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Abstract

Guhong injection (GHI) has been applied in the therapy of cardio-cerebrovascular disease in clinic, but there is no
report about the pharmacokinetic/pharmacodynamic (PK/PD) research on GHI treating myocardial ischemia/reperfusion
(MI/R) injury in rats. In this study, eight compounds of GHI in plasma, including N-acetyl-L-glutamine (NAG),
chlorogenic acid (CGA), hydroxysafflor yellow A (HSYA), p-coumaric acid (pCA), rutin, hyperoside, kaempferol-3-O-
rutinoside, and kaempferol-3-O-glucoside, were quantified by LC-MS/MS. We discovered that the values of t1/2b, k12, V2,
and CL2 were larger than those of t1/2a, k21, V1, and CL1 for all compounds. The levels of four biomarkers, creatine
kinase-MB (CK-MB), cardiac troponin I (cTn I), ischemia-modified albumin (IMA), and alpha-hydroxybutyrate dehy-
drogenase (a-HBDH) in plasma were determined by ELISA. The elevated level of these biomarkers induced by MI/R
was declined to different degrees via administrating GHI and verapamil hydrochloride (positive control). The weighted
regression coefficients of NAG, HSYA, CGA, and pCA in PLSR equations generated from The Unscrambler X software
(version 11) were mostly minus, suggesting these four ingredients were positively correlated to the diminution of the
level of four biomarkers. Emax and ED50, two parameters in PK/PD equations that were obtained by adopting Drug and
Statistics software (version 3.2.6), were almost enlarged with the rise of GHI dosage. Obviously, all analytes were
dominantly distributed and eliminated in the peripheral compartment with features of rapid distribution and slow
elimination. With the enhancement of GHI dosage, the ingredients only filled in the central compartment if the pe-
ripheral compartment was replete. Meanwhile, high-dose of GHI generated the optimum intrinsic activity, but the af-
finity of compounds with receptors was the worst, which may be caused by the saturation of receptors. Among the eight
analytes, NAG, HSYA, CGA, and pCA exhibited superior cardioprotection, which probably served as the pharmaco-
dynamic substance basis of GHI in treating MI/R injury.

Keywords: Guhong injection, Myocardial ischemia/reperfusion, Pharmacokinetic/pharmacodynamic model, Partial least
squares regression
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1. Introduction

A cute myocardial infarction (AMI), one car-
diovascular disease accompanied by high

morbidity and mortality, is clinically manifested as
the ischemic necrosis of the local myocardium
induced by the acute occlusion of coronary arteries
and the interruption of blood flow [1]. The dominant
therapy of AMI, percutaneous coronary interven-
tion, has been proposed as early as the last century
and extended to nowadays [2,3]. Although percuta-
neous coronary intervention surgery has made great
progress in treating AMI, it inevitably brought sec-
ondary damage to myocardial tissue due to the
sudden restoration of blood, which was known as
myocardial ischemia/reperfusion (MI/R) injury. The
pathomechanisms of MI/R injury were diversiform
and mutually interacted, mainly including oxidative
stress, inflammatory response, calcium overload,
energy metabolism retardation, as well as the
modulation of endothelin and angiotensin. Chinese
herbal medicine, owing to its character of multi-in-
gredients and multi-targets, may accomplish great
deeds when facing so involute pathogenesis of MI/R
injury. For instance, hydroxysafflor yellow A
(HSYA) and carthamin yellow, two active in-
gredients segregated from safflower (Carthamus
tinctorius L.), were confirmed to extenuate MI/R
injury via mitigating both oxidative stress and
inflammation [4e6]. It follows that Chinese herbal
medicine, one indispensable part of world medicine,
also manifests gigantic potentiality in treating MI/R
injury.
The pharmacokinetic/pharmacodynamic (PK/PD)

modeling regards the time axis as one shared in-
dependent variable to study the affiliation of drug
concentration and curative effect [7]. The informa-
tion generated from unilateral PK or PD research is
incomplete and insufficient and is not able to amply
elucidate the process of drugs in vivo. The single PK
research is to investigate the disposal (i.e., absorp-
tion, distribution, metabolism, and excretion) of
drugs by an organism via monitoring the concen-
tration of drugs to construct the timeeconcentration
curve, but the change of concentrations that are
intently related to the curative effect is more valu-
able to study [8]. The single PD study only provides
the dynamic process for the impact of drugs on an
organism over time, but it is uncertain whether this
influence will be maximized when the drug con-
centration reaches to peak in plasma [9]. Therefore,
it is necessary to establish a PK/PD binding model
to estimate the concentrationetimeeeffect relation
of drugs to explore the correlation between the

concentration and efficacy of drugs in the target
sites, thereby evaluating the process of drugs in vivo.
Partial least squares regression (PLSR), a machine

learning approach that combines the merit of prin-
cipal component analysis, canonical correlation
analysis, and multiple linear regression analysis, is
extensively adopted to investigate the correlation of
multiple dependent variables with an independent
variable through the combination of dimensionality
reduction and linear regression [10]. In the former
studies, PLSR has been constantly employed in
exploring the spectrumeeffect relationship to
determine predominant therapeutic components of
compound preparations in light of whether the
regression coefficient in equations was plus or
minus [11e13]. In the current study, PLSR was first
applied to investigate the correlation between PK
indicators and PD indexes.
Creatine kinase-MB (CK-MB), an isozyme of cre-

atine kinase that predominantly resides in the
myocardium, belongs to one indicator that is sen-
sitive to myocardial tissue injury [14]. The formation
of ischemia-modified albumin (IMA) was retraced
to the destruction of the amino acid sequence of
albumin by massive free radicals produced in
oxidative stress response, leading to the alteration of
its binding ability with transition metals [15]. IMA
was extensively chosen as one biomarker to di-
agnose myocardial ischemia accompanied by the
oxidative stress response [16,17]. Cardiac troponin I
(cTn I), one gold standard for the determination of
myocardial ischemia, is extremely specific and sen-
sitive to the diminutive myocardial injury, and
effectively avoided the false positive of CK-MB
caused by skeletal muscle damage in the clinic
[18,19]. Alpha-hydroxybutyrate dehydrogenase (a-
HBDH), as the type I isoenzyme of lactic dehydro-
genase, dominantly exists in myocardial tissues, and
serves as one of the monumental biomarkers of
cardiac diseases [19,20]. Taken together, these four
myocardial enzymes that were usually adopted for
clinical diagnosis of MI/R were selected as the PD
indicators by us to investigate the cardioprotection
of guhong injection (GHI).
Although GHI, composed of N-acetyl-L-gluta-

mine (NAG) and the aqueous extract of safflower (C.
tinctorius L.), has been attested to mitigate MI/R
injury via improving oxidative stress to inhibit
apoptosis by our previous study, the specific process
of GHI in vivo is not revealed plenty [21]. Although
our team explored the PK parameters of only two
active ingredients of GHI in both cerebral ischemia/
reperfusion rats and normal rats, we deemed that
this research was incomplete [22]. Hence, in this
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paper, we aimed at integrating eight active com-
pounds with four myocardial enzymes to investigate
the PK/PD character of GHI when treating MI/R rats
to furnish guidance for clinical medication. Mean-
while, the PLSR approach was yet adopted in our
current study to additionally promulgate the effec-
tive substances and underlining mechanisms of
GHI on the therapy of MI/R injury.

2. Materials and methods

2.1. Reagents and chemicals

The compound preparation, GHI, was provided
by Buchang Company (batch number: 20220303,
Shandong, China). The standards of chlorogenic
acid (CGA, purity �98%, lot no. C10245363) and
NAG (purity �99%, lot no. CMX769) were obtained
from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China); Kaempferol-3-O-rutinoside (K-
3-R, purity �98%, lot no. 21070121) was supplied by
Shanghai Tauto Biotech Co., Ltd (Shanghai, China);
HSYA (purity �98%, lot no. DSTDQO001702) was
obtained from Chengdu Desite Bio-Technology Co.,
Ltd (Sichuan, China); P-Coumaric acid ( pCA, purity
�99%, lot no. H-34002) was bought from Tianjin
Heowns Biochem LLC (Tianjing, China); Rutin (RT,
purity �98%, lot no. 0080e9705) was supplied by
National Institute for the Control of Pharmaceutical
and Biological Products (China); Verapamil hydro-
chloride (purity �99%, lot no. CMX769) and N-car-
bamoyl-L-glutamate (NCG, used as IS of NAG,
purity �97%, lot no. BQY693) were offered from
Shanghai Bide Pharmatech Ltd (Shanghai, China);
Hyperoside (HYP, purity �98%, lot no. AF21031412),
kaempferol-3-O-glucoside (K-3-G, purity �98%, lot
no. AF20063001), and icariin (employed as internal
standard of the other seven compounds, purity
�98%, lot no. AF20102051) were purchased from
Chengdu Alfa Biotechnology Co., Ltd (Sichuan,
China). ELISA kits of CK-MB (lot no. 202010), IMA
(lot no. 202210), cTn I (lot no. 202210), and a-HBDH
(lot no. 202210) were bought from Meibiao Biology
(Nanjing, China).

2.2. Animals and formation of MI/R model

The animal subjects, adult male Sprague Dawley
rats (320e340g), were acquired from Shanghai B&K
Experimental Animal Co., Ltd. (Shanghai, China)
with production license: SCXK 2018e0006. They
were reared in a specific pathogen-free sounding
under approximately 50% humidity and 22 �C in
Zhejiang Chinese Medical University Laboratory
Animal Research Center (Laboratory animal use

license: SYXK 2021e0012) with registration number
of experimental animals: 20220411e04. The MI/R
surgery in this article was consulted from our pre-
vious research [21]. In a nutshell, rats were firstly
anesthetized by sodium pentobarbital (50 mg/kg,
i.p.), and then were connected to a ventilator to
guarantee normal breath, and their thoracic cavity
was opened to emerge the heart. A 6.0 nylon thread
was adopted to ligate the left anterior descending
(LAD) for 30 min to establish myocardial ischemia,
and the nylon thread was subsequently slackened
for 1 h to accomplish reperfusion.

2.3. Experiment protocol

After one week adoption period, all rats were
stochastically partitioned into six groups, as follows,
sham group, model group, low-dose of GHI (GHI-L)
group, middle-dose of GHI (GHI-M) group, high-
dose of GHI (GHI-H) group, and verapamil hydro-
chloride group (VH, positive control). On the day
before surgery, all rats were prohibited to forage but
freely accessed to drink water. All rats in the sham
group suffered from the sham operation, that is rats’
heart was merely penetrated by the nylon thread
but without LAD ligation. After the sham operation,
rats were injected with physiological saline (10 mL/
kg) through the tail vein. Apart from the rats in the
sham group, all the others were subjected to surgery
with ligating LAD. After the operation, rats in the
model group were intravenously treated with
physiological saline (10 mL/kg), GHI-administered
groups were respectively injected with GHI (2.5, 5,
and 10 mL/kg, i.v.), as well as in verapamil hydro-
chloride group was administered with verapamil
hydrochloride (0.95 mg/kg) dissolved in physiolog-
ical saline via tail vein. The administrated dosages of
GHI and positive drug were converted from the
clinical doses [21,23].

2.4. Plasma samples collection and distribution

After physiological saline, GHI or verapamil hy-
drochloride was respectively injected, approximate
400 mL blood was collected from the retro-orbital
venous plexus of each rat at diverse time points (i.e.,
2, 5, 10, 20, 40, 60, 90, 120, 240 and 360 min) into a
1.5 mL centrifuge tube with heparin sodium. All
blood samples were left to rest for 30 min, and then
centrifuged at 3500 rpm for 10 min at 4 �C. The
plasma was gathered and dispensed to three new
centrifuge tubes for storage at �80 �C, in which
100 mL and 20 mL for PK research and 50 mL for PD
studies, respectively.
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2.5. Quantitative analysis of eight analytes in GHI

To quantify eight analytes, 0.1 mL GHI was pre-
cisely suctioned and moved into a 20 mL volumetric
flask, and then was diluted to tick mark by
methanolewater solution (50:50, v/v). The diluted
solution that was filtrated by filter membrane of
0.22 mm was employed for quantification of eight
analytes with the help of LC-MS/MS. The adopted
LC-MS/MS conditions and the final concentration
of ISs were the same as the following described in
the section of “pharmacokinetic research”.

2.6. Pharmacokinetic research

2.6.1. LC-MS/MS apparatuses and conditions
The analytes in plasma for the PK study were

quantified by engaging a LC-MS/MS system
composited of DGU-20A5R(C) HPLC system (Shi-
madzu corporation, Japan) and 4500 Q-TRAP mass
spectrometer (AB SCIEX, USA). In order to facilitate
the subsequent quantification of analytes, a CAP-
CELL PAK C18 (150 mm � 4.6 mm, 3 mm) connected
with a guard column (XB-C18, 10 mm � 4.6 mm,
3 mm), 0.5% formic acid-water (mobile phase A) and
acetonitrile (mobile phase B) constituted the chro-
matographic separation system, and a gradient
elution procedure was employed. The elution
sequence was as below, 0e10 min, 2-2% B;
10e12 min, 2e12% B; 12e20 min, 12e30% B;
20e25 min, 30e42% B; 25e27 min, 42e65% B;
27e35 min, 65e75% B; 35e38 min, 75e95% B;

38e40 min, 95-2% B; 40e42 min, 2-2% B. 5 mL
plasma sample was loaded into the above LC-MS
system within a column temperature of 30 �C and a
mobile phase flow rate of 0.4 mL/min.
The analytes were fragmentized by an electro-

spray ion source with a voltage of 5500 eV in the
mass spectrometry. After optimizing several mass
spectral parameters of each compound, namely,
declustering potential (DP), collision energy (CE),
and cell exit potential (CXP), all analytes were
monitored by negative ion multiple reactions
monitoring systems. The optimal DP, CE, and CXP
of each ingredient were listed in Table 1.

2.6.2. Plasma samples disposition
Owing to the noteworthy higher content of NAG

and HSYA in GHI, we adopted two methods to
dispose of plasma samples. One approach was for
the quantification of all analytes apart from NAG
and HSYA, namely CGA, HYP, K-3-G, K-3-R, pCA,
and RT. After 1 mL icariin (5 mg/mL) and 300 mL
methanol were added to 100 mL plasma, the mixture
was vortexed, and centrifugated at 12000 rpm for
12 min at 4 �C to remove protein. All supernatant
was distributed to a new centrifuge tube for subse-
quent nitrogen blowing. After plasma sample was
evaporated dry with nitrogen, 25 mL
methanolewater solution (50:50, v/v) was affiliated
for re-dissolution. The other approach is for the
quantification of NAG and HSYA. The plasma
samples in the five anterior time points (i.e., 2, 5, 10,
20, and 40 min) ought to be diluted 200 times to

Table 1. Mass spectrometry conditions of eight analytes and two ISs.

Analytes Ion mode Q1 (m/z) Q3 (m/z) DP (V) CE (V) CXP (V)

Chlorogenic acid [M�H] - 353.0 a191.0 �80 �25 �1
1̂35.0 �80 �29 �10

Hydroxysafflor yellow A [M�H] - 611.0 a491.0 �100 �44 �1
4̂03.1 �100 �46 �17

Hyperoside [M�H] - 462.9 a299.9 �75 �32 �31
2̂71.2 �75 �64 �5

Kaempferol-3-O-glucoside [M�H]- 446.9 a283.8 �90 �36 �11
2̂27.0 �90 �70 �7

Kaempferol-3-O-rutinoside [M�H]- 593.0 a284.8 �80 �38 �19
2̂54.9 �80 �62 �9

N-acetyl-L-glutamine [M�H]- 186.9 a144.9 �75 �18 �9
1̂27.1 �75 �14 �7

p-Coumaric acid [M�H]- 163.1 a93.0 �80 �36 �12
1̂16.7 �80 �42 �9

Rutin [M�H]- 609.2 a300.0 �150 �51 �17
2̂71.0 �150 �64 �21

Icariin (IS) [M-H-Glc]- 513.1 a366.1 �120 �36 �25
3̂23.0 �120 �52 �21

N-carbamoyl-L-glutamate (IS) [M�H]- 188.9 a146.1 �80 �16 �9
1̂01.7 �80 �26 �7

a The ion pairs adopted for quantification,^the ion pairs employed for qualitation.
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quantify NAG and HSYA. After 10 mL plasma was
diluted 200 times by blank plasma, 1 mL icariin (5 mg/
mL), 1 mL NCG (2.5 mg/mL), and 300 mL methanol
were entered into 100 mL diluted plasma. The
mixture was vortexed, and centrifugated at
12000 rpm for 12 min at 4 �C to remove protein. All
supernatant was distributed to a new centrifuge
tube to facilitate subsequent nitrogen blowing. And
then, 100 mL methanolewater solution (50:50, v/v)
was employed to re-dissolve sediment that was
blew dry by nitrogen. But the plasma samples in the
five latter time points (i.e., 60, 90, 120, 240, and
360 min) only need to be diluted 50 times to quantify
NAG and HSYA. Except this, the disposition of
plasma samples in the five latter time points for the
quantification of NAG and HSYA was the same as
the aforementioned.

2.6.3. Internal standard samples, calibration samples,
quality control samples, and diluted samples
preparation
All standards of analytes and ISs were first dis-

solved in a methanol-aqueous (50:50, v/v) solution.
The concentration of icariin that was applied as IS of
CGA, HSYA, HYP, K-3-G, K-3-R, pCA, and RT was
5 mg/mL. The concentration of NCG that was
adopted as IS of NAG was 2.5 mg/mL.
The calibration samples were formulated by

spiking standard solution with diverse concentra-
tions of eight analytes, as well as standard solution
of icariin and NCG into the blank plasma. The final
concentrations of CGA, HYP, K-3-G, and RT were
all 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 ng/mL, K-3-
R, and pCA were both 0.1, 0.5, 1, 5, 10, 50, 100, 500,
1000, 5000, and 10000 ng/mL, while, HSYA and NAG
were both 1, 5, 10, 50, 100, 500, 1000, 5000, and
10000 ng/mL, respectively. All calibration samples
were adopted for the determination of the linear
regression equation of ingredients.
The eight analytes, icariin, and NCG were added

into the blank plasma to prepare quality control
(QC) samples with three final concentrations of 5,
50, and 500 ng/mL (analytes), 200 ng/mL (icariin),
and 100 ng/mL (NCG), respectively. All of the QC
samples were adopted for the method validation.
The diluted samples were respectively prepared
with the final concentration of 500 mg/mL and 2 mg/
mL of both NAG and HSYA.

2.6.4. Method validation
In this paper, according to Bioanalytical Method

Validation Guidance for Industry (U. S., 2018), we
adopted calibration samples, QC samples, and
diluted samples to validate LC-MS/MS analytical
approach from the following aspects, namely, linear

regression, specificity, precision and accuracy, sta-
bility, matrix effect, and dilution integrity.
Three samples, namely, blank plasma, drug-con-

tained plasma added with ISs, and blank plasma
spiked with mixed standard solution of analytes and
ISs, were employed to explore the specificity of
analytes and ISs. The calibration samples with a
series of concentrations of analytes were adopted to
investigate the linear regression equation. Six in-
dependent samples of three concentrations of QC
samples, i.e., 5, 50, and 500 ng/mL were employed to
explore the intra-precision inter-precision, intra-
accuracy, and inter-accuracy. For the dilution
integrity research, ranges of the upper limit of
quantitation of NAG and HSYA were both
expanded to 500 mg/mL and 2 mg/mL in consider-
ation of 50-fold and 200-fold dilution, to investigate
the precision and accuracy of diluted analytes. QC
samples were employed to analyze the stability
under multiple store conditions, namely, freeze-
thaw stability with three cycles, auto-sampler sta-
bility for 24 h at 4 �C, and long-term stability for
1 month at �80 �C. The matrix effect of analytes was
ascertained by contrasting the peak area of QC
samples and standard solutions with corresponding
concentrations.

2.7. Pharmacodynamic research

We employed four myocardial enzymes, CK-MB,
IMA, cTn I, and a-HBDH, as the PD indicators to
embody the curative effect of GHI on MI/R injury.
The level of these biomarkers in plasma was
detected by using ELISA kits in the light of manu-
facturer's instructions.

2.8. Establishment of PLSR model

We encoded NAG, CGA, HSYA, pCA, RT, HYP,
K-3-R, and K-3-G as X1, X2, X3, X4, X5, X6, X7, and X8,
respectively. DCK-MB, DIMA, DcTn I, and Da-
HBDH were considered as different Y to construct
partial least squares regression (PLSR) analysis with
the help of The Unscrambler X software (version 11)
to explore the more profound relationship between
analytes with PD indicators [24].

2.9. Exploration of pharmacokinetic parameters
and PK/PD model

After analytes were quantified by LC-MS/MS
approach, as well as pharmacodynamic indicators
were detected by ELISA kits, with the help of Drug
and Statistics software (version 3.2.6), we first
investigated the PK parameters with a two-
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compartment model [10]. The model equations of all
PK parameters were listed in formulas 1-11. Owing
to the directly detected content of four biomarkers
unable to reflect the actual efficacy, with the help of
DAS software again, we employed DCK-MB, DIMA,
DcTn I, and Da-HBDH which represented the de-
viations of the GHI-administered group with the
model group to integrate with PK to establish the
optimal PK/PD model by comparing parameters of
akaike information criterion (AIC), Schwarz
bayesian criterion (SBC), as well as goodness of fit
(R2). In addition, we listed the optimal fitted PK/PD
models of analytes that only produce therapeutic
effects to each pharmacodynamic indicator accord-
ing to the results of PLSR analysis in this paper,
namely the analytes that possessed a negative co-
efficient in the PLSR equations.

t1=2a¼0:693
�
a 1

t1=2b¼0:693
�
b 2

V1¼X1 =C1 3

V2¼X2 =C2 4

CL1¼kV1 5

CL2¼kV2 6

AUCð0�tÞ ¼
Z t

0

�
Ae�atþBe�bt�dt 7

AUCð0�∞Þ ¼
Z∞

0

�
Ae�atþBe�bt�dt 8

k10¼ðabðAþBÞÞ=ðAbþBaÞ 9

k12¼aþ b � k10 � k21 10

k21¼ðAbþBaÞ=ðAþBÞ 11

Q¼k12V1 12

2.10. Statistical analysis

By adopting GraphPad Prism 8.0.2 (La Jolla, CA,
USA), the discrepancy of data in diverse groups
from PD experiment was appraised with an
approach of one-way analysis of variance, the
concentrationetime curve and effect-time bar chart

were presented in a form of mean þ standard
deviation (SD) [25]. P < 0.05 represented conspicu-
ously statistical divergences.

3. Results

3.1. Methodology validation

Illustrated in Supplementary Fig. 1, after a pair-
wise comparison of three chromatograms of the
blank plasma, the drug-contained plasma added
with ISs, and the mixed standard solution added
with ISs, we successfully qualified the eight analytes
in the drug-contained plasma and affirmed that
endogenous substances in plasma did not interfere
with the detection of analytes and ISs. The linear
regression equations were displayed in Supple-
mentary Table 1. All the calibration curves exhibited
excellent linearity (R2 > 0.99).
As Supplementary Table 2 shown, the relative

standard deviation (RSD) for intra-precision and
inter-precision as well as the relative error (RE) for
intra-accuracy and inter-accuracy of all analytes
were lower than 15%, indicating that the established
analytical approach possessed desirable precision
and accuracy.
Illustrated in Supplementary Table 3, the RSD of

the matrix effect for all analytes was less than 15%,
demonstrating that the matrix (plasma) had a minor
influence on the quantitative method.
As Supplementary Tables 4-6 shown, the RSD and

RE of three kinds of stability (i.e., freeze-thaw sta-
bility, auto-sampler stability, and long-term stabil-
ity) of all analytes were all lower than 15%,
indicating that our storage conditions had little ef-
fect on the quantification.
As illustrated in Supplementary Table 7, the RE

and RSD of HSYA and NAG that were both diluted
50-fold and 200-fold to the concentration of the
upper limit was within 15%, affirming that the
diluted approach was trustworthy.

3.2. Quantification of eight analytes in GHI

The concentration of eight analytes in GHI was
successfully and precisely quantified by the above
LC-MS/MS approach. The extracted ion chromato-
grams of eight analytes and two ISs were presented
in Fig. 1. The exact content of eight analytes in GHI
was calculated according to the above linear
regression equations, which was listed as followed,
30.0 mg/mL (NAG), 1 mg/mL (HSYA), 12.9 mg/mL
(CGA), 78.3 mg/mL ( pCA), 11.7 mg/mL (RT), 3.4 mg/
mL (HYP), 65.7 mg/mL (K-3-R), and 8.7 mg/mL (K-3-
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Fig. 1. Extracted ion chromatograms of eight ingredients and two ISs, including chlorogenic acid (A), hydroxysafflor yellow A (B), hyperoside (C),
kaempferol-3-O-glucoside (D), kaempferol-3-O-rutinoside (E), N-acetyl-L-glutamine (F), p-coumaric acid (G), rutin (H), N-carbamoyl-L-glutamate
(I), and icariin (J), in GHI detected by LC-MS/MS.
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G). The exact concentration of eight analytes that
was applied to determine PK parameters was
transformed from three different doses of GHI (2.5,
5, and 10 mL/kg) based on the content of eight in-
gredients in GHI.

3.3. Pharmacokinetic studies

The concentration of eight analytes in plasma was
successfully andpreciselyquantifiedby the aboveLC-
MS/MS approach. The plasma concentrationetime

Fig. 2. Plasma concentrationetime curves of eight analytes, i.e., chlorogenic acid (A), hydroxysafflor yellow A (B), hyperoside (C), kaempferol-3-O-
glucoside (D), kaempferol-3-O-rutinoside (E), N-acetyl-L-glutamine (F), p-coumaric acid (G), rutin (H) (n ¼ 6).

Table 2. Pharmacokinetic parameters of chlorogenic acid (n ¼ 6).

PK parameters Chlorogenic acid

GHI-L GHI-M GHI-H

t1/2a (h) 0.034 ± 0.009 0.031 ± 0.003 0.018 ± 0.003
t1/2b (h) 0.919 ± 0.079 0.829 ± 0.121 0.52 ± 0.052
V1 (L/kg) 0.672 ± 0.201 0.496 ± 0.08 0.389 ± 0.059
V2 (L/kg) 2.304 ± 0.146 1.49 ± 0.142 1.273 ± 0.103
CL1 (L/h/kg) 2.669 ± 0.169 1.939 ± 0.146 2.554 ± 0.092
CL2 (L/h/kg) 8.99 ± 0.907 7.19 ± 0.505 10.403 ± 0.914
AUC(0-t) (mg/L*h) 99.028 ± 52.832 268.98 ± 142.21 408.232 ± 212.364
AUC(0-∞) (mg/L*h) 102.146 ± 53.386 277.105 ± 142.174 421.197 ± 211.864
K10 (1/h) 4.274 ± 1.912 3.987 ± 0.663 6.701 ± 1.078
K12 (1/h) 14.327 ± 4.021 14.709 ± 1.766 27.459 ± 6.003
K21 (1/h) 3.902 ± 0.294 4.84 ± 0.29 8.203 ± 0.823
Q (L/h/kg) 8.991 ± 0.908 7.190 ± 0.504 10.398 ± 0.912

Table 3. Pharmacokinetic parameters of hydroxysafflor yellow A (n ¼ 6).

PK parameters Hydroxysafflor yellow A

GHI-L GHI-M GHI-H

t1/2a (h) 0.017 ± 0.012 0.01 ± 0.003 0.024 ± 0.006
t1/2b (h) 0.732 ± 0.1 1.386 ± 0.079 0.972 ± 0.109
V1 (L/kg) 0.218 ± 0.194 0.126 ± 0.071 0.498 ± 0.088
V2 (L/kg) 0.838 ± 0.35 1.351 ± 0.099 1.001 ± 0.108
CL1 (L/h/kg) 1.22 ± 0.369 0.831 ± 0.078 1.13 ± 0.031
CL2 (L/h/kg) 4.617 ± 2.905 6.72 ± 2.765 9.462 ± 1.509
AUC(0-t) (mg/L*h) 39.625 ± 19.79 112.634 ± 61.077 186.919 ± 99.005
AUC(0-∞) (mg/L*h) 40.679 ± 19.68 115.716 ± 61.354 190.363 ± 98.813
K10 (1/h) 24.474 ± 30.867 9.794 ± 7.36 2.321 ± 0.37
K12 (1/h) 41.769 ± 28.827 61.177 ± 16.942 19.794 ± 6.115
K21 (1/h) 4.939 ± 2.249 4.88 ± 1.799 9.604 ± 2.209
Q (L/h/kg) 4.621 ± 2.906 6.711 ± 2.762 9.465 ± 1.508
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curves of eight analytes in GHI-administered groups
were exhibited in Fig. 2. The PK parameters that pri-
marily reflect the characteristics of distribution and
elimination of eight analyteswere listed inTables 2e9,
including half-life (t1/2), apparent volume of distribu-
tion (V), clearance (CL), area under the
concentrationetime curve (AUC), and elimination
rate constant (Ke). From the results of PK parameters,

it was obvious to discover the values of t1/2b, k12, V2,
andCL2were larger than thoseof t1/2a, k21, V1, andCL1
for all compounds in GHI under all three different
dosages. For all parameters of the eight ingredients,
only AUC(0-t) and AUC(0-∞) presented obvious dose-
dependence, while, the variant trend of the other pa-
rameters had its own charms with the transformation
of the dosage of GHI.

Table 4. Pharmacokinetic parameters of hyperoside (n ¼ 6).

PK parameters Hyperoside

GHI-L GHI-M GHI-H

t1/2a (h) 0.023 ± 0.005 0.023 ± 0.005 0.015 ± 0.004
t1/2b (h) 0.669 ± 0.077 0.312 ± 0.022 0.313 ± 0.062
V1 (L/kg) 0.493 ± 0.117 0.34 ± 0.1 0.309 ± 0.126
V2 (L/kg) 2.979 ± 0.292 0.935 ± 0.119 1.207 ± 0.352
CL1 (L/h/kg) 5.336 ± 0.493 4.595 ± 0.202 4.915 ± 0.718
CL2 (L/h/kg) 8.691 ± 0.628 4.573 ± 0.67 7.256 ± 2.273
AUC(0-t) (mg/L*h) 7.719 ± 4.061 17.724 ± 9.103 32.246 ± 15.108
AUC(0-∞) (mg/L*h) 8.252 ± 4.022 19.295 ± 9.27 34.504 ± 14.937
K10 (1/h) 11.259 ± 2.48 14.742 ± 5.174 21.205 ± 16.45
K12 (1/h) 18.242 ± 3.358 14.086 ± 2.688 26.235 ± 8.526
K21 (1/h) 2.929 ± 0.214 4.889 ± 0.407 6.031 ± 0.862
Q (L/h/kg) 8.690 ± 0.628 4.572 ± 0.672 7.260 ± 2.271

Table 5. Pharmacokinetic parameters of kaempferol-3-O-glucoside (n ¼ 6).

PK parameters Kaempferol-3-O-glucoside

GHI-L GHI-M GHI-H

t1/2a (h) 0.026 ± 0.005 0.045 ± 0.024 0.022 ± 0.002
t1/2b (h) 0.674 ± 0.094 0.691 ± 0.361 0.385 ± 0.053
V1 (L/kg) 0.54 ± 0.101 0.59 ± 0.22 0.475 ± 0.044
V2 (L/kg) 2.822 ± 0.3 1.87 ± 0.735 1.419 ± 0.173
CL1 (L/h/kg) 5.255 ± 0.593 4.123 ± 0.508 4.4558 ± 0.452
CL2 (L/h/kg) 7.999 ± 1.661 4.766 ± 1.069 8.474 ± 0.613
AUC(0-t) (mg/L*h) 23.576 ± 12.633 31.49 ± 12.303 116.314 ± 56.651
AUC(0-∞) (mg/L*h) 25.109 ± 12.653 35.448 ± 11.949 122.652 ± 56.297
K10 (1/h) 10.09 ± 2.541 8.042 ± 3.472 9.636 ± 0.934
K12 (1/h) 15.148 ± 3.65 9.709 ± 5.342 17.927 ± 1.512
K21 (1/h) 2.832 ± 0.492 3.087 ± 1.742 6.02 ± 0.636
Q (L/h/kg) 7.998 ± 1.660 4.764 ± 1.067 8.473 ± 0.613

Table 6. Pharmacokinetic parameters of kaempferol-3-O-rutinoside (n ¼ 6).

PK parameters Kaempferol-3-O-rutinoside

GHI-L GHI-M GHI-H

t1/2a (h) 0.024 ± 0.008 0.045 ± 0.025 0.022 ± 0.004
t1/2b (h) 0.563 ± 0.116 0.621 ± 0.352 0.348 ± 0.047
V1 (L/kg) 0.546 ± 0.192 0.603 ± 0.211 0.49 ± 0.094
V2 (L/kg) 2.437 ± 0.538 1.669 ± 0.725 1.244 ± 0.167
CL1 (L/h/kg) 5.158 ± 0.266 4.134 ± 0.338 4.481 ± 0.265
CL2 (L/h/kg) 9.313 ± 2.573 4.919 ± 1.189 8.486 ± 0.614
AUC(0-t) (mg/L*h) 163.614 ± 83.456 211.446 ± 86.297 778.474 ± 381.478
AUC(0-∞) (mg/L*h) 172.917 ± 84.754 236.738 ± 84.799 819.682 ± 380.899
K10 (1/h) 10.77 ± 4.722 7.644 ± 2.745 9.381 ± 1.601
K12 (1/h) 19.134 ± 9.171 9.432 ± 4.449 17.849 ± 3.532
K21 (1/h) 3.903 ± 1.019 3.686 ± 2.064 6.923 ± 0.999
Q (L/h/kg) 9.311 ± 2.570 4.919 ± 1.190 8.485 ± 0.615
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3.4. Pharmacodynamic studies

The myocardial injured markers, CK-MB, IMA,
cTn I, and a-HBDH, were quantified according to
manufacturer's instructions via adopting ELISA kits.
The obtained standard curve equations were as
follows: y ¼ 0.1425x þ 0.1193 (R2 ¼ 0.9992) for CK-
MB; y ¼ 0.0235x þ 0.1444 (R2 ¼ 0.9987) for IMA;

y ¼ 0.3709x þ 0.2161 (R2 ¼ 0.9896) for cTn I; and
y ¼ 0.0358x þ 0.166 (R2 ¼ 0.9959) for a-HBDH. As
shown in Fig. 3, the four biomarkers in the model
group were dramatically up-regulated compared
with the sham group within 2e360 min of blood
collection, indicating that MI/R model was trium-
phantly established. The pharmacodynamic action
of GHI on each marker was apparently different,

Table 7. Pharmacokinetic parameters of N-acetyl-L-glutamine (n ¼ 6).

PK parameters N-acetyl-L-glutamine

GHI-L GHI-M GHI-H

t1/2a (h) 0.014 ± 0.003 0.005 ± 0.001 0.018 ± 0.011
t1/2b (h) 0.814 ± 0.078 0.462 ± 0.023 0.709 ± 0.083
V1 (L/kg) 0.223 ± 0.057 0.024 ± 0.008 0.339 ± 0.204
V2 (L/kg) 1.381 ± 0.093 0.445 ± 0.069 1.144 ± 0.167
CL1 (L/h/kg) 1.577 ± 0.116 1.133 ± 0.122 1.633 ± 0.135
CL2 (L/h/kg) 8.185 ± 1.181 1.776 ± 0.548 8.632 ± 3.038
AUC(0-t) (mg/L*h) 538.219 ± 290.308 1012.749 ± 472.353 1048.88 ± 551.764
AUC(0-∞) (mg/L*h) 553.382 ± 290.017 1060.065 ± 473.211 1079.308 ± 551.248
K10 (1/h) 7.691 ± 3.042 50.018 ± 3.042 9.543 ± 11.62
K12 (1/h) 38.711 ± 10.279 73.95 ± 2.602 37.368 ± 24.261
K21 (1/h) 5.932 ± 0.785 3.913 ± 0.6 7.43 ± 2.404
Q (L/h/kg) 8.185 ± 1.181 1.771 ± 0.553 8.631 ± 3.051

Table 8. Pharmacokinetic parameters of p-coumaric acid (n ¼ 6).

PK parameters p-Coumaric acid

GHI-L GHI-M GHI-H

t1/2a (h) 0.03 ± 0.009 0.037 ± 0.025 0.034 ± 0.01
t1/2b (h) 0.487 ± 0.059 0.392 ± 0.084 0.321 ± 0.049
V1 (L/kg) 0.462 ± 0.17 0.677 ± 0.122 0.723 ± 0.095
V2 (L/kg) 1.272 ± 0.124 0.7 ± 0.142 0.669 ± 0.07
CL1 (L/h/kg) 3.317 ± 0.369 2.808 ± 0.134 3.469 ± 0.187
CL2 (L/h/kg) 5.909 ± 1.304 6.918 ± 2.46 6.658 ± 2.185
AUC(0-t) (mg/L*h) 380.718 ± 210.96 942.029 ± 503.001 1526.046 ± 777.772
AUC(0-∞) (mg/L*h) 400.705 ± 216.195 969.468 ± 504.903 1579.385 ± 775.148
K10 (1/h) 8.039 ± 2.934 4.277 ± 0.897 4.878 ± 0.808
K12 (1/h) 14.117 ± 4.736 11.023 ± 5.384 9.545 ± 4.156
K21 (1/h) 4.662 ± 1.024 10.302 ± 3.876 10.071 ± 3.659
Q (L/h/kg) 5.909 ± 1.300 6.919 ± 2.461 6.656 ± 2.183

Table 9. Pharmacokinetic parameters of rutin (n ¼ 6).

PK parameters Rutin

GHI-L GHI-M GHI-H

t1/2a (h) 0.024 ± 0.002 0.035 ± 0.01 0.012 ± 0.006
t1/2b (h) 0.541 ± 0.055 0.492 ± 0.082 0.348 ± 0.047
V1 (L/kg) 0.379 ± 0.071 0.466 ± 0.88 0.239 ± 0.209
V2 (L/kg) 1.671 ± 0.12 1.075 ± 0.133 0.855 ± 0.277
CL1 (L/h/kg) 3.795 ± 0.496 2.872 ± 0.264 2.813 ± 0.459
CL2 (L/h/kg) 6.267 ± 0.809 5.018 ± 0.665 6.712 ± 3.688
AUC(0-t) (mg/L*h) 34.647 ± 19.017 124.334 ± 65.117 209.185 ± 106.205
AUC(0-∞) (mg/L*h) 36.886 ± 19.221 129.725 ± 65.166 217.984 ± 105.554
K10 (1/h) 10.125 ± 0.978 6.448 ± 1.858 25.55 ± 19.846
K12 (1/h) 16.754 ± 1.998 11.318 ± 3.536 42.24 ± 19.866
K21 (1/h) 3.748 ± 0.381 4.751 ± 1.024 7.333 ± 1.971
Q (L/h/kg) 6.267 ± 0.813 5.018 ± 0.665 6.706 ± 3.691

88 JOURNAL OF FOOD AND DRUG ANALYSIS 2024;32:79e102

O
R
IG

IN
A
L
A
R
T
IC

L
E



which was primarily reflected in the time for the
first decline in the content of each marker. For CK-
MB, the content descended at 20 min after admin-
istrating GHI. The content of both IMA and cTn I
presented a downward trend at 40 min after GHI
administration. The reduction of a-HBDH that
began at 60 min after GHI treatment was the latest.
We speculated that this difference may be related to
the inconsistent tempo on distribution and meta-
bolism of diverse effective compounds in GHI in
tissues. Furthermore, the regulation of GHI on the
four biomarkers also appeared demonstrable dose-
dependence. As far as the four biomarkers, the
cardioprotection of high-dose GHI was better than
the positive control medication, verapamil
hydrochloride.

3.5. Results of PLSR analysis

The PLSR equations of analytes and PD indicators
was explored by us with the help of The Unscram-
bler X software (version 11). All PLSR equations that
respectively considered DCK-MB, DIMA, DcTn I,
and Da-HBDH as Y were listed in Table 10. The
predicted results of PLSR for each compound and
each myocardial enzymes were listed in Figs. 5e7.

The weighted regression coefficients that reacted
the correlation of analytes and PD indicators were
illustrated in Figs. 8e10. The plus-minus of co-
efficients represented the positive and negative
relation between analytes and PD indicators. Due to
the curative effect of GHI embodied in the reduction
of CK-MB, IMA, cTn I, and a-HBDH in the present
research, we focused on analytes with minus co-
efficients. After statistics and analysis of weighted
regression coefficients, we discovered NAG, HSYA,
CGA, and pCA were mostly positively correlated
with the decline of the four biomarkers, so these
four ingredients played a more indispensable role
when GHI treating MI/R injury.

3.6. Establishment of PK/PD models

We regarded the concentration of each analyte as
X-axis, and the concentration of each PD indicator
as Y-axis to sketch the curve. As Fig. 4 shown, the
cardioprotection of GHI was invariably exerted later
approximately 2e4 time points (i.e., from 10 min to
40 min) than the first blood collection point. This
phenomenon was caused by the unique character-
istics of distribution of each analyte. We adopted the
Sigmoid-Emax model to integrate PK and PD, and

Fig. 3. Quantification for the myocardial injured biomarkers of CK-MB (A), IMA (B), cTn I (C), and a-HBDH (D) (n ¼ 3). **/*P < 0.01/0.05 vs. sham
group; ^^/^P < 0.01/0.05 vs. model group.
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PK/PD equations were expressed in the form
of “E ¼ Emax * C∧g/(ED50

∧g þ C∧g)”, in which
Emax represented the maximal effect of the drug,
ED50 meant the drug concentration when achieving

the half effect of Emax, and g symbolized the slope of
PK/PD curve. By comparing the parameters, AIC,
SBC, and R2, generated from altering the compart-
mental model and weight coefficient, the optimal

Table 10. PLSR equations for all analytes respectively with DCK-MB, DIMA, DcTn I, and Da-HBDH.

Dependent
variables

Groups PLSR equations

GHI-L Y ¼ �1.36649X1 þ 2.420342X2 � 0.1390197X3 � 3.597929X4 þ 0.4765264X5 þ 2.2475471X6 � 1.347652X7 þ
0.6581857X8

DCK-MB GHI-M Y ¼ �0.7705629X1 � 0.0237398X2 � 0.1541825X3 � 1.022269X4 � 0.0849163X5 þ 0.6763485X6 þ 0.2053435X7 þ
0.3452763X8

GHI-H Y ¼ 0.2855634X1 � 0.1449057X2 � 0.2111469X3 � 1.850764X4 � 0.3616633X5 þ 0.9251882X6 þ 0.0224434X7 þ
0.5270877X8

GHI-L Y ¼ �0.6954968X1 � 0.3810411X2 � 0.9159328X3 � 0.2133788X4 þ 0.3320674X5 þ 0.7109738X6 þ 0.089624X7 þ
0.4898437X8

DIMA GHI-M Y ¼ �0.7402096X1 þ 0.0381992X2 � 0.4412489X3 � 1.018898X4 þ 0.0597021X5 þ 0.6760102X6 þ 0.3246165X7 þ
0.4088811X8

GHI-H Y ¼ �1.176141X1 � 0.3651575X2 þ 0.4547408X3 � 1.68081X4 þ 0.2217712X5 þ 0.9449685X6 þ 0.2036869X7 þ
0.679628X8

GHI-L Y ¼ �2.603504X1 þ 1.548511X2 � 0.2964474X3 � 2.511441X4 � 0.2679573X5 þ 3.7428298X6 þ 0.6550613X7 �
0.7299335X8

DcTn I GHI-M Y ¼ �0.7136006X1 � 0.1127803X2 � 0.5595503X3 � 0.9280757X4 þ 0.0124179X5 þ 0.7685454X6 þ 0.321465X7 þ
0.44222X8

GHI-H Y ¼ �1.660466X1 þ 0.0560317X2 þ 0.1925077X3 � 1.501105X4 þ 0.4283781X5 þ 0.9009857X6 þ 0.1821965X7 þ
0.6318244X8

GHI-L Y ¼ �0.9408289X1 � 0.879114X2 � 1.268848X3 � 0.1344323X4 þ 0.578991X5 þ 1.0949033X6 þ 0.1299974X7 þ
0.8911269X8

Da-HBDH GHI-M Y ¼ �0.7603841X1 � 0.0563754X2 � 0.8696728X3 � 0.8624248X4 þ 0.1017748X5 þ 0.8386844X6 þ 0.422355X7 þ
0.5269656X8

GHI-H Y ¼ �2.673813X1 � 0.8999723X2 þ 0.5539879X3 � 0.6081021X4 þ 0.3924785X5 þ 1.0899045X6 þ 0.4757133X7 þ
1.0647134X8

Fig. 4. Diagram of PK/PD correlation in GHI-L group (A), GHI-M group (B), and GHI-H group (C).
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Fig. 6. Predicted results of PLSR for analytes and DCK-MB (A), DIMA (B), DcTn I (C), and Da-HBDH (D) in GHI-M group.

Fig. 5. Predicted results of PLSR for analytes and DCK-MB (A), DIMA (B), DcTn I (C), and Da-HBDH (D) in GHI-L group.
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Fig. 8. Weighted regression coefficients of analytes and DCK-MB (A), DIMA (B), DcTn I (C), and Da-HBDH (D) in GHI-L group.

Fig. 7. Predicted results of PLSR for analytes and DCK-MB (A), DIMA (B), DcTn I (C), and Da-HBDH (D) in GHI-H group.
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Fig. 9. Weighted regression coefficients of analytes and D CK-MB (A), D IMA (B), D cTn I (C), and D a-HBDH (D) in GHI-M group.

Fig. 10. Weighted regression coefficients of analytes and D CK-MB (A), D IMA (B), D cTn I (C), and D a-HBDH (D) in GHI-H group.
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PK/PD equation was determined. We discovered
that values of the above parameters of the optimal
PK/PD models generated by fitting eight ingredients
with each PD indicator were the same, which were
listed in Table 11. The optimum PK/PD equations of
analytes with a negative coefficient in PLSR equa-
tions that were integrated with DCK-MB, DIMA,
DcTn I, and Da-HBDH were respectively listed in
Tables 12e15. After comparing the variation of pa-
rameters in PK/PD equations when the dose of GHI
was gradually magnified, we discovered that Emax

and ED50 of most ingredients raised when the dose
of GHI was magnified. There was no significant
trend of g when the dose of GHI was continuously
elevated.

4. Discussion

In this study, we established a well-performance
LC-MS/MS approach to quantify eight ingredients
in plasma after administrating three kinds of doses
of GHI and contrasted their PK parameters. AUC,
one momentous PK parameter, reflects the amount
of drug that enters the systemic circulation to
represent the exploited degree of medication [26].
The ascension of AUC(0-t) and AUC(0-∞) of eight
analytes indicated that the exploited drug concen-
tration in tissues was gradually enlarged with the
increment of the dose of GHI. T1/2a and t1/2b, both
belong to half-life, but respectively reflect the speed
of distribution and elimination of drugs in the or-
ganism [27]. The value of t1/2b was larger than t1/2a
for all ingredients, indicating all analyzed compo-
nents in GHI possessed a feature of rapid distribu-
tion and slow elimination.
Two constants, k12 and k21, reflect the rate of

transfer of drugs, in which k12 represents the rate of
drugs transported from the central compartment to
the peripheral compartment, and k21 symbolizes the
rate of drugs transferred from the peripheral
compartment to the central compartment [28]. After
comparing the values of k12 and k21 of all in-
gredients, we intriguingly found that the value of k12
of each compound was larger than that of k21, and
all analytes were divided into two kinds according
to their variant tendency of k12 and k21 with the
enhancement of the dose of GHI. One kind was to
promote ingredients to centralize in the central
compartment owing to the decrease of k12 and the
increase of k21, including NAG, HSYA, K-3-R, and

Table 11. The value of parameters of AIC, SBC, and R2 of the optimal
PK/PD model for all analytes with DCK-MB, DIMA, DcTn I, and Da-
HBDH.

Analytes Groups AIC SBC R2

GHI-L �4.959 �3.144 0.999
Chlorogenic acid GHI-M 14.18 15.996 0.998

GHI-H 28.481 30.297 0.995
GHI-L 12.894 14.71 0.993

Hydroxysafflor yellow A GHI-M �4.715 �2.9 0.999
GHI-H 41.97 43.786 0.994
GHI-L �13.047 �11.232 0.999

Hyperoside GHI-M 9.67 11.486 0.999
GHI-H �0.551 1.264 0.999
GHI-L �13.161 �11.346 0.999

Kaempferol-3-O-
glucoside

GHI-M �8.287 �6.472 0.999

GHI-H 10.973 12.788 0.999
GHI-L 7.092 8.908 0.999

Kaempferol-3-O-
rutinoside

GHI-M �8.252 �6.436 0.999

GHI-H 27.25 29.065 0.999
GHI-L 25.188 27.003 0.997

N-acetyl-L-glutamine GHI-M 83.141 84.956 0.997
GHI-H 34.885 36.701 0.998
GHI-L �13.529 �11.713 0.999

p-Coumaric acid GHI-M 35.145 36.961 0.998
GHI-H 96.997 98.812 0.998
GHI-L 18.369 20.185 1.000

Rutin GHI-M �12.21 �10.395 0.999
GHI-H 21.725 23.541 0.995

Table 12. Equations of the optimal PK/PD model between analytes with negative coefficient in PLSR equations and DCK-MB.

Groups Analytes Optimal equations

GHI-L N-acetyl-L-glutamine E ¼ 11.04 * C0.077/(23.5880.077 þ C0.077)
Hydroxysafflor yellow A E ¼ 11.082 * C0.071/(1.7080.071 þ C0.071)
p-Coumaric acid E ¼ 6.058 * C0.098/(36.4180.098 þ C0.098)
Kaempferol-3-O-rutinoside E ¼ 11.04 * C0.081/(14.1750.081 þ C0.081)

GHI-M N-acetyl-L-glutamine E ¼ 13.089 * C0.096/(87.9450.096 þ C0.096)
Chlorogenic acid E ¼ 11.972 * C1.907/(14.0441.907 þ C1.907)
Hydroxysafflor yellow A E ¼ 27.2 * C0.31/(8.9930.31 þ C0.31)
p-Coumaric acid E ¼ 15.943 * C0.238/(135.1850.238 þ C0.238)
Rutin E ¼ 11.991 * C1.357/(4.4481.357 þ C1.357)

GHI-H Chlorogenic acid E ¼ 16.037 * C1.302/(32.0411.302 þ C1.302)
Hydroxysafflor yellow A E ¼ 15.892 * C1.189/(14.571.189 þ C1.189)
p-Coumaric acid E ¼ 15.798 * C0.034/(681.9180.034 þ C0.034)
Rutin E ¼ 15.908 * C1.459/(17.2391.459 þ C1.459)
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pCA. The other kind was to facilitate components to
permeate into the peripheral compartment due to
the increase of k12 and the decrease of k21, con-
taining CGA, HYP, K-3-G, and RT. We deemed this
phenomenon may be led by the content difference
among all analytes in GHI. Each ingredient bore the
brunt of distribution in the peripheral compartment
after administrating GHI. The components with a
low content were principally dispersed in the pe-
ripheral compartment, while the compounds with a
high content funneled into the central compartment
after fulfilling the peripheral compartment.
Another PK parameter, V, evaluated the distri-

bution range of drugs according to the numeric
value. The lower V value manifested drugs were

predominantly distributed in blood, while the
higher V value indicated drugs were extensively
assimilated by tissues [29]. In our current research,
the value of V2 of all components was larger than V1,
proclaiming that all analytes primarily existed in
tissues in the peripheral compartment. What's more
fascinating was that only the values of V1 and V2 of
HSYA enlarged among all analytes with the upbeat
of the dose of GHI, suggesting that the ingested
ability of tissues for it was optimal among all com-
pounds. Due to the same tendency of V2 of all in-
gredients except for the extraordinary HSYA, we
separated the other analytes into four groups in the
light of their variable tend of V1 with the promotion
of the dose of GHI. The first kind was ingredients

Table 13. Equations of the optimal PK/PD model between analytes with negative coefficient in PLSR equations and DIMA.

Groups Analytes Optimal equations

GHI-L N-acetyl-L-glutamine E ¼ 31.136 * C0.055/(34.0280.055 þ C0.055)
Chlorogenic acid E ¼ 28.211 * C0.102/(0.010.102 þ C0.102)
Hydroxysafflor yellow A E ¼ 31.473 * C0.036g/(31.9520.036 þ C0.036)
p-Coumaric acid E ¼ 19.558 * C0.025/(57.2340.025 þ C0.025)

GHI-M N-acetyl-L-glutamine E ¼ 42.733 * C0.01/(257.8170.01 þ C0.01)
Hydroxysafflor yellow A E ¼ 49.851 * C0.26/(0.2840.26 þ C0.26)
p-Coumaric acid E ¼ 49.851 * C0.117/(152.9960.117 þ C0.117)

GHI-H N-acetyl-L-glutamine E ¼ 77.916 * C0.398/(278.4290.398 þ C0.398)
Chlorogenic acid E ¼ 65.739 * C2.091/(26.9172.091 þ C2.091)
p-Coumaric acid E ¼ 62.712 * C0.031/(579.0640.031 þ C0.031)

Table 14. Equations of the optimal PK/PD model between analytes with negative coefficient in PLSR equations and DcTn I.

Groups Analytes Optimal equations

GHI-L N-acetyl-L-glutamine E ¼ 4.608 * C0.037/(39.9870.037 þ C0.037)
Hydroxysafflor yellow A E ¼ 4.628 * C0.021/(2.5760.021 þ C0.021)
p-Coumaric acid E ¼ 2.907 * C0.01/(37.910.01 þ C0.01)
Rutin E ¼ 4.632 * C0.01/(2.5950.01 þ C0.01)
Kaempferol-3-O-glucoside E ¼ 4.625 * C0.01/(1.170.01 þ C0.01)

GHI-M N-acetyl-L-glutamine E ¼ 6.714 * C0.035/(79.9940.035 þ C0.035)
Chlorogenic acid E ¼ 7.28 * C0.039/(14.360.039 þ C0.039)
Hydroxysafflor yellow A E ¼ 7.341 * C0.13/(2.1910.13 þ C0.13)
p-Coumaric acid E ¼ 7.258 * C0.052/(107.8050.052 þ C0.052)

GHI-H N-acetyl-L-glutamine E ¼ 10.158 * C0.228/(273.620.228 þ C0.228)
p-Coumaric acid E ¼ 9.007 * C0.146/(161.460.146 þ C0.146)

Table 15. Equations of the optimal PK/PD model between analytes with negative coefficient in PLSR equations and Da-HBDH.

Groups Analytes Optimal equations

GHI-L N-acetyl-L-glutamine E ¼ 48.85 * C0.023/(39.960.023 þ C0.023)
Chlorogenic acid E ¼ 48.745 * C0.079/(0.010.079 þ C0.079)
Hydroxysafflor yellow A E ¼ 49.45 * C0.049/(0.010.049 þ C0.049)
p-Coumaric acid E ¼ 37.993 * C0.01/(48.8240.01 þ C0.01)

GHI-M N-acetyl-L-glutamine E ¼ 72.312 * C0.01/(211.7790.01 þ C0.01)
Chlorogenic acid E ¼ 72.774 * C0.099/(6.6930.099 þ C0.099)
Hydroxysafflor yellow A E ¼ 88.223 * C0.236/(0.6080.236 þ C0.236)
p-Coumaric acid E ¼ 71.86 * C0.075/(95.9760.075 þ C0.075)

GHI-H N-acetyl-L-glutamine E ¼ 91.925 * C0.136/(154.5980.136 þ C0.136)
Chlorogenic acid E ¼ 86.524 * C0.194/(26.0160.194 þ C0.194)
p-Coumaric acid E ¼ 89.907 * C0.01/(663.1260.01 þ C0.01)
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converged in the blood of the central compartment
embodied in the mere decline of V1, including CGA
and HYP. The second kind was compounds scat-
tered in tissues of the central compartment reflected
by the pure rise of V1, such as pCA. The third kind
and the last kind were components (i.e., K-3-G, K-3-
R, and RT) with first increased and then decreased
V1 and constituents (i.e., NAG) with first decreased
and then increased V1, respectively. We believed
this outcome was induced by the speed of ingestion
of NAG by tissues was faster than other composi-
tions. Hence, we weren't hard to draw a prominent
conclusion that the ingested rate of tissues to HSYA,
NAG, and pCA was quicker than other analytes in
GHI. We inferred maybe the larger concentration
difference between both sides of the cytomembrane
caused by the higher content of these three in-
gredients in GHI made a stupendous contribution to
their more rapid intake by tissues.
CL, one of PK parameters, reflected the elimina-

tion rate of drugs in the organism. We discovered
that the value of CL2 of all analytes was larger than
CL1, declaring that the elimination speed of all in-
gredients in the peripheral compartment was
quicker than in the central compartment. After
comparing the alteration of CL1 and CL2 of all
compounds with the increase in the dose of GHI, we
readily divided all components into three groups.
The first kind was ingredients with an enlargement
of both CL1 and CL2, including NAG and pCA. We
conjectured the acceleration of the clearance of
these two compounds due to their strong water-
solubility and low molecular mass. The second kind
was compounds with a diminution of both CL1 and
CL2, containing HYP and K-3-R. The third was
constituents (i.e., HSYA, CGA, K-3-G, and RT) with
a decrease of CL1 and an increase of CL2. We
believed the cause for the decline in the clearance of
these six compositions ought to comprehensively
consider multiple factors, such as their content,
polarity, molecular weight, and the binding rate of
plasma protein.
Based on PK/PD study, two machine learning

approaches, principal component analysis (PCA)
and back propagation neural network (BPNN), have
been adopted to investigate the contribution of in-
gredients in drugs to diverse effects in previous
studies [30,31]. Although PCA, BPNN, and PLSR all
were able to achieve that intention, compared to
PLSR, PCA and BPNN exhibited a modicum of
flaws. The principle of PLSR was slightly different
from that of PCA, that is PLSR aimed to search for
direction with both high square error and high
correlation with response variables, but PCA only

paid attention to the former [32,33]. We inferred
that the reason why PLSR attained both the
positiveenegative correlation and contribution rate,
but PCA only acquired the latter may be associated
with that difference. Due to the complexity of model
and the small sample size, the application of BPNN
may result in over-fitting [34]. The adoption of
cross-validation in PLSR effectively avoided the
over-fitting, meanwhile, PLSR may exhibit better
applicability to the research with a modest amount
of sample [35,36]. In this research, we considered
each myocardial enzyme as the independent vari-
able and all analytes as the dependent variable to
establish PLSR analysis. The weighted coefficients
of all PLSR equations demonstrated NAG, HSYA,
CGA, and pCA were positively correlated with the
decline of all cardiac enzymes, declaring these four
compounds may serve as the active ingredients of
GHI in treating MI/R injury.
GHI effectively decreased the level of one

enzyme, CK-MB, closely related to energy meta-
bolism in the myocardium [37]. NAG, one ingre-
dient with the maximum content in GHI, was
further transformed into glutamate in the organism,
while glutamate played a significant role in the en-
ergy balance of H9c2 after hypoxia/reoxygenation
[38,39]. We speculated that adjusting energy meta-
bolism may be one principal therapeutic mecha-
nism of GHI on MI/R injury. In previous studies,
IMA was widely regarded as a biomarker to assess
both oxidative stress and myocardial ischemia,
whose level was also declined by GHI in the current
study [40e42]. HSYA is a compound with the sec-
ond content in GHI, whose brilliant antioxidant ef-
fect when mitigating MI/R injury has already been
verified in antecedent research [43]. Hence, we
believed that the antioxidant effect, as the other
momentous mechanism of GHI on protecting the
myocardium from damage, was undisputed.
Furthermore, the generation of IMA may induce the
anomalous concentration of cellular transition ele-
ments, such as iron ions and copper ions, possibly
further leading to ferroptosis and cuproptosis. Pre-
vious research proved HSYA possessed a regulatory
effect to ferroptosis in rats’ pheochromocytoma cell
line (PC12), but there were no studies about HSYA
adjusting ferroptosis, one monumental mechanism
of MI/R injury [44,45]. We thought the research on
mechanisms of GHI based on ferroptosis and
cuproptosis in treating MI/R injury was also
condignly pondered. cTn I was one calcium-
dependent subunit of cardiac troponin, whose level
was equally diminished by GHI in our study [46,47].
Combining the corroboration that HSYA, CGA, and
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pCA were able to adjust the level of intracellular
calcium, we inferred that the balance of cellular
calcium ions probably was another mechanism of
GHI in the therapy of MI/R injury because calcium
overload also is one pivotal pathogenesis [48e51]. a-
HBDH has been affirmed to participate in glycolysis
to generate numerous lactic acids, resulting in
acidosis of the myocardium [26,52]. In our current
research, the level of a-HBDH was also descended
by GHI. Previous studies demonstrated that poly-
phenols, such as CGA and pCA, effectively inhibited
glycolysis [53e55]. We inferred that the inhibition of
glycolysis to avoid engendering superfluous lactic
acid to prevent acidosis of the organism may also be
one mechanism of GHI in curing MI/R injury. On
the whole, the cardioprotective effect of GHI tenta-
tively behaved in the following four aspects,
adjusting energy metabolism, inhibiting oxidative
stress reaction, regulating calcium ions, and sup-
pressing glycolysis.
PK/PD studies deduced the concentration that

produced effects, optimized the administered dose,
as well as provided a scientific basis for the opti-
mum administration regimen via investigating the
threeedimensional relationship of concentration-
effect-time [56]. Owing to the cardioprotective effect
of GHI in vivo and in vitro has been affirmed in our
previous research, we proceeded with PK/PD
studies to supply guidelines for the clinical medi-
cation of GHI in treating MI/R injury [21]. In the
present study, analytes with a negative coefficient in
PLSR equations and four cardiac enzymes (i.e., CK-
MB, cTn I, IMA, and a-HBDH) were respectively
regarded as PK and PD indicators to fit PK/PD
model. After comparing the variation of parameters
in PK/PD equations when the dose of GHI was
magnified, we discovered that Emax and ED50 of
most ingredients raised when the dose of GHI was
magnified. The increase in Emax represented GHI
with a high dose generated a better intrinsic activity,
which proclaimed its curative effect on four

myocardial enzymes was optimum. The ascension
in ED50 stood for that the components in GHI with a
high dose possessed a worse affinity with receptors,
which may be caused by the saturation of receptors.
Taken together, the PK characteristics and PK/PD

models of analytes and biomarkers in three con-
centrations of GHI were triumphantly established
and compared. All analytes in GHI possessed a
feature of rapid distribution and slow elimination,
and their distributed and eliminated position was
dominantly located in the peripheral compartment.
With the enhancement of the dose of GHI, the in-
gredients were only filled in the central compart-
ment if the peripheral compartment was replete.
Meanwhile, GHI with a high dose generated the
optimum intrinsic activity, but the affinity of com-
pounds with receptors was the worst, which may be
caused by the saturation of receptors. Among the
eight analytes, NAG, HSYA, CGA, and pCA
exhibited more excellent cardioprotection, which
probably served as the pharmacodynamic substance
basis of GHI on the remedy of MI/R injury.
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Appendix

Supplementary Table 1. Linear regression equations for the quantification of analytes.

Analytes Regression equations R2 Linear ranges (ng/mL)

Chlorogenic acid y ¼ 4.25772xþ0.03728 0.99642 0.1e5000
Hydroxysafflor yellow A y ¼ 0.22021xþ0.02726 0.99739 1~10000
Hyperoside y ¼ 4.04239xd4.37059 � 10�5 0.99593 0.1e1000
Kaempferol-3-O-glucoside y ¼ 5.65151xþ7.439 � 10�4 0.99651 0.1e1000
Kaempferol-3-O-rutinoside y ¼ 3.44678xþ0.00290 0.99381 0.1e10000
N-acetyl-L-glutamine y ¼ 0.62787xþ0.04163 0.99437 1~10000
p-Coumaric acid y ¼ 0.82290xþ0.01107 0.99843 0.1e10000
Rutin y ¼ 3.96159xþ0.00575 0.99665 0.1e1000
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Supplementary Table 2. Results for intra-precision, inter-precision, intra-accuracy, and inter-accuracy of analytes (n ¼ 6).

Analytes Concentrations
(ng/mL)

Precision (RSD) Accuracy (RE)

Intra-precision Inter-precision Intra-accuracy Inter-accuracy

Chlorogenic acid 5 2.99% 4.55% �3.03% �5.43%
50 3.86% 4.09% 5.08% 4.59%
500 3.33% 3.92% �7.86% �6.04%

Hydroxysafflor yellow A 5 3.55% 7.48% 8.48% 3.08%
50 5.87% 4.89% 3.61% 3.57%
500 4.51% 3.17% �9.49% �9.95%

Hyperoside 5 3.21% 3.77% 6.07% 10.42%
50 2.57% 4.98% 8.14% 4.87%
500 2.35% 3.31% �6.96% �7.41%

Kaempferol-3-O-glucoside 5 2.19% 2.42% 2.92% 4.81%
50 1.63% 2.18% 5.98% 4.41%
500 2.49% 3.33% �9.48% �8.02%

Kaempferol-3-O-rutinoside 5 7.45% 5.67% 0.19% 2.70%
50 2.31% 2.86% 8.97% 7.69%
500 3.71% 4.26% �8.31% �5.51%

N-acetyl-L-glutamine 5 2.63% 3.26% 5.13% 7.35%
50 4.53% 4.68% 1.91% 4.29%
500 0.97% 2.08% 10.98% 9.53%

p-Coumaric acid 5 1.51% 5.03% 1.01% 3.18%
50 3.53% 3.62% 5.41% 6.99%
500 3.95% 4.35% 3.76% 1.86%

Rutin 5 3.88% 3.92% �11.51% �8.28%
50 2.03% 3.07% 5.37% 6.72%
500 4.81% 4.17% �0.23% �1.03%

Supplementary Table 3. Results for matrix effect of analytes (n ¼ 6).

Analytes Concentration
(ng/mL)

Matrix effect

(Mean ± SD)% RSD%

Chlorogenic
acid

5 97.59 ± 3.65 3.74
50 98.37 ± 1.70 1.73
500 103.42 ± 5.28 5.10

Hydroxysafflor
yellow A

5 100.86 ± 0.88 0.88
50 98.95 ± 4.01 4.06
500 102.96 ± 3.59 3.49

Hyperoside 5 100.52 ± 5.01 4.98
50 100.97 ± 2.67 2.64
500 101.35 ± 3.68 3.64

Kaempferol-3-
O-glucoside

5 96.12 ± 2.14 2.23
50 100.37 ± 3.73 3.71
500 99.40 ± 4.08 4.10

Kaempferol-3-
O-rutinoside

5 109.14 ± 1.28 1.17
50 100.85 ± 2.00 1.98
500 99.99 ± 5.80 5.80

N-acetyl-L-
glutamine

5 101.21 ± 1.80 1.78
50 100.81 ± 2.33 2.31
500 99.21 ± 4.21 4.24

p-Coumaric acid 5 99.56 ± 6.78 6.81
50 102.13 ± 2.70 2.64
500 97.67 ± 3.88 3.97

Rutin 5 101.12 ± 5.03 4.97
50 100.57 ± 2.40 2.38
500 98.90 ± 4.86 4.91

Supplementary Table 4. Results of freeze-thaw stability (three times) of
all analytes (n ¼ 6).

Analytes Concentration
(ng/mL)

Mean ± SD RSD RE

Chlorogenic
acid

5 4.527 ± 0.130 2.86% �9.46%

50 50.717 ± 1.737 3.42% 1.43%
500 483.647 ± 9.298 1.92% �3.27%

Hydroxysafflor
yellow A

5 5.115 ± 0.341 6.66% 2.30%

50 50.550 ± 1.276 2.52% 1.10%
500 508.052 ± 21.065 4.15% 1.61%

Hyperoside 5 5.384 ± 0.142 2.64% 7.69%
50 51.911 ± 1.743 3.36% 3.82%
500 488.61 ± 16.242 3.33% �2.37%

Kaempferol-3-
O-glucoside

5 5.390 ± 0.067 1.24% 7.80%

50 53.303 ± 1.079 2.02% 6.61%
500 524.815 ± 22.328 4.25% 4.96%

Kaempferol-3-
O-rutinoside

5 5.479 ± 0.134 2.45% 9.58%

50 52.642 ± 0.771 1.46% 5.28%
500 539.455 ± 23.696 4.39% 7.89%

N-acetyl-L-
glutamine

5 5.109 ± 0.257 5.03% 2.18%

50 50.906 ± 3.522 6.92% 1.81%
500 527.696 ± 15.640 2.96% 5.54%

p-Coumaric
acid

5 4.891 ± 0.196 4.01% �2.18%

50 53.579 ± 2.574 4.80% 7.16%
500 510.543 ± 9.094 1.78% 2.11%

Rutin 5 5.067 ± 0.211 4.17% 1.35%
50 53.579 ± 2.574 4.80% 7.16%
500 548.234 ± 7.459 1.36% 9.65%
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Supplementary Table 5. Results of auto-sampler stability of all analytes (n ¼ 6).

Analytes Concentration (ng/mL) Mean ± SD RSD RE

Chlorogenic acid 5 5.156 ± 0.213 4.14% 3.12%
50 49.668 ± 0.637 1.28% �0.66%
500 494.325 ± 9.584 1.94% �1.13%

Hydroxysafflor yellow A 5 4.587 ± 0.345 7.53% �8.26%
50 51.730 ± 2.499 4.83% 3.46%
500 445.193 ± 18.692 4.20% �10.96%

Hyperoside 5 5.605 ± 0.106 1.90% 12.10%
50 49.993 ± 1.567 3.13% �0.01%
500 496.332 ± 14.309 2.88% �0.74%

Kaempferol-3-O-glucoside 5 4.871 ± 0.096 1.96% �2.57%
50 53.220 ± 0.849 1.59% 6.44%
500 503.803 ± 13.019 2.58% 0.76%

Kaempferol-3-O-rutinoside 5 5.564 ± 0.086 1.55% 11.28%
50 53.665 ± 1.318 2.46% 7.33%
500 466.409 ± 9.188 1.97% �6.72%

N-acetyl-L-glutamine 5 5.156 ± 0.213 4.14% 3.12%
50 53.515 ± 1.230 2.30% 7.03%
500 475.086 ± 11.904 2.51% �4.98%

p-Coumaric acid 5 4.911 ± 0.361 7.35% �1.78%
50 49.060 ± 2.742 5.59% �1.88%
500 464.716 ± 15.671 3.37% �7.06%

Rutin 5 5.127 ± 0.136 2.65% 2.55%
50 53.819 ± 1.185 2.20% 7.64%
500 466.02 ± 13.77 2.95% �6.80%

Supplementary Table 6. Results of long-term stability of all analytes (n ¼ 6).

Analytes Concentration (ng/mL) Mean ± SD RSD RE

Chlorogenic acid 5 4.906 ± 0.166 3.38% �1.87%
50 51.665 ± 1.135 2.20% 3.33%
500 486.234 ± 6.641 1.37% �2.75%

Hydroxysafflor yellow A 5 4.926 ± 0.445 9.02% �1.47%
50 52.330 ± 3.583 6.85% 4.66%
500 459.868 ± 17.911 3.89% �8.03%

Hyperoside 5 5.524 ± 0.158 2.87% 10.49%
50 51.942 ± 2.597 5.00% 3.88%
500 446.621 ± 9.428 2.11% �10.68%

Kaempferol-3-O-glucoside 5 5.384 ± 0.124 2.31% 7.69%
50 53.701 ± 1.321 2.46% 7.40%
500 447.438 ± 13.203 2.95% �10.51%

Kaempferol-3-O-rutinoside 5 5.381 ± 0.118 2.20% 7.63%
50 54.438 ± 0.739 1.36% 8.88%
500 449.835 ± 15.067 3.35% �10.03%

N-acetyl-L-glutamine 5 5.314 ± 0.334 6.29% 6.29%
50 50.765 ± 3.523 6.94% 1.53%
500 482.449 ± 8.508 1.76% �3.51%

p-Coumaric acid 5 5.332 ± 0.157 2.95% 6.44%
50 51.732 ± 2.278 4.40% 3.46%
500 456.425 ± 12.555 2.75% �8.72%

Rutin 5 5.034 ± 0.171 3.40% 0.69%
50 51.383 ± 1.524 2.97% 2.77%
500 451.281 ± 5.824 1.29% �9.74%
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Supplementary Table 7. Results of dilution integrity of N-acetyl-L-glutamine and hydroxysafflor yellow A (n ¼ 6).

Analytes Dilution
factor

Mean ± SD RSD RE

Hydroxysafflor
yellow A

50-fold 9827.441 ± 234.840 2.39% �1.73%

200-fold 9615.733 ± 202.626 2.11% �3.84%
N-acetyl-L-

glutamine
50-fold 9538.954 ± 96.996 1.02% �4.61%

200-fold 9390.746 ± 173.661 1.85% �6.09%

Fig. S1. The retention time of eight analytes and two ISs, i.e., N-acetyl-L-glutamine (1), chlorogenic acid (2), hydroxysafflor yellow A (3), hyperoside
(4), kaempferol-3-O-glucoside (5), kaempferol-3-O-rutinoside (6), p-coumaric acid (7), rutin (8), N-carbamoyl-L-glutamate (9), and icariin (10), in
the blank plasma (A), the drug-contained plasma spiked with ISs (B), and the mixed standard solution added with ISs (C).

Fig. S2. The PK/PD model diagram of the present study.
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