxy}-1,4,5-
trihydroxycyclohexanecarboxylic acid; 5-CQA] [3].
Accumulating evidence has demonstrated that CQAs exhibited
multiple pharmacological properties, including antibacterial,
antioxidant, analgesic, antipyretic, and anticarcinogenic activ-
ities [4–7]. Moreover, 5-CQA has been proposed to inhibit
tumor growth and angiogenesis by suppressing tyrosinase
and matrix metalloproteinase (MMP)-9 [8, 9] or by inhibiting
HIF-1α stabilization and AKT phosphorylation [10]. The 5-
CQA injection is a novel anti-tumor candidate drug developed
by Sichuan J.Z. Bio-chemical Science and Technology
Development Co., Ltd., in China. The clinical approval docu-
ments of the raw materials and injection of 5-CQA (approval
number 2013L01856 and 2013L1855) were promulgated by
CFDA in 2013. Currently, the phase I clinical trial of tolerance
and pharmacokinetics characters of 5-CQA injection in the
advanced malignant tumor subjects is being carried out at
Beijing Shijitan Hospital in China.

Metabolites play an important role in clinical research
since they are closely related to the clinic efficacy and toxic-
ity. For example, lovastatin had no activity in vitro; however,
it could be hydrolyzed to β-hydroxy acid derivatives in vivo
to form an effective inhibitor for HMG-CoA reductase which
contributed to the treatment of coronary heart disease [11].
Some drugs were easy to be metabolic inactivation in the
body at the end of treatment, because they were decomposed
and rapidly excreted out of the body according to the pre-set
metabolic pathway, thereby avoiding the toxicity. Atracurium
besilate, a kind of muscle relaxant, was quickly metabolized
to inactive metabolites under physiological conditions. There
was no accumulation of atracurium besilate in the body,
which had no harm to the heart, liver, and kidney [12].
Other drugs like lidocaine produced toxic metabolites. It
was metabolized in the liver to form the ethyl metabolites
which still had a local anesthesia effect and lead to a certain
toxicity [13]. Therefore, metabolism could make the drugs
produce active, inactive, and even toxic metabolites, so the

analysis and identification of the drug metabolites are of great
significance in clinical trials.

The absorption of orally administered 5-CQA and caffeic
acid was previously studied in rats [14]. Rats were adminis-
tered 248 mg/kg of 5-CQA or caffeic acid, and the blood was
collected from the tail for 6 h after administration. After 5-
CQA administration, only traces of caffeic and ferulic acid
conjugates appeared in the plasma, and no 5-CQAwas detect-
ed. However, 5-CQA and a variety of its metabolites were
found in the plasma after caffeic acid administration.
Therefore, it is speculated that 5-CQA is not easily absorbed
by the intestine, but can be first hydrolyzed to caffeic acid and
then be absorbed by the intestine. Urinary metabolites of
caffeic acid and 5-CQA were studied by Booth et al. [15].
After oral administration of 1 g of 5-CQA to volunteers, the
major metabolites in urine were caffeic acid, glycine conju-
gates of m-hydroxy coumaric acid, glucuronic acid conjugates,
and dihydromuric acid. Thus, the main products of 5-CQA in
plasma or urine were caffeic acid and its metabolites. Unlike
oral administration, 5-CQA was extensively metabolized in
rats after a single intravenous administration of 10 mg/kg
[16], and a total of 35 metabolites were detected in the bile,
urine, feces, and plasma. The major metabolites in bile were
glutathione conjugates of methylated 5-CQA, occupying ap-
proximately 80% of the metabolites excreted in the bile. The
predominant components in urine were 5-CQA, methylated 5-
CQA, hydrolyzed metabolites, and glucuronide conjugates.
The major metabolites in the feces were methylated 5-CQA
and its cysteine conjugates. These results demonstrated that 5-
CQA underwent wide metabolism in rats. It is remarkable that
there are no reports of 5-CQA metabolism in humans after
intramuscular administration so far.

In this paper, the metabolic profile of 5-CQA injection in
human urine and feces were investigated by HPLC-HRMS/
MSn after the intramuscular administration. The metabolites
were identified based on HRMS and MSn data, and the prin-
cipal methylated metabolites were unambiguously assigned
based on NMR data by HPLC-SPE-NMR. Moreover, main
metabolites in humans were synthetized for the support of
human mass balance study. The activity of main metabolites
on anti-malignant glioma was predicted by reverse molecular
docking method.

Materials and methods

Chemicals and reagents

The 5-CQA raw materials (purity 99.6%) and 5-CQA injec-
tion (purity 99.7%, 120 mg per injection, containing 30 mg of
5-CQA) were supplied by Sichuan Jiuzhang Bio-Technique
Co. Ltd. (Sichuan, China). Both purities were measured by the
method of metabolite profile. Caffeic acid and 5-CQA
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standards were purchased from the National Institute for
Control of Pharmaceutical and Biological Products (Beijing,
China). Quinic acid standard was obtained from Sigma-
Aldrich (St. Louis, MO, USA). The purity of all standards
was greater than 96%. Methanol of MS grade and HPLC
grade was purchased from Fisher Chemicals Co. (Fair Lawn,
NJ, USA) and Honeywell Burdick & Jackson Inc.
(Muskegon, MI, USA). Trifluoroacetic acid of analytical
grade was obtained from J&K Scientific Ltd. (Beijing,
China). Formic acid of HPLC grade was purchased from
Mallinckrodt Baker Inc. (Phillipsburg, NL, USA). Dimethyl
sulfate of analytical grade was ordered from Shenyang
Chemical Reagent Plant (Shenyang, China). Triethylamine
of analytical grade was from Fisher Chemicals Co. (Fair
Lawn, NJ, USA). Tetra-n-butylammonium bromide of analyt-
ical grade was obtained from Shanghai Dibai Chemical
Technology Co. (Shanghai, China). Sodium hydroxide of an-
alytical grade was purchased from Beijing Chemical Reagent
Plant (Beijing, China). Other chemicals were all of analytical
grade. Deionized water was purified using a Millipore water
purification system (Millipore, Billerica, MA, USA).

Human urine and feces collection

Three healthy adults were enrolled in this study, including a
male adult and two female adults aged from 31 to 45 years
with a mean body weight of 60 kg.

A single dose of 120 mg 5-CQA injection (corresponding
to 30 mg of 5-CQA) was intramuscularly administered to
three adults each day, and the administration lasted for five
consecutive days. Blank urine and feces were collected before
administration. Urine was taken in three fractions (0–3, 3–4,
and 4–6 h) on the first day and 0–3 h from the second day to
the fifth day after drug administration. Feces were collected 0–
24 h on the first day after dosing. The obtained urine and feces
were frozen at − 80 °C immediately for further use.

Metabolic profile by HPLC-HRMS/MSn

Sample preparation

After thawing at 4 °C, a 1-mL of urine sample from each
participant at different fractions on the first day was trans-
ferred into a 10-mL glass tube. An aliquot of 5 mL methanol
was added to the tube, after which the mixture was sonicated
for 5 min and centrifuged at 4500 rpm for 10 min. The super-
natant was then collected and evaporated to dryness at 37 °C
under a gentle stream of nitrogen. The residue was redissolved
in 100 μL of water containing 1% formic acid-methanol (9:1,
v/v) and centrifuged at 10000 rpm for 10 min. A 20-μL super-
natant was injected into the HPLC-HRMS system for
analysis.

Fecal samples were dried in the dark at room tempera-
ture and slowly ground into powder. Then a 0.2 g of fecal
sample from each participant was extracted with 1 mL
methanol by ultrasonic treatment for 10 min and subse-
quently centrifuged at 3500 rpm for 5 min. An aliquot of
100 μL supernatant was transferred to another tube and
then added 200 μL acetonitrile, followed by vortexing for
60 s. After that, the sample was centrifuged at 4500 rpm for
5 min, and the supernatant was evaporated to dryness at
37 °C under a gentle stream of nitrogen. The residue was
redissolved in 100 μL water containing 1% formic acid-
methanol (9: 1, v/v), and centrifuged at 10000 rpm for
10 min. A 20-μL of supernatant was injected into the
HPLC-HRMS system for analysis.

HPLC-HRMS/MSn analytical condition

HPLC separation was carried out on a Surveyor LC Plus sys-
tem equipped with a Surveyor MS Pump Plus, a Surveyor
Autosampler, and a Surveyor PDA Plus detector. Samples
were separated on a Waters Symmetry C18 column
(250 mm × 4.6 mm, 3 μm). The mobile phase consisted of
0.1% formic acid in water (A) and methanol (B) delivered at a
flow rate of 0.9 mL/min (split ratio, 1: 3) using a gradient
program as follows: 0–3 min, 10% B; 15–16 min, 45% B;
21 min, 90% B; 24–30 min, 10% B. Column temperature
was maintained at 30 °C. UV detection was set at 330 nm
and the spectra were collected at 200–600 nm.

AThermo Scientific LTQ FTwas connected to the Thermo
Scientific Surveyor LC Plus system by an electrospray ioni-
zation (ESI) interface. Ultrahigh-purity helium (He) and high-
purity nitrogen (N2) were used as the collision gas and the
nebulizing gas, respectively. The operating parameters in the
negative ion mode were set as follows: ion spray voltage at
3.8 kV, capillary temperature at 250 °C, capillary voltage at
− 45 V, sheath gas flow rate of 40 (arbitrary units), auxiliary
gas flow rate of 10 (arbitrary units), sweep gas flow rate of 3
(arbitrary units), and tube lens at − 120 V. During the detec-
tion, the period of 0–1 min was switched to waste.
Compounds were detected by full-scan mass analysis from
m/z 100 to 1000 at a resolving power of 50,000 with data-
dependent MS2 analysis triggered by the two most abundant
ions from full-scan mass analysis, followed by MS3 analysis
of the most abundant product ions. Collision-induced disso-
ciation (CID) was performed with an isolation width of 2 Da.
The collision energy was set as 35%. Dynamic exclusion was
conducted by utilizing a repeat count of one, prior to exclu-
sion. Each mass-to-charge value resided on the dynamic ex-
clusion list for 30 s after the data-dependent MS2 experiment.
Upon data-dependent analyses incorporating dynamic exclu-
sion, HRMS and MSn data of compounds in samples could
be acquired automatically.
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Identification of methylated metabolites

Sample preparation

A 50-μL prepared urine sample was diluted to 250 μL with
water, then vortexed for 30 s, and centrifuged at 10000 rpm for
10 min. The supernatant was injected to HPLC system for
analysis.

A 10-mg sample of 5-CQA raw materials was accurately
weighed, then transferred to a 15-mL tube with 1.7 mL water,
and vortexed for 30 s. An 850-μL 0.3 mmol/L NaOH was
added to the tube; after which, the tube was vortexed for
30 s. The phase transfer catalyst tetra-n-butylammonium bro-
mide was then added and the sample was vortexed again for
30 s. After adding 170 μL dimethyl sulfate, the tube was
incubated for 15 min at 37 °C. A 170-μL triethylamine was
added to the mixture and vortexed for 30 s. The mixture was
then filtered through a 0.45-μmMillipore filter. An aliquot of
20 μL of filtered sample was diluted to 800 μL with water,
then vortexed for 30 s, and centrifuged at 10000 rpm for
10 min. The supernatant was injected to HPLC system for
analysis.

A 50-μL prepared urine sample and a 50-μL prepared syn-
thetic sample were mixed to form the pooled sample and then
vortexed for 30 s for HPLC analysis.

Comparison of methylated metabolites from human urine
with chemical synthesis

Two kinds of modes (mode A and mode B) were established
to compare the methylated metabolites from human urine with
chemical synthesis.

Bothmodes were carried out on a Surveyor LC Plus system
equipped with a Surveyor MS Pump Plus, a Surveyor
Autosampler, and a Surveyor PDA Plus detector. Samples
were separated on a Waters Symmetry C18 column
(250 mm × 4.6 mm, 3 μm). Column temperature was main-
tained at 30 °C, and the injection volume was 20 μL. UV
detection was set at 330 nm and the spectra were collected at
200–600 nm.

The mobile phase of the mode A consisted of a mixture of
0.1% formic acid in water and methanol (75: 25, v/v).
Analytes were eluted from the column over a 30-min run-time
at a flow rate of 0.9 mL/min (split ratio, 1: 3). A Thermo
Scientific LTQ FT was connected to the Thermo Scientific
Surveyor LC Plus system by an electrospray ionization
(ESI) interface. The HRMS condition was the same as meta-
bolic profile.

The mode B was set as follows. The mobile phase
consisted of 0.1% trifluoroacetic acid in water (A) and meth-
anol (B) using a gradient program: 0–26 min, 26% B; 26.10–
30 min, 80% B; 30.10–38 min, 26% B. The flow rate was set

as follows: 0–26.10 min, 0.8 mL/min; 26.10–30 min, 0.8–
1.2 mL/min; 30.10–38 min, 0.8 mL/min.

HPLC-SPE-NMR analytical condition

The HPLC separation was performed with an Agilent 1260
system consisting of a degasser, a quaternary pump, an
autosampler, a column oven, a diode array detector, and a
Waters symmetry C18 column (250 mm × 4.6 mm, 3 μm).
The column was operated at 30 °C. Separations were per-
formed using the mode B. The HPLC eluate was directed
to the photodiode-array detector and then, after diluting
with 3 mL/min of H2O by means of a Knauer Smartline
pump 120 (Knauer, Berlin, Germany), to a Prospect 2 SPE-
unit (Spark Holland, Emmen, The Netherlands). Selected
target chromatographic peaks were trapped on SPE car-
tridges (Hysphere GP-phase, 10 × 2 mm i.d., from Spark
Holland), preconditioned with 6000 μL of MeOH and sub-
sequently equilibrated with 500 μL of H2O. A total of 20
cumulative trappings were performed for peaks M3 and
M4 after 20 repeated separations using injections corre-
sponding to synthetic sample. After trapping, the cartridges
were dried with a stream of nitrogen gas for 30 min and
subsequently eluted with methanol-d4 into 3 mm o.d. NMR
tubes (NORELL, Morganton, USA). The tubes were filled
with 120 μL of eluted sample and sealed with plastic balls.
Chromatographic separation and analyte trapping on SPE
cartridges were controlled using the Hystar ver. 3.2 soft-
ware (Bruker Daltonik).

NMR experiments were performed with a Bruker
Avance III HD NMR system (operating at a 1H frequency
of 600.25 MHz) equipped with a Bruker SampleXpress
sample changer and a cryogenically cooled gradient ob-
verse 5 mm CPDCH probe head (Bruker Biospin,
Karlsruhe, Germany) optimized for 1H and 13C observa-
tion. Bruker standard pulse sequences were used through-
out this study. The 1D 1H NMR spectra were acquired in
automation (temperature equilibration to 298 K, optimiza-
tion of lock parameters, gradient shimming, and setting of
receiver gain) with 30-degree pulses. A total of 65 k data
points were collected and multiplied with an exponential
function corresponding to line broadening of 0.3 Hz prior
to Fourier transform. The 2D heteronuclear experiments
were acquired with 1024 data points in the direct dimen-
sion and 220 data points in the indirect dimension (HSQC)
or 4096 data points in the direct dimension and 300 data
points in the indirect dimension (HMBC). The HMBC and
HSQC experiments were optimized for nJH,C = 8 Hz and
1JH,C = 145 Hz, respectively. HMBC and HSQC spectra
were processed to 1 k × 1 k data matrices, after linear
prediction (32 coefficients) in F1 and application of a
sine-bell window function in F1 and F2.
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Synthesis, isolation, and purification of methylated
metabolites

Synthesis

A total of 200 mg 5-CQA raw materials were used for the
synthesis and aliquoted into 20 copies. For each copy,
10 mg of 5-CQA raw materials, accurately weighed, was
transferred to a 15-mL tube with 1.7 mL water and vortexed
for 30 s. After addition of 850 μL of 0.3 mmol/L NaOH, the
mixture was vortexed for 30 s again. The phase transfer cata-
lyst tetra-n-butylammonium bromide was then added, and the
sample was vortexed again for 30 s. After adding 170 μL of
dimethyl sulfate, the tube was incubating 15 min at 37 °C. A
170-μL triethylamine was added into the mixture and
vortexed for 30 s. An 8.7-mL diethyl ether was added into
the mixture, followed by high-speed vortexing for 3 min.

Meanwhile, 20 μL of sample before and after diethyl ether
extraction was diluted with 180 μL water, respectively, then
vortexed for 30 s, and centrifuged at 10000 rpm for 10 min.
The supernatant was injected to HPLC system for analysis.

Then 20 samples were centrifuged at 4500 rpm for 10 min.
The lower aqueous phases were collected and transferred to a
new tube for freeze-drying. At the same time, 20 μL of aque-
ous phase sample was diluted to 200 μL with water, then
vortexed for 30 s, and centrifuged at 10000 rpm for 10 min.
The supernatant was injected to HPLC system for analysis.

HPLC-UVanalytical condition

Separation was carried out on a Surveyor LC Plus system
equipped with a Surveyor MS Pump Plus, a Surveyor
Autosampler, and a Surveyor PDA Plus detector. Samples
were separated on a Waters Symmetry C18 column
(250 mm × 4.6 mm, 3 μm). The mobile phase consisted of
0.1% formic acid in water (A) and methanol (B) using an
isocratic elution program of 25% B for 30 min. The flow rate
was set at 0.9 mL/min (split ratio, 1: 3). Column temperature
was maintained at 30 °C. UV detection was set at 330 nm and
the spectra were collected at 200–600 nm.

Isolation and purification

After freeze-drying, the synthesized sample was dissolved in
3 mL water containing 0.01% formic acid and then centri-
fuged at 4500 rpm for 10 min. The supernatant was subjected
to an ODS column (200–300 mesh, 60 g) using a step-wise
system of methanol/H2O contain 0.01% formic acid (0:100,
10:90, 20:80, 30:70, 40:50, 60:40, 100:0, v/v, each 200 mL)
under gradient elution to yield seven fractions (A–G).
Fractions A–G were analyzed by an established HPLC meth-
od (the HPLC method was the same as HPLC-UV analytical

condition), and the results showed that M3 and M4 were
enriched in fraction E.

Semipreparative HPLC for the isolation ofM3 andM4was
performed on Shimadzu LC-6AD system (Shimadzu, Kyoto,
Japan). After freeze-drying, the fraction E was dissolved in
1.5 mL water and vortexed for 30 s. The sample was centri-
fuged at 13000 rpm for 10 min. The supernatant was loaded
on semipreparative HPLC using an Agilent XDB-C18
(9.4 × 250 mm, 5 μm). The mobile phases consisted of
0.1% formic acid in water (A) and methanol (B). The isocratic
elution used 25%B for 40min at a flow rate of 5 mL/min. The
detection wavelength was set at 330 nm. The eluents of M3
and M4 were collected and evaporated to appropriate volume
for freeze-drying, respectively.

Data analysis

MS data acquisition was performed with the Xcalibur version
2.0 SR2 software (Thermo Fisher Scientific, San Jose, CA,
USA). The identification of metabolites was carried out with
the Metwork 1.3 software (Thermo Fisher Scientific, San
Jose, CA, USA).

Topspin ver. 3.2 patch level 7 (Bruker Biospin) was used
for acquisition and processing of NMR data, whereas
IconNMR ver.4.7.7 (Bruker Biospin) was used for controlling
automated sample change and acquisition.

To determine whether the compounds were associated with
malignant glioma, reverse molecular docking was performed
to predict the activities of methylated metabolites as well as 5-
CQA. The method was based on the previous study of our
laboratory [17]. Briefly, PharmMapper (http://lilab.ecust.edu.
cn/pharmmapper/) was used to carry out a reverse molecular
analysis for the discovery of potential targets. Next, the
predicted targets were labeled in eight malignant glioma-
related pathways using KEGG (http://www.kegg.jp/). These
typical pathways include the PI3K-Akt, mTOR, Ras, EGFR,
MAPK, NF-kappa B, and Jak-STAT pathways and DNA rep-
lication [18–22].

Results

Metabolic profile of dosed human urine and feces
by HPLC-HRMS/MSn

The HPLC-HRMS/MSn method was established for metabol-
ic profile of human biosamples based on the previous analyt-
ical method [16]. Somemodification was performed including
the change to a longer size column (from Phenomenex Luna
C18 (150 mm × 4.6 mm, 5 μm) to Waters Symmetry C18
column (250 mm × 4.6 mm, 3 μm)) and the optimization of
the gradient elution program to get efficient separation of 5-
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CQA and its metabolites in biological samples. The optimized
chromatograms of human urine and feces are shown in Fig. 1.

For the MS condition, the ionization polarity was opti-
mized by comparing the mass response of 5-CQA, M3, and
M4 in human urine samples. As shown in the Electronic
Supplementary Material (ESM, Fig. S1), the negative ion
mode was chosen. The MS data acquisition mode was data-
dependent scanning coupled with the dynamic exclusion tech-
nique to collect MSn data automatically. The MSn + 1 data-
dependent scanning was performed on the basis of the two
most abundant ions of MSn scan mass data. The dynamic
exclusion technique was used to collect the MSn data prompt-
ly, which sets up a dynamic depot to exclude all collected
parent ions. After optimization, primary setting parameters
for the dynamic exclusion were set as follows: repeat count,
1; repeat duration, 10 s; exclusion list size, 50; and exclusion
duration, 30 s.

For the preparation of urine samples, preparation methods
(lyophilization and precipitation) and redissolved solutions
(methanol and initial mobile phase) were optimized. The re-
sults indicated that lyophilization was not effective to the ex-
traction of methylated metabolites (ESM, Fig. S2) compared
with methanol precipitation. Besides, the initial mobile phase
was more beneficial to the recovery of 5-CQA and methylated
metabolites (ESM, Fig. S2). So, methanol precipitation and

redissolution with the initial mobile phase were chosen as the
preparation method. For the preparation of fecal samples, two
different redissolved solutions (methanol and initial mobile
phase) were compared. The results showed that no metabolite
was detected in the feces, no matter which solvent is used.

As shown in Fig. 1a–c, the concentration of 5-CQA is too
high in 0–3 h urine sample. To avoid unexpected residual
contamination to MS instrument, the 5-CQA peaks (Rt
13.5–14.5 min) in this sample was switched to waste. Others
samples were analyzed without the action, due to the safe
concentration of 5-CQA. The metabolic profiles of blank
urine and feces before 5-CQA administration were shown in
ESM (Fig. S15). As shown in ESM Fig. S15, an obvious
endogenous compound peak with retention time at 19.6 min
appeared in the HPLC-UV chromatogram of blank urine. As
for blank feces, there was no obvious peak appeared in the
HPLC-UV chromatograms.

The metabolites were identified based on HRMS and MSn

data. It can be found that a total of six metabolites, along with
5-CQA, were identified in human urine (Fig. 1), whereas no
metabolite was detected in human feces by HPLC-LTQ/
FTICR-MS. As shown in Fig. 1, the most abundant drug-
related component was 5-CQA. The major metabolites in
the urine were M3 and M4, which were eluted at 16.53 and
17.16 min, respectively. After comparing with the

Fig. 1 Metabolic profiles of 5-CQA after a single intramuscular
administration of 120 mg of 5-CQA injection to humans. a HPLC-UV
chromatogram of metabolites detected in human urine during 0–3 h. b
Total ion chromatogram ofmetabolites detected in human urine during 0–
3 h. c Extracted ion current chromatogram of metabolites detected in
human urine during 0–3 h. d HPLC-UV chromatogram of metabolites
detected in human urine during 3–4 h. e Total ion chromatogram of
metabolites detected in human urine during 3–4 h. f Extracted ion
current chromatogram of metabolites detected in human urine during 3–

4 h. g HPLC-UV chromatogram of metabolites detected in human urine
during 4–6 h. h Total ion chromatogram of metabolites detected in human
urine during 4–6 h. i Extracted ion current chromatogram of metabolites
detected in human urine during 4–6 h. j HPLC-UV chromatogram of
metabolites detected in human feces during 0–24 h. k Total ion
chromatogram of metabolites detected in human feces during 0–24 h. l
Extracted ion current chromatogram of metabolites detected in human
feces during 0–24 h
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chromatogram of blank urine before 5-CQA injection, we
found out the relatively large peak eluted after M4 was an
obvious endogenous compound from blank human urine ma-
trix as shown in Fig. 1a, d, e. It was not a metabolite of 5-
CQA. Table 1 lists detailed information about the metabolites
detected in human urine, including the proposed structures,

protonated molecular ions, retention times, and characteristic
fragment ions. The metabolites were named in the serial order
of their retention times.

Parent drug P A chromatographic peak was detected at
13.79 min in human urine. It gave a protonated molecular ion

Table 1 Identification of metabolites in human urine after an intramuscular administration of 120 mg of 5-CQA injection using HPLC-LTQ/
FTICR-MS
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at m/z 353.0879, indicating that its elemental composition was
C16H17O9 with an error of − 0.56 ppm. The main characteristic
product ions of m/z 353.0879 were observed at m/z 191, 179,
135, and 85. The fragment ions at m/z 191 ([quinic acid-H]−)
and 179 ([caffeic acid-H]−) were formed by the hydrolysis of
the ester bond. The fragment ion at m/z 135 was formed via the
loss of CO2 from the fragment ion atm/z 179, whilem/z 85 was
proposed to form via the cleavage of the C–C bond and the loss
of CO2 from the fragment ion at m/z 191. The retention time
was identical to the standard of 5-CQA, indicating that this
component was unmetabolized 5-CQA, designated as the par-
ent drug (P). The P was the most abundant component in hu-
man urine and was not found in human feces.

P1 and P2Metabolites P1 and P2 were found in human urine.
With the chemical formula of C16H17O9, they displayed [M-
H]− ion at m/z 353.0876 and 353.0878, respectively. P1 and
P2 had the same elemental composition with parent drug,
illustrating they were isomers of 5-CQA. P1 and P2 showed
the base peak atm/z 191 and m/z 173, respectively. According
to the previous study [16], isomers can be distinguished by
their chromatographic and characteristic MS fragmentation
behaviors. Briefly, neochlorogenic acid showed the base peak
atm/z 191.053; however, a strong key ion was observed atm/z
179.034 ([caffeic acid-H]−) formed by the cleavage of the
alkyl C–O bond adjacent to the ester. Cryptochlorogenic acid
exhibited the base peak ion atm/z 173.044 ([quinic acid-H2O-
H]−), which was a characteristic ion for the isomer with caffeic
acid substituted at position 4 and formed by the cleavage of
the alkyl C–O bond adjacent to the ester. Therefore, P1 and P2
were demons t ra ted as neochlorogenic ac id and
cryptochlorogenic acid, respectively.

M1Metabolite M1, found in urine, was eluted at 2.94 min. Its
protonated molecular weight was 191.0560 and was the same
as [quinic acid-H]−. The elemental composition of M1 was
C7H11O6. M1 formed fragment ion at m/z 173 by losing of
18 Da, suggesting the loss of a H2O. The retention time of M1
was the same as the standard of quinic acid. Therefore, me-
tabolite M1 was identified as the hydrolyzed metabolite of the
parent drug named quinic acid.

M2Metabolite M2, detected in urine with a retention time of
12.57 min, exhibited a [M-H]− peak at m/z 181.0505 corre-
sponding to C9H9O4, which indicated the loss of C7H8O5

from 5-CQA. M2 was 2 Da higher than the fragment ion at
m/z 179 ([caffeic acid-H]−) which was the hydrolyzed product
of the parent drug. High-collision energy analysis revealed
product ions of M2 at m/z 121, indicating that rearrangement
of carboxyl was occurred. So M2 was accordingly confirmed
as the reduced metabolite of the caffeic acid.

M3 and M4Metabolite M3 and M4 were eluted at 16.53 and
17.16 min, respectively, with [M-H]− ion atm/z 367.1031 and
367.1035 in ESI (-). The elemental composition of M3 and
M4 was C17H19O9, indicating the methylation 5-CQA. Both
M3 and M4 formed fragment ion at m/z 193 by adding of
14 Da comparing with [caffeic acid-H]−, suggesting that a
CH2 was attached to one of the phenolic hydroxyl groups on
the benzene ring. The exact methylation site of M3 and M4
needs further data to confirm.

Identification of methylated metabolites by HPLC-NMR

As shown in Fig. 2, the retention times of M3 and M4 in the
synthetic sample were equal to those in the urine sample as
well as the pooled sample comparing by two kinds of modes.
The methylated productsM3 andM4 from chemical synthesis
and human urine were identified as the same compounds ac-
cording to the EU Directive 2002-657-EC (http://eur-lex.
europa.eu/eli/dec/2002/657/oj) (ESM, Figs. S3–S4) by the
HRMS and MSn data (ESM, Table S3). It was reliable to use
synthetic samples instead of human urine samples for the
identification of M3 and M4.

As shown in ESM (Fig. S16), the 1H NMR spectrum of the
content of peak 1 (tR = 18.65–20.07 min, M3) obtained in the
HPLC-SPE-NMRmode showed an additional set of resonances
(δH 3.84 for M3) for a methoxyl, compared with 5-CQA. This
was consistent with our previous observation during compari-
son of HRMS spectra of M3 and 5-CQA. It was therefore de-
cided to perform a more thorough HPLC-SPE-NMR analysis,
including acquisition of 2D heteronuclear (HSQC and HMBC)
experiments as shown in the Electronic SupplementaryMaterial
(ESM, Figs. S5–S8). The spectrum data of M3 listed in Table 2
revealed signals for one caffeic acid moiety and one quinic acid
moiety. The position of the methoxyl group was confirmed by
coupling between the methoxy protons (δH 3.84) and C-3′ (δC
149.4) as well as between H-2′ (δH 7.14) and C-3′ (δC 149.4),
H-5′ (δH 6.76) and C-3′ (δC 149.4) observed in an HMBC spec-
trum (ESM, Fig. S17). Thus, compound M3 was identified as
3′-methyl-5-CQA.

The material eluted as peak 2 (tR = 22.92–24.61 min, M4)
(ESM, Fig. S16) showed an [M-H]− ion with m/z 367.1035,
which in conjunction with the 13C NMR data corresponded to
amolecular formula of C17H19O9. The

1H and 13CNMRdata of
M4 in Table 2 showed M4 and M3 with similar structural char-
acteristics. The HMBC data indicated that the location of the
methoxyl group of M4 was different with that of M3. HMBC
correlations were observed between the methoxy protons (δH
3.83) and C-4′ (δC 151.5) and between H-2′ (δH 7.03), H-5′ (δH
6.89), H-6′ (δH 7.01), and C-4′ (δC 151.5), placing the methoxy
group at C-4′ (ESM, Fig. S17). Detailed analysis of the HSQC
and HMBC data (ESM, Figs. S9–S12) allowed unambiguous
assignments for all of the 1H and 13C NMR signals of M4.
Accordingly, M4 was determined to be 4′-methyl-5-CQA.
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Synthesis, isolation, and purification of M3 and M4

We used phase transfer catalyst tetra-n-butylammonium
bromide to improve the methylation of 5-CQA. M3 and
M4 were increased by 1.7 and 1.5 times, respectively.
The relative content of the two methylated products in
the mixture (in terms of the peak area) was 75% of that
before the extraction with diethyl ether. Since dimethyl
sulfate oxidizes the ODS filler, it is necessary to remove
most of the remaining dimethyl sulfate to ensure further
separation of the ODS column. The diethyl ether used here
was aimed to remove excess dimethyl sulfate in the reac-
tion system. However, the sulfuric acid produced by the
decomposition of dimethyl sulfate was present in the aque-
ous phase, which could not be eliminated by diethyl ether
extraction. Fortunately, sulfate ions in the aqueous phase
could be removed by elution as they pass through the ODS
column. Thus, after the reaction was completed, dimethyl
sulfate was removed by extraction with diethyl ether, and
the diethyl ether layer was discarded. The aqueous layer
was then lyophilized and separated with the ODS column.

The synthetic sample was analyzed by HPLC (ESM, Fig.
S18). The results showed that 5-CQA, two methylated prod-
ucts (M3 and M4) and other products were present in the
reaction mixture.

The separation results of ODS column (ESM, Fig. S13)
showed that M3 and M4 were enriched in the 40% methanol
fraction (fraction E), and thus, this fraction is used for further
purification of M3 and M4.

The fraction E which contained 5-CQA, M3, and M4 was
purified by semipreparative HPLC. The results showed that 5-
CQA, M3, and M4 were well separated (ESM, Fig. S14), and
the collection time of M3 and M4 were 20.5–21.5 and 27.0–
28.5 min, respectively. The eluates enriched in M3 and M4
were evaporated to appropriate volume and lyophilized to give
about 8 mg pure product ofM3 and 15mg pure product ofM4.

The 200 μL eluates of M3 and M4 were transferred to a
centrifuge tube, respectively. The sample was centrifuged at
13000 rpm for 10 min and the supernatant was injected to
HPLC system for analysis. The HPLC condition was the same
as HPLC-UV analytical condition. As shown in Fig. 3, the
purity of M3 and M4 were 96.1 and 99.3% (in terms of the
peak area), respectively.

Reverse molecular docking to predict activities of M3
and M4

PharmMapper is backed up by a large, in-house repertoire of
pharmacophore database extracted from all the targets in
TargetBank, DrugBank, BindingDB, and PDTD. Currently,

Fig. 2 HPLC-UV
chromatograms collected at
330 nm of M3 and M4 in human
urine (a, d), synthetic system (b,
e), and pooled samples (c, f).
HPLC-UV chromatograms on the
left side were analyzed by mode
A. HPLC-UV chromatograms on
the right side were analyzed by
mode B
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there are 7302 pharmacophore models in PharmTargetDB
(Version 2010) and 2241 of them are annotated as the potential
protein targets in Human (http://lilab.ecust.edu.cn/
pharmmapper/).

In this study, firstly, the PharmTargetDB (Version 2010)
was used to perform a reverse molecular analysis for the dis-
covery of potential targets. The results showed that a total of
247 targets were obtained with a potential interaction with M3
and M4. Secondly, the 247 targets were labeled in eight malig-
nant glioma-related pathways using KEGG (http://www.kegg.
jp/). These typical pathways included the PI3K-Akt, mTOR,
Ras, EGFR, MAPK, NF-kappa B, and Jak-STAT pathways
and DNA replication [18–22], which based on the previous
study ofmalignant glioma. It found to be that ten targets among
247 targets were labeled in eight malignant glioma-related
pathways. As shown in Fig. 3, the network consists of two
methylated metabolites (M3 and M4), ten targets, and eight
malignant glioma-related pathways. As we can see, M3 hit
seven targets among eight pathways, while M4 hit five targets
among eight pathways. In addition, four targets were hit by
both methylated metabolites. While DNA replication and
PI3K-Akt and mTOR pathways were the top three pathways
which contained the most targets (Fig. 4). The abovementioned
results demonstrated the effects of M3 and M4 on targeting
different receptors and pathways of malignant glioma.

The 5-CQA was also analyzed by the above method and
105 potential targets were obtained using the PharmTargetDB
(Version 2010). Specifically, 5-CQA hit six targets among

Fig. 3 a, b HPLC-UV chromatograms of M3 and M4. The purity of M3
and M4 were 96.1 and 99.3% (in terms of the peak area)

Table 2 NMR spectroscopic data of 5-CQA, M3, and M4

Position 5-CQA M3 M4

δC, mult. δH (J in Hz) δC, mult. δH (J in Hz) HMBC δC, mult. δH (J in Hz) HMBC

1 76.1, C 76.1, C 76.1, C

2 38.7, CH2 2.02, m 38.7, CH2 2.10, m 1, 3, 4 38.7, CH2 2.10, m 5

2.50, m 2.26, m 2.25, m 1, 4, 5

3 71.3, CH 4.14, m 71.2, CH 4.12, m 4 71.2, CH 4.11, m

4 73.4, CH 3.69, m 73.4, CH 3.68, m 5 73.4, CH 3.67, m 5

5 72.0, CH 5.30, m 72.0, CH 5.27, m 72, CH 5.27, m

6 38.2, CH2 2.05, m 38.2, CH2 2.04, m 5 38.2, CH2 2.03, m 1, 3, 4

2.20, m 2.20, m 1, 4, 5 2.20, m

7 177.0, C 177.1, C 177, C

1′ 127.8, C 127.8, C 128.9, C

2′ 115.2, CH 7.02, d (2.4) 111.8, CH 7.14, d (1.8) 3′,4′,6′,7′ 112.5, CH 7.03, d (1.8) 2′,3′,4′,6′,7′,8′

3′ 146.8, C 149.4, C 148, C

4′ 149.6, C 150.6, C 151.5, C

5′ 116.5, CH 6.75, d (8.4) 116.5, CH 6.76, d (7.8) 1′,3′,4′ 116.3, CH 6.89, d (7.8) 1′,3′,4′,6′,8′

6′ 123.0, CH 6.92, dd (2.4, 8.4) 124.1, CH 7.03, dd (1.8, 7.8) 2′,4′,7′ 122.8, CH 7.01, dd (1.8, 7.8) 2′,4′,6′,7′,8′

7′ 147.1, CH 7.53, d (16.2) 147.0, CH 7.57, d (16.2) 1′,2′,6′,8′,9′ 146.7, CH 7.53, d (16.2) 1′,5′,6′,8′,9′

8′ 115.2, CH 6.23, d (16.2) 115.6, CH 6.30, d (16.2) 1′,9′ 114.8, CH 6.26, d (16.2) 1′,9′

9′ 168.6, C 168.7, C 168.4, C

OCH3-3′ 56.5, CH3 3.84, s 3′

OCH3-4′ 56.4, CH3 3.83, s 4′

1 HNMRdata (δ) weremeasured in methanol-d4 for 5-CQA,M3, andM4 at 600MHz (cold probe). 13 CNMR data (δ) weremeasured inmethanol-d4 for
5-CQA, M3, and M4 at 150 MHz (cold probe). The assignments were based on 1H, 13 C, HSQC, and HMBC experiments
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eight malignant glioma-related pathways and showed varieties
of interactions with these targets (Fig. 4). Moreover, both
RAC serine/threonine-protein kinase and DNA polymerase
III subunit tau were hit by 5-CQA, M3, and M4. In addition,
three targets were hit by both 5-CQA and M3, while three
targets were hit by both 5-CQA and M4. It is speculated that
M3 and M4 may have the anti-tumor activity like 5-CQA.

Discussion

In this study, we constructed a work flow for the identifica-
tion and preparation of trace amount of metabolites with sim-
ilar structures and chromatographic behaviors after intramus-
cular administration of 5-CQA injection in humans. As
shown in Fig. 5, a method involving HPLC-HRMS/MSn

was developed for profiling 5-CQA and its metabolites in
human urine and feces. In addition to 5-CQA, six metabolites
were found in human urine. These metabolites can be classi-
fied into three main types, including isomerized 5-CQA (P1
and P2), hydrolyzed 5-CQA (M1 and M2) and methylated 5-
CQA (M3 and M4). No metabolites were detected in the
feces. Except for the parent drug, the methylated metabolites
in urine samples showed the highest content (Fig. 1).
However, the exact methylation site of M3 and M4 could
not be confirmed with MS data merely. In order to annotate
the structures of methylated metabolites, we tried to isolate
M3 and M4 from human urine. Since the complex matrices
and endogenous interference in human urine made it very
difficult to get them with enough purity for NMR analysis,
chemical synthesis of methylated 5-CQA was performed for
structural annotation. The synthesized compounds were

Fig. 4 Network diagram of 5-
CQA (P), methylated metabolites
(M3 and M4), and their potential
targets. Gray lines represent
predicted interactions between P,
M3, andM4 (circles filled in blue)
and malignant glioma-related
targets (circles filled in green)
calculated by reverse docking

Fig. 5 Thework flow for identification and preparation of traces amount isomer with similar property in human urine after intramuscularly administered
5-CQA injection
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confirmed as M3 and M4 identified in urine samples by com-
paring their retention time, HRMS and MSn data. In addition,
since M3 and M4 were similar in HPLC behavior, the prep-
aration of pure M3 and M4 for structure identification with
NMR is a great task, and the synthesized mixture of M3 and
M4 was directly analyzed by HPLC-SPE-NMR for rapid
identification. At the same time, the synthetic mixture was
separated with the ODS column following the isolation on
semipreparative HPLC to harvest pure M3 and M4.
Furthermore, the potential activity of M3 and M4 on malig-
nant glioma was predicted using a reverse molecular docking
analysis on eight malignant glioma-related pathways.

The Metwork 1.3 software was used to discover and
identify metabolites of 5-CQA. The software contained a
database which included the metabolism reactions in
humans. In general, the structure of parent drug is
imported into the software to search the database using
HRMS data. The potential metabolites are discovered
when the HRMS data is matched. Then the structures of
potential metabolites are identified by examining retention
time, HRMS and MSn data. The 5-CQA was reported to
hydrolyze into quinic acid and caffeic acid [14]. In this
study, quinic acid and reduced metabolite of caffeic acid
were also detected as the metabolites of 5-CQA. The met-
abolic reaction of losing a quinic acid or caffeic acid,
however, was not recorded in the Metwork database. To
ensure the efficient discovery of metabolites, the structures
of 5-CQA, quinic acid, and caffeic acid were all imported
into the software for the discovery of the 5-CQA
metabolites.

We used several HPLC conditions in this study. The HPLC
condition in Fig. 1 was established for metabolic profile of
human biosamples. The mode A and mode B in Fig. 2 were
used to analysis human urine sample, chemical synthesis sam-
ple, and the pooled sample in order to confirm whether the
methylated products M3 and M4 from chemical synthesis and
human urine were the same compounds from RT data.
According to the suitable confirmatory methods for identifi-
cation of compounds (ESM, Table S4) in the EU Directive
2002-657-EC (http://eur-lex.europa.eu/eli/dec/2002/657/oj),
we need to establish at least two different chromatographic
systems to get different retention times of M3 and M4 in
order to meet the limitation of LC-UV. So in this study, we
used two different HPLC systems (mode A and mode B) to
collect the spectra of M3 and M4 at 330 nm. As shown in
revised Fig. 2, the retention times of M3 and M4 in the
synthetic sample were equal to those in the urine sample as
well as the pooled sample. So the methylated productsM3 and
M4 from chemical synthesis and human urine were identified
as the same compounds.

The methylated metabolites M3 and M4 were synthe-
sized using the raw materials of 5-CQA. The synthetic sys-
tem was selected for the identification of M3 and M4 with a

higher purity than urine matrix. To ensure the synthesized
compounds being the right target, we compared the methyl-
ated metabolites from human urine with that of chemical
synthesis. M3 in the synthetic sample and urine sample gave
the same predominant ion at m/z 191 of MS2 analysis and
m/z 127 of MS3 analysis. In addition, M3 had the same
fragment ion at m/z 193, 173, 111, and 93 in both samples.
Maximum permitted tolerances for relative ion intensities
using a range of mass spectrometric techniques (ESM,
Table S1) as well as the relationship between a range of
classes of mass fragment and identification points earned
(ESM, Table S2) were used to compared M3 in the synthetic
sample with in urine sample according to EU Directive
2002-657-EC (http://eur-lex.europa.eu/eli/dec/2002/657/
oj). It was found that M3 in two samples showed the same
accurate mass to earn 2 identification points. Furthermore,
the fragment ions at m/z 191 (relative intensity > 50%,
relative ± 20%), 193 (relative intensity < 10%, relative
± 50%) and 173 (relative intensity< 10%, relative ± 50%)
each earned 1.5 identification points. In total, M3 earned 6.5
identification points and had already achieved the criterion
of 4 points to confirm M3 as the same compound in the
synthetic sample and urine sample. M4 was compared as
the same way. In summary, the use of synthetic samples
instead of human urine samples for the identification and
preparation of M3 and M4 was reasonable as well as
reliable.

HPLC-SPE-NMR was used to unambiguously assign the
methylation sites of M3 and M4 for the first time. The ad-
vantages of HPLC-SPE-NMR are as follows. Firstly, the
combined benefits of analyte concentration and accumulation
and use of deuterated solvents enable acquisition of high
quality 2D NMR data from multiple peaks within a short
time, including minor peaks present in very complex chro-
matograms. Secondly, access to less-sensitive 2D NMR ex-
periments such as availability of 13C chemical shifts (from
HSQC and HMBC experiments) allows rigorous structure
elucidation of rather complex natural products directly from
extracts and mixtures [23, 24]. Finally, the large amounts of
analytes available by multiple trapping allow the recording of
NMR spectra with excellent signal-to-noise ratios without
solvent peak suppression. The broad applicability of the tech-
nique to natural products has already been demonstrated, and
the technique is envisaged to be an increasingly important
analytical platform for natural products research. HPLC-
SPE-NMR is expected to provide an increasing number of
rigorously determined natural product structures directly from
extracts and isolates, including compounds present in minor
amounts [25]. Practical applications from both drug metabo-
lite and drug impurity identification are presented [26].
Accordingly, M3 and M4 were determined by HPLC-SPE-
NMR to be 3′-methyl-5-CQA and 4′-methyl- 5-CQA for the
first time, respectively.
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At the same time, the synthetic mixture was used to prepare
the pure products of M3 and M4. The mixture was isolated
with ODS column to yield fraction E which contained 5-CQA
and two methylated products and was purified by
semipreparative HPLC. The eluate, enriched in M3 and M4,
was evaporated to appropriate volume and lyophilized to give
about 8 mg pure product of M3 and 15 mg pure product of
M4. The purity of M3 and M4 was 96.1 and 99.3% (in terms
of the peak area), respectively.

To our best knowledge, it is the first time to obtain the
standards of methylated 5-CQA (M3 and M4) for the support
of clinical human mass balance study. Since the isolation and
purification lasted for a long time, mixed reference standards
from chemical synthesis may be used directly for clinical re-
search when the ingredient ratio of M3 and M4 is marked.

The activity ofM3 andM4 has not been studied previously.
Reverse molecular docking analysis was conducted to predict
the potential activity of M3 and M4 for malignant glioma on
eight malignant glioma-related pathways. It found to be that 5-
CQA hit six targets among eight pathways and showed vari-
eties of reciprocity with these targets. M3 hit seven targets
among eight pathways, while M4 hit five targets among eight
pathways. Two targets were both hit by 5-CQA, M3, and M4.
In addition, three targets were both hit by 5-CQA and M3,
while three targets were both hit by 5-CQA and M4. Efforts
were made to validate the prediction. Similar activities of 5-
CQA have been reported in the literature, which showed po-
tential interactions with the PI3K-Akt [27], mTOR [28], Ras
[29], EGFR [30], MAPK [31–33], NF-kappa B [34], and Jak-
STAT [35] pathways and DNA replication [36]. M3 and M4
had the similar interactions like 5-CQA among malignant
glioma-related pathways, so they may play important roles
in the treatment of malignant glioma. Further study will be
needed to clarify the mechanisms of M3 and M4 in inhibiting
the malignant glioma.

Conclusion

In summary, HPLC-HRMS/MSn was used to profile the me-
tabolites of 5-CQA injection in human urine and fecal sam-
ples. Six metabolites were identified in human urine, and 3′-
methyl-5-CQA (M3) and 4′-methyl-5-CQA (M4) were the
most abundant metabolites in humans except for 5-CQA. M3
and M4 were synthesized by 5-CQA methylation and follow-
ed by isolation and purification to harvest pure standards. The
proposed structural identities of these two metabolites were
supported by 1H, 13C, and 2D NMR data comparison with
synthesized standards. According to reverse molecular
docking results, M3 and M4 showed a various interactions
with malignant glioma-related targets, indicating that M3 and
M4 may have activities in the treatment of malignant glioma.
To our best knowledge, this is the first time to clarify the

structure of methylated metabolites of 5-CQA injection.
These results contribute to our understanding of the metabo-
lism of 5-CQA injection in humans and provide support for the
clinical human mass balance study.
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