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Abstract
Purpose This study investigated the metabolism and pharmacokinetics of apigenin and its metabolite, apigenin-7-O-glucu-
ronide (A7G), using a newly developed UPLC-MS/MS method.
Methods A simple and sensitive UPLC-MS/MS method was developed for simultaneous quantification of apigenin and 
A7G, and their pharmacokinetic properties were examined using an in vivo rat model. Moreover, stability under various 
conditions, protein binding, blood distribution, and metabolic studies were performed in vitro.
Results Apigenin showed poor stability in simulated intestinal fluid, whereas A7G was stable for 24 h. An in vivo pharma-
cokinetic study demonstrated that apigenin had a very low oral bioavailability (F) of 0.708% and was mainly metabolized to 
A7G. Notably, systemic exposure  (Cmax and AUC) of apigenin after oral administration of A7G was markedly higher (2.62- 
and 14.3-fold, respectively) than that after oral administration of apigenin. Apigenin and A7G were significantly metabo-
lized in both hepatic and intestinal S9 fractions. Based on the well-stirred and  QGut model concepts, they were classified as 
compounds with low  EH (0.0167–0.0389) and moderate-to-high  EG (0.626–0.979) in rats, indicating that the intestine had 
a greater contribution than the liver to pre-systemic elimination of both phytochemicals.
Conclusion The low F of apigenin could be attributed to its poor stability in the gastrointestinal lumen and extensive intestinal 
first-pass effect, which could be improved by oral administration of A7G, demonstrating the potential of A7G as a natural 
prodrug for improving the low F of apigenin.

Keywords Apigenin · Apigenin-7-O-glucuronide · Bioavailability · Intestinal metabolism · Rat · UPLC-MS/MS

Introduction

In recent years, natural products and their potential health 
benefits have garnered substantial attention from the sci-
entific community (Gorzynik-Debicka et al. 2018; Chang 
et al. 2019; Vucic et al. 2019). Among these natural prod-
ucts, flavonoids have emerged as a class of compounds of 
particular interest owing to their diverse pharmacological 
properties and potential therapeutic applications (Fraga et al. 
2019; Cui et al. 2022; Rana et al. 2022). Apigenin is a well-
known flavonoid with various beneficial effects on human 
health and exhibits anticancer, anti-inflammatory, antioxi-
dant, antidepressant, antimutagenic, antiviral, and hepato-
protective properties (Serafini et al. 2010; Prochazkova et al. 
2011; Kumar et al. 2013; Gontijo et al. 2017; Kashyap et al. 
2022). Compared to structurally similar flavonoids, apigenin 
has lower intrinsic toxicity to normal cells than cancer cells 
and can suppress tumor development by inhibiting the 
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proliferation of cancer cells (Salehi et al. 2019). Apigenin 
exerts anticancer activity through various mechanisms, 
including activating proteasome degradation of Her2/neu 
protein, inactivating NF-κB, and regulating various kinase 
activities (Imran et al. 2020). Apigenin-7-glucuronide (A7G) 
is derived from apigenin and is present in many fruits and 
vegetables, including celery, parsley, artichoke, and cardoon, 
some of which are widely sold as dietary and herbal sup-
plements (Marrassini et al. 2020). A7G has attracted sub-
stantial interest because of its promising biological activi-
ties, including anti-inflammatory, antioxidant, antidiabetic, 
antiviral, and anti-Alzheimer properties (Cheng et al. 2013; 
Jin et al. 2022; Kurnia et al. 2023). Notably, it inhibits the 
overexpression of matrix metalloproteinases implicated in 
the development of cancer, arthritis, Alzheimer’s disease, 
and cardiovascular diseases (Crasci et al. 2017).

Based on its physicochemical and pharmacokinetic prop-
erties, apigenin is classified as a BCS class 2 drug owing 
to its low solubility and high intestinal permeability (Liu 
et al. 2002; Zhang et al. 2012). Apigenin is absorbed through 
the entire intestine and primarily through the duodenum. 
Following oral administration of apigenin in humans, less 
than 0.5% of the dose is excreted as metabolites via urine 
over 24 h (Borges et al. 2022). Apigenin is metabolized 
by cytochrome P450-mediated phase I reactions (to form 
luteolin, scutellarein, and isoscutellarein) and/or phase II 
reactions such as glucuronide and sulfate conjugation (Gra-
dolatto et al. 2004). A portion of conjugated apigenin can be 
excreted via bile, hydrolyzed by intestinal β-glucuronidase, 
and then reabsorbed as aglycone (Wang et al. 2019; Gao 
et al. 2022). Flavonoids have numerous health benefits; 
however, their utility as bioactive substances is limited in 
the clinical setting because of their low oral bioavailability 
(F) (Seo et al. 2022a). F value is influenced by factors such 
as solubility, stability in the gastrointestinal tract, intestinal 
absorption, and intestinal/hepatic first-pass effect. Therefore, 
it is important to identify the mechanism underlying low F 
value to develop effective oral formulations. Although a few 
studies have reported the pharmacokinetic properties of api-
genin (Gradolatto et al. 2005; Wan et al. 2007), little infor-
mation is currently available on the quantitative mechanism 
underlying the low F of apigenin. Moreover, to the best of 
our knowledge, pharmacokinetic studies on A7G, the major 
active metabolite of apigenin, are scarce.

Several studies have described bioanalytical methods for 
apigenin using liquid chromatography coupled with tandem 
mass spectrometry (LC-MS/MS) and high-performance 
liquid chromatography coupled with UV/Vis detector (Li 
et al. 2005; Wan et al. 2007; Elzayat et al. 2019; Zhu et al. 
2021). In addition, the concentration of A7G in biologi-
cal samples has been analyzed using LC-MS/MS (Tu et al. 
2020; Wang et al. 2023). Additionally, several studies have 
attempted to quantify the total flavonoid content (including 

aglycones and their conjugates) by pretreating biological 
samples via hydrolysis reaction (Shia et al. 2010; Trontelj. 
2012; Han et al. 2022). However, this method may be inac-
curate because of the physicochemical instability of flavo-
noids during hydrolysis reaction; moreover it does not offer 
simultaneous quantification of aglycone and its conjugates 
(Ding et al. 2013). To date, no bioanalytical methods for 
simultaneously determining apigenin and its metabolites 
have been reported, warranting further study.

In this study, a simple and sensitive method was devel-
oped for simultaneous quantitative analysis of apigenin and 
A7G in rat plasma using ultra-performance liquid chroma-
tography coupled with a tandem mass spectrometry (UPLC-
MS/MS) system. The performance and reproducibility of 
this bioanalytical method have been fully validated accord-
ing to the FDA guidelines (title: Bioanalytical Method Vali-
dation; website: https:// www. fda. gov/ media/ 70858/ downl 
oad). Next, an in vivo pharmacokinetic study of apigenin and 
A7G was performed using rat model and validated method. 
Additionally, factors affecting the F of apigenin and A7G, 
such as physicochemical stability and hepatic/intestinal met-
abolic clearance, were investigated using the well-stirred and 
 Qgut models.

Materials and methods

Materials and animals

Apigenin (> 97% purity) and A7G (> 98% purity) were pur-
chased from ChemFaces (Hubei, China). Alpelisib (> 99% 
purity; internal standard (IS)) was obtained from Med-
Koo Bioscience, Inc. (Morrisville, NC, USA). Adenosine 
3’-phosphate 5’-phosphosulfate lithium salt hydrate (PAPS), 
carboxymethylcellulose, dimethyl sulfoxide (DMSO), for-
mic acid (FA), triphosphopyridine nucleotide reduced tet-
rasodium salt (NADPH), S-adenosyl methionine (SAM), 
and uridine-diphosphate-glucuronic acid trisodium salt 
(UDPGA) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Alamethicin was purchased from Cayman 
Chemical Co. (Ann Arbor, MI, USA). Pooled rat hepatic and 
intestinal S9 fractions were obtained from Sekisui Xenotech 
(Kansas City, KS, USA). Adult male Sprague-Dawley (SD) 
rats (mean body weight: 264 g) were supplied by DAEHAN 
BIOLINK Co., Ltd. (Chungcheong Buk-do, Korea). All ani-
mals were used following an adaptation period of one week, 
and diet except water was restricted from the afternoon of 
the day before the experiment. This study was performed 
according to the protocol approved by Institutional Ani-
mal Care and Use Committee of Pusan National University 
(approval number: PNU-2023-3245; Busan, Republic of 
Korea).

https://www.fda.gov/media/70858/download
https://www.fda.gov/media/70858/download
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Analytical equipment

The bioanalysis method was validated using an UPLC-MS/
MS system comprising two LC-30AD pumps, SIL-30AC 
autosampler, CTO-20AC column oven, and LCMS-8050 
mass detector. Separation of apigenin, A7G, and IS was 
achieved on Kinetex® column (100 × 2.1 mm, 2.6 μm, 100 
Å) and SecurityGuard Cartridge C18 pre-column (Securit-
yGuard HPLC cartridge system). The mobile phase gradient 
was as follows: [solvent A: deionized water (0.1% FA); sol-
vent B: acetonitrile (0.1% FA)]: 0.01–6.00 min 15.0–40.0% 
B, 6.01–8.00 min, 40.0–95.0% B, 8.00–8.01 min 95.0–40.0% 
B, 8.01–10.0 min, 15% B (flow rate of mobile phase was 0.3 
mL/min; total analysis time was 10 min). The column oven 
was set as 40 °C. The following ion source parameters were 
set: desolvation temperature, 250 °C; drying gas flow, 10 L/
min; heating block temperature, 400 °C; heating gas flow, 
10 L/min; interface temperature, 300 °C; and nebulizing gas 
flow, 3 L/min.

Calibration standard and quality control sample 
preparation

Stock solutions of apigenin and A7G (1 mg/mL) were pre-
pared with methanol and stored at − 20 °C. The stock solu-
tions were serially diluted using methanol to prepare work-
ing standard solutions of concentrations ranging from 0.2 to 
200 µg/mL for apigenin and A7G. The final concentrations 
for each calibration standard sample were 2, 5, 10, 20, 50, 
100, 200, 500, 1000, and 2000 ng/mL for apigenin and A7G. 
Quality control (QC) samples were prepared from separate 
sets of stock solutions at 2 ng/mL (low limit of quantifica-
tion, LLOQ), 6 ng/mL (low QC; LQC), 150 ng/mL (medium 
QC, MQC), and 1500 ng/mL (high QC, HQC) for apigenin 
and A7G. Alpelisib (IS) was prepared at a concentration 
of 1 mg/mL in methanol, and the final IS spiking solution 
contained 10 ng/mL IS in acetonitrile. Aliquots of equal vol-
umes of 5% FA were added to 50 µL of samples in a 1.5 mL 
micro-centrifuge tube. Each mixture was then vortexed for 
1 min. Then, an aliquot of 300 µL of acetonitrile containing 
10 ng/mL of IS was deproteinized by adding the mixtures 
(Yun et al. 2023), vortexed for 1 min, and centrifuged at 
12,500 × g for 10 min at 4 °C. The supernatant (300 µL) 
was collected and evaporated using SpeedVac (Eyela). The 
residue was re-dissolved in 50 µL of methanol. After cen-
trifuging at 12,500 × g for 5 min, 3 µL of supernatant was 
injected into the UPLC-MS/MS system fot quantification of 
apigenin and A7G.

Method validation

According to the US FDA guidelines, the bioanalytical 
method for apigenin and A7G has been fully validated for 
selectivity, linearity, accuracy, precision, recovery, matrix 
effect, dilution integrity, and stability (US Food and Drug 
Administration. 2018). The selectivity for apigenin, A7G, 
and IS was assessed using blank plasma from three ani-
mals and evaluated by comparing the chromatograms of 
blank plasma spiked with IS alone, blank plasma spiked 
with apigenin and IS, blank plasma spiked with A7G and 
IS, and blank plasma spiked with apigenin, A7G, and IS. 
The linearity of analysis was evaluated for a concentration 
range of 2–2000 ng/mL, using standard samples prepared 
from plasma for both apigenin and A7G. The calibration 
curves for apigenin and A7G were prepared using the peak 
area ratios of apigenin and IS or A7G and IS by weighted 
(1/x) linear regression analysis, and the r2 value of the 
calibration curve was used to assess linearity. Accuracy 
and precision were evaluated using QC samples, including 
LLOQ-spiked rat plasma, on five different days. Accord-
ing to the US FDA guideline acceptance criteria, accuracy 
and precision were set within ± 15% of coefficient varia-
tion (CV), respectively, except at the LLOQ, which were 
set within ± 20%. Extraction recovery was evaluated to 
determine whether the extraction of apigenin, A7G, and IS 
from plasma by deproteinization was efficient and repro-
ducible. The peak areas of apigenin and A7G extracted 
from plasma samples (sample A) spiked with apigenin and 
A7G before extraction were compared with those of sam-
ples spiked with apigenin and A7G after deproteinization 
(sample B). The matrix effect was evaluated using LQC, 
MQC, and HQC to determine whether endogenous plasma 
components affected the ionization of apigenin, A7G, and 
IS. To determine the matrix effects of apigenin and A7G, 
the average peak area of sample B was compared with that 
of neat acetonitrile solution (sample C). The extraction 
recovery was calculated as ‘A/B × 100’, and the matrix 
effect was calculated as ‘B/C × 100’. Five replicates were 
assessed at each QC level. The dilution integrity of api-
genin and A7G was evaluated five times after 100-fold 
diluting plasma control sample at a very high concentra-
tion of 200000 ng/mL. The analytical stability of apigenin 
and A7G in rat plasma was assayed by evaluating the 
autosampler (post-preparative stability), benchtop, freeze-
thaw, and long-term stabilities at LQC and HQC in five 
replicates. The autosampler stability was determined by 
exposing pretreated plasma samples at room temperature 
(20–23 °C) for 24 h in the autosampler. Benchtop stability 
was determined after exposing the spiked plasma samples 
to room temperature for 3 h. Freeze-thaw stability was 
determined under three freeze-thaw cycles for three days. 
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In addition, long-term stability was assessed by measur-
ing spiked plasma samples stored at − 70 °C for 4 weeks.

In vitro protein binding, blood distribution, 
and physicochemical stability studies

In vitro protein binding (plasma, rat hepatic S9 fraction, and 
intestinal S9 fraction) and the plasma concentration ratio 
 (RB) were determined as previously described (Seo et al. 
2022a, 2022b). For apigenin, the protein concentration in the 
hepatic and intestinal S9 fractions used for protein binding 
was 0.2 mg/mL, whereas for A7G, the protein concentration 
in the hepatic and intestinal S9 fractions used for protein 
binding was 1 mg/mL. The physicochemical stability of 
apigenin and A7G was determined using various pH buff-
ers (pH 1.0–11.0) and biological samples including plasma, 
urine, simulated gastric fluid (SGF), and simulated intestinal 
fluid (SIF). SGF (final pH 1.2) was prepared using 0.7% 
hydrochloride, 0.2% sodium chloride, and 0.32% pepsin. SIF 
(final pH 6.8) was prepared using 3 mM sodium taurocho-
late in a phosphate buffer containing 0.1% pancreatin. After 
incubating for 0, 15, 30, 60, 120, 240, 480, and 1440 min in 
a glass vial at 37 °C, 50 µL of samples were placed in the 
prepared 1.5 mL micro-centrifuge tube containing IS, and 
the samples were analyzed using UPLC-MS/MS.

In vivo pharmacokinetic study in rats

The developed UPLC-MS/MS method was successfully used 
to investigate the pharmacokinetics of apigenin and A7G 
in rats. Cannulas were surgically implanted into the femo-
ral vein and artery of rats under anesthesia, as described 
previously (Seong et al. 2022; Vo et al. 2022; Keem et al. 
2023). Apigenin and A7G were dissolved in DMSO, ethanol, 
polyethylene glycol 400, and 0.5% carboxymethylcellulose 
solution (1:5:80:14, v/v/v/v) for intravenous and oral dose. 
Apigenin was administered intravenously at a single dose of 
20 mg/kg and orally at a single dose of 30 mg/kg, or A7G 
was administered intravenously at a single dose of 33.1 mg/
kg (20 mg/kg as apigenin) and orally at a single dose of 
49.6 mg/kg (30 mg/kg as apigenin). Blood samples were col-
lected from the femoral artery at 0, 2, 5, 15, 30, 60, 90, 120, 
240, and 480 min after intravenous administration and at 0, 
2, 5, 15, 30, 60, 90, 120, 180, 240, 360, and 480 min after 
oral administration. The total volume of blood collected dur-
ing the intravenous and oral pharmacokinetic studies was 
2.1 mL, which was less than 10% of the total circulating 
blood volume in rats. The blood samples were immediately 
placed in a centrifuge tube, and the plasma was separated by 
centrifugation at 9000 × g for 2 min at 4 °C. The obtained 
plasma samples were transferred to a new 1.5 mL micro-
centrifuge tube and stored at − 70 °C until UPLC-MS/MS 
analysis. Urine samples were collected in light-protected 15 

mL tubes for up to 24 h after administration. The entire gas-
trointestinal content (including feces) samples were obtained 
as previously described (Seo et al. 2023). Briefly, rats were 
sacrificed, and the gastrointestinal tract was removed via 
laparotomy. The extracted gastrointestinal tract was placed 
in a beaker containing methanol and cut into small pieces 
using scissors to extract analytes.

In vitro metabolism study in rat S9 fraction

The metabolism of apigenin and A7G was determined as 
previously described (Seo et al. 2023). Briefly, composition 
of the culture mixture was as follows: substrate (apigenin or 
A7G), rat hepatic/intestinal S9 fractions (protein concentra-
tion: 0.2 mg/mL for apigenin, 1 mg/mL for A7G), 10 mM 
 MgCl2, and cofactor (1 mM NADPH, 2 mM UDPGA, 5 mM 
SAM, 0.04 mM PAPS) in 0.1 M Tris buffer (pH 7.4). The 
S9 fraction was used here because it is routinely used in the 
metabolism studies, particularly for phase II metabolic path-
ways involving sulfation (Tang et al. 2012). The reaction was 
initiated by the addition of cofactors after pre-incubation for 
5 min at 37 °C. For the control group, equivalent volumes 
of water were added instead of cofactors. After incubation 
at 37 °C for 0, 15, 30, 60, and 120 min, the reaction was 
terminated by adding 50 µL of 5% FA and 300 µL of ice-
cold acetonitrile containing IS. Following the preparation 
described above, the samples were analyzed using UPLC-
MS/MS. Hepatic and intestinal  CLint,S9 were calculated 
using the half-life  (t1/2) method (Seo et al. 2022a, 2022b, 
2023) for metabolic stability test. The  t1/2 of apigenin and 
A7G in the S9 fraction was estimated from the slope of the 
incubation time against the log residual percentage profile, 
and the  CLint,S9 of apigenin and A7G was estimated using 
the following equation (Seo et al. 2022a):

where  fuS9 is the unbound fraction of apigenin or A7G in the 
hepatic and intestinal S9 fractions, respectively. Hepatic and 
intestinal  CLint,S9 estimated in vitro was scaled to the organ 
level using the scaling factors reported in the literature.

Pharmacokinetic analysis

The pharmacokinetics of apigenin and A7G in rats were 
evaluated by a non-compartmental analysis using WinNon-
lin software (ver. 3.1, NCA 200 and 201). The following 
pharmacokinetic parameters were assessed: total area under 
the plasma concentration versus time curve from time zero 
to infinity (AUC) and from time zero to the last measurable 
time (AUC last), terminal half-life  (t1/2), apparent volume of 
distribution at steady state  (Vss), and total body clearance 

(1)CLint,S9 =
0.693

t1∕2
×
mL incubation

mgS9
×

1

fuS9
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(CL). The peak plasma concentration  (Cmax) and the time 
to reach  Cmax  (Tmax) were obtained directly from the plasma 
concentration versus time data. The dose fraction of the drug 
converted into a certain metabolite  (Fm) was estimated as 
follows (Iwaki et al. 1989):

where, AUC’x is the AUC of metabolite following the 
administration of the parent drug, and AUC’ is the AUC 
following intravenous administration of an equimolar dose 
of the metabolite. F is the proportion of the dose absorbed 
after oral administration  (Fabs), intestinal availability  (FG), 
and hepatic availability  (FH) as shown in the following equa-
tion (Yang et al. 2007):

EH can be predicted using the following well-stirred model 
(Yoon et al. 2011):

The  QGut model can be used to predict first-pass  EG from 
intestinal permeability and clearance data. The  QGut model 
was incorporated to describe the gut first-pass extraction 
process as follows (Yang et al. 2007):

where,  Qvilli and  CLperm represents the mucosal blood flow 
and permeability clearance, respectively.  CLperm was cal-
culated by multiplying the intestinal surface area  (Aintestine) 
with the effective permeability of the intestine  (Peff) (Yoon 
et al. 2011).  Fabs was estimated by comparing  Aegi values 
obtained from in vivo pharmacokinetic analysis, as shown 
in the following equation (Seo et al. 2022a, 2022b):

Results

Method development

To quantify plasma apigenin and A7G, the full mass spec-
trum was scanned for positive and negative ionization, with 
better sensitivity being observed for positive ions. Precur-
sor [M +  H]+ ion signals were observed at m/z 271.05 for 
apigenin, m/z 447.10 for A7G, and m/z 442.10 for IS. These 

(2)Fm =
AUC�

x

AUC�

(3)F = Fabs × FG × FH = Fabs ×
(

1 − EG

)

×
(

1 − EH

)

(4)EH =
fu × CLint,H

QH + fu × CLint,H

(5)EG =

CLint,G ×
(

1 +
Qvilli

CLperm

)

Qvilli + CLint,G ×
(

1 +
Qvilli

CLperm

)

(6)1 − Fabs = Aegi,PO − F × Aegi,IV

precursor ions were further fragmented, and the most abun-
dant product ions were observed at m/z 153.05 for apigenin, 
m/z 271.10 for A7G, and m/z 328.00 for IS (Fig. 1). The 
following optimized LC conditions were used: Kinetex C18 
column was used as the stationary phase, and gradient elu-
tion program was used for mobile phase system consisting 
of water, ACN, and FA. The retention time under optimized 
LC conditions was 5.11 min for apigenin, 2.87 min for A7G, 
and 5.78 min for IS. As shown in Fig. 2, all analyte peaks 
had acceptable shapes and resolutions. Plasma samples were 
pretreated with acetonitrile using a simple protein precipita-
tion method. FA was added to improve the recovery rate and 
efficiency of the pre-treatment method for biological sam-
ples. Thus, the method was optimized by adding 50 µL of FA 
and 300 µL of acetonitrile containing IS to 50 µL of plasma.

Method validation

Calibration curves for apigenin and A7G were obtained by 
plotting the apigenin peak area/IS peak area versus concen-
tration and the A7G peak area/IS peak area versus concen-
tration, respectively. Apigenin and A7G showed excellent 
linearity at concentrations of 2–2000 ng/mL  (r2 > 0.999). 
The accuracy for apigenin was 81.9–118%, and that for A7G 
was 82.2–118%, with a precision of < 14.4% for apigenin 
and < 11.9% for A7G (Table 1). The developed assay accu-
rately and reproducibly quantified apigenin and A7G in rat 
plasma. Extraction recoveries for apigenin and A7G from 
rat plasma were 89.7–107% (CV < 6.02%) and 90.7–111% 
(CV < 10.8%), and the matrix effects were 95.3–111% 
(CV < 5.75%) and 88.4–113% (CV < 7.18%), respectively. 
The values for extraction recovery and matrix effects were 
within acceptable ranges, indicating consistent and excel-
lent extraction recovery with no matrix effect in rat plasma. 
With regard to the dilution integrity of apigenin and A7G, 
the precision/accuracy of plasma control samples at 200000 
ng/mL (100 times of the ULOQ) were 8.61/101 ± 9% for 
apigenin and 12.5/103 ± 13% for A7G, following 100-fold 
dilution. The stability values of the plasma samples are listed 
in Table 2. This indicates that apigenin and A7G remained 
stable under all controllable conditions. Therefore, the devel-
oped method is accurate and reproducible under all feasible 
conditions.

In vitro protein binding, blood distribution, 
and physicochemical stability studies

The unbound fractions of apigenin and A7G in plasma 
 (fuP) were 0.0101 ± 0.0017 and 0.108 ± 0.008, respectively, 
indicating that apigenin exhibits extensive protein bind-
ing compared with that of A7G. The unbound fractions of 
apigenin and A7G in the rat hepatic and intestinal S9 frac-
tions  (fuHS9 and  fuIS9, respectively) were 0.801 ± 0.033 and 
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0.796 ± 0.039, and 0.895 ± 0.023 and 0.898 ± 0.016, respec-
tively. These results indicated that both compounds exhib-
ited low protein binding. The  RB values of apigenin and 
A7G were 2.80 ± 0.11 and 2.45 ± 0.11, respectively, indi-
cating that they are mainly distributed in the plasma rather 
than in red blood cells. The stability profiles of apigenin and 
A7G under various conditions are shown in Fig. 3. Apigenin 
was relatively stable for 24 h at pH 1–7, with 86.0–104% 
remaining, but was slightly unstable at pH 9 and 11 with 
only 67.2–82.1% remaining after 24 h. Additionally, in bio-
logical samples, apigenin was slightly unstable in plasma, 
urine, and SGF, with 43.0–71.4% remaining after 24 h; how-
ever, it was highly unstable in SIF, with only 0.933–1.42% 
remaining after 24 h. In contrast, A7G was stable for 24 h in 
various acidic and basic pH buffers and was stable for 24 h 
in plasma, urine, SGF, and SIF.

In vivo pharmacokinetic study in rats

The plasma concentration-time profiles following intrave-
nous and oral administration of apigenin and of A7G in rats 
are shown in Fig. 4, and the relevant parameters are listed in 
Tables 3 and 4. Following intravenous administration of api-
genin, plasma apigenin concentration decreased in a multi-
exponential manner, with  Vss of 643–1197 mL/kg showing 
low-to-moderate tissue distribution. Apigenin was rapidly 
metabolized to A7G following intravenous administration, 
with  Cmax of A7G as high as 32414–54290 ng/mL. Over-
all, 4.65–9.24% of apigenin dose was excreted in urine and 
1.05–7.83% in feces. Apigenin was rapidly absorbed after 
oral administration, with  Tmax of 5 min and  Cmax of 113–309 
ng/mL, followed by a multi-exponential decrease to a  t1/2 of 
114–167 min. The F was estimated to be 0.00708. Following 

Fig. 1  Product ion scan mass 
spectra of a apigenin, b A7G, 
and c IS
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oral administration of apigenin, the  Tmax and  Cmax of A7G 
were 5–15 min and 521–697 ng/mL, respectively, indicating 
that apigenin was rapidly metabolized to A7G in rats. Over-
all, 0.095–0.393% of apigenin dose was excreted in urine 
and 23.3–59.0% in feces. Following intravenous administra-
tion of A7G, low concentrations of apigenin were detected in 
the plasma for up to 30–60 min, with a  t1/2 of 6.72–24.4 min. 
A7G decreased in a multi-exponential manner with a  t1/2 of 
134–255 min, and  Vss and CL were 994–1812 mL/kg and 
20.1–26.5 mL/min/kg, respectively. Overall, 0.368–4.56% 
of the A7G dose was excreted in urine and 0.0742–3.60% of 
in feces.  Tmax of apigenin after oral administration of A7G 

was 180–240 min, which was slower than that after oral 
administration of apigenin, however,  Cmax was 2.62 times 
higher, although there was no significant difference between 
the two groups. In addition, the AUC of apigenin after oral 
administration of A7G was 82.0 ± 43.4 µg·min/mL and was 
significantly higher (14.3 fold) than that after oral adminis-
tration of apigenin. However, because the terminal phase of 
A7G could not be determined after oral administration of 
A7G, the exact F of A7G could not be determined. There-
fore, the F of A7G was determined to be 0.121 based on 
AUC last. Overall, 0.536–5.44% of A7G dose was excreted 
in urine and 4.74–15.2% in feces.

Fig. 2  Representative LC-MS/MS chromatograms of apigenin, A7G, 
and IS in rat plasma samples: a blank rat plasma; b blank rat plasma 
spiked with analytes at the LLOQ (2 ng/mL); c blank rat plasma 

spiked with analytes at the MQC (150 ng/mL); d plasma sample col-
lected 15 min after oral administration of apigenin at a dose of 30 mg/
kg in rats
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In vitro metabolism study in rat S9 fraction

The metabolism of apigenin has been described in a pre-
vious study; however, the metabolism of A7G has not yet 
been elucidated (DeRango-Adem et al. 2021). Therefore, 
to evaluate the metabolic contribution and kinetics of api-
genin and A7G in the liver and intestine, phase I (NADPH) 
and phase II (glucuronidation, methylation, and sulfation) 
metabolism were investigated using hepatic and intestinal 
S9 fractions. As shown in Fig. 5, the logarithmic fractions 
of residual apigenin and A7G versus time curves declined 
mono-exponentially, indicating that the metabolism of api-
genin and A7G followed first-order (linear) kinetics. The 
residual apigenin was 1.10–1.24% in the hepatic S9 fraction 
after 120 min in the presence of cofactor, and 81.4–86.9% 
in the intestinal S9 fraction after 120 min in the presence 
of cofactor. In the hepatic S9 fraction,  t1/2 was estimated 
as 28.6 ± 0.7 min, and hepatic  CLint,S9 was estimated as 
0.151 ± 0.004 mL/min/mg protein. In the intestinal S9 

fraction,  t1/2 was estimated as 537 ± 66 min, and intestinal 
 CLint,S9 was estimated as 0.00817 ± 0.00107 mL/min/mg 
protein. These results indicate that apigenin is metabolized 
in the liver and intestine. In contrast, there was no significant 
difference in A7G, regardless of the presence or absence of 
cofactor, and residual A7G was 33.9–44.1% in the hepatic 
S9 fraction, regardless of the presence or absence of the 
cofactor. Furthermore, residual A7G was 82.4–91.7% in 
the intestinal S9 fraction, indicating that NADPH-mediated 
phase I metabolism, glucuronidation, methylation, and sul-
fation were not involved in the metabolism of A7G. Con-
sidering its stability in the buffers tested, it is assumed that 
A7G was degraded through enzymatic hydrolysis in the liver 
and intestine. In the hepatic S9 fraction,  t1/2 was estimated 
as 82.6 ± 9.8 min, and hepatic  CLint,S9 was estimated as 
0.00947 ± 0.00101 mL/min/mg protein. In the intestinal S9 
fraction,  t1/2 was estimated as 505 ± 102 min, and intestinal 
 CLint,S9 was estimated as 0.00157 ± 0.00026 mL/min/mg 
protein. The hepatic and intestinal  CLint,S9 of apigenin and 
A7G estimated in vitro were scaled up to the  CLint values 
for the whole organs (Table 5).

Discussion

Our study aimed to develop a simple and sensitive UPLC-
MS/MS method to quantify apigenin and its major active 
metabolite, A7G, in rat plasma and investigate the factors 
determining the F of apigenin and A7G. We developed an 
efficient and sensitive bioanalytical method for simultane-
ous quantification of apigenin and A7G, meeting the US 
FDA criteria for linearity, selectivity, accuracy, precision, 
recovery, matrix effect, dilution integrity, and stability. This 
showed that the developed method was accurate, precise, 
and reproducible, with high recovery and minimal matrix 
effects. Several bioanalytical methods for analyzing apigenin 
or A7G in rat plasma have been reported (Tu et al. 2020; Zhu 
et al. 2021; Wang et al. 2023); however, no methods have 

Table 1  Accuracy, precision, 
recovery, and matrix effect of 
LC-MS/MS analysis of apigenin 
and A7G in rat plasma (n = 5)

Nominal con-
centration (ng/
mL)

Accuracy (%) Precision (%) Recovery (%) Matrix effect (%)

Within-run Between-run Within-run Between-run

Apigenin
 LLOQ (2) 95.8 95.1 10.7 9.7
 LQC (6) 97.3 99.9 3.68 6.86 98.9 ± 5.54 104 ± 3.71
 MQC (150) 104 104 2.81 2.19 96.6 ± 4.43 104 ± 3.06
 HQC (1500) 101 94.8 2.04 3.44 101 ± 6.10 105 ± 6.02

A7G
 LLOQ (2) 95.8 102 11.9 8.91
 LQC (6) 105 104 2.33 4.09 107 ± 4.73 102 ± 7.36
 MQC (150) 108 105 5.60 4.94 100 ± 10.8 97.5 ± 5.83
 HQC (1500) 107 105 2.80 4.82 100 ± 5.71 105 ± 6.40

Table 2  Stability (as percent drug remaining) of apigenin and A7G in 
rat plasma (n = 5)

a Room temperature for 3 h
b 25 °C for 24 h in the autosampler
c Three freezing and thawing cycles
d − 70 °C for 4 weeks

Nominal 
concentra-
tion (ng/mL)

Bench-Topa Autosam-
plerb

Freeze-
Thawc

Long-termd

Apigenin
 LQC (6) 96.7 ± 10.7 95.8 ± 8.28 108 ± 4.92 95.5 ± 7.83
 HQC 

(1500)
99.1 ± 3.38 103 ± 0.92 94.6 ± 1.14 95.4 ± 3.88

A7G
 LQC (6) 103 ± 4.53 101 ± 2.53 111 ± 3.46 100 ± 7.08
 HQC 

(1500)
104 ± 6.12 106 ± 1.25 112 ± 2.90 106 ± 1.86
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been reported for the simultaneous determination of these 
two phytochemicals. Compared to existing studies, our study 
findings suggest an efficient, time-saving, and cost-effective 
method for simultaneous analysis of parent drug and primary 
metabolite.

The intravenous and oral doses of apigenin for in vivo 
pharmacokinetic study were selected based on previous stud-
ies (Wan et al. 2007; DeRango-Adem et al. 2021). The dose 
fraction of apigenin converted to A7G  (Fm,apigenin→A7G) was 
estimated to be 0.838 (Eq. 2), indicating that A7G is the 
major metabolite of apigenin. This result is consistent with 
those of previous studies reporting that apigenin undergoes 

glucuronidation to a greater extent than sulfation (Cai et al. 
2007). The  Vss of A7G was significantly higher than that of 
apigenin (p = 0.00804). This could be attributed to lower 
plasma protein binding of A7G compared to that of apigenin 
(0.010 for apigenin vs. 0.108 for A7G). The dose fraction of 
A7G converted to apigenin  (Fm,A7G→apigenin) was estimated 
to be 0.00485 (Eq. 2). This suggests that only a minimal 
fraction of A7G in the systemic circulation can be converted 
to apigenin in rats.

The present in vitro metabolism studies showed that 
the hepatic  CLint,S9 of apigenin was 18.5-fold higher 
than its intestinal  CLint,S9. After scaling the hepatic and 

Fig. 3  Stability of apigenin in a buffers of different pH values (pH 1, 3, 5, 7, 9, and 11) and b biological samples (plasma, urine, SGF, and SIF). 
Stability of A7G in c buffers of different pH values (pH 1, 3, 5, 7, 9, and 11) and d biological samples (plasma, urine, SGF, and SIF) (n = 3)
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Fig. 4  Mean plasma concentration-time profiles of apigenin and A7G in rats following a intravenous administration of apigenin; b oral adminis-
tration of apigenin; c intravenous administration of A7G; and d oral administration of A7G (n = 4–5)

Table 3  Pharmacokinetic parameters of apigenin and A7G following 
the intravenous and oral administration of apigenin in rats (n = 5)

Parameter Intravenous Oral

Parent (apigenin)
 AUC (µg·min/mL) 538 ± 56 5.71 ± 1.31
 CL (mL/min/kg) 37.5 ± 4.1
  Vss (mL/kg) 863 ± 241
  Cmax (ng/mL) 189 ± 73
  Tmax (min) 5
 F (%) 0.708 ± 0.162

Metabolite (A7G)
 AUC (µg·min/mL) 1240 ± 536 88.1 ± 40.5
  Cmax (ng/mL) 45,413 ± 9724 602 ± 79
  Tmax (min) 5 (2–5) 15 (5–15)

Table 4  Pharmacokinetic parameters of apigenin and A7G following 
the intravenous and oral administration of A7G in rats (n = 4–5)

a Calculated as AUC last

Parameter Intravenous Oral

Parent (A7G)
 AUC (µg·min/mL) 1479 ± 159 257 ±  242a

 CL (mL/min/kg) 22.6 ± 2.5
  Vss (mL/kg) 1507 ± 332
  Cmax (ng/mL) 932 ± 869
  Tmax (min) 180 (120–240)
 F (%) 12.1 ± 11.4a

Metabolite (apigenin)
 AUC (µg·min/mL) 2.61 ± 1.25 82.0 ± 43.4
  Cmax (ng/mL) 176 ± 41 497 ± 347
  Tmax (min) 2 180 (180–240)
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intestinal  CLint,S9 in  vitro up to the whole organ, the 
hepatic intrinsic clearance  (CLint,H) of apigenin was esti-
mated to be 200 mL/min, and the intestinal intrinsic clear-
ance  (CLint,G) was estimated to be 6.42 mL/min  (CLint,H/
CLint,G = 31.2). A7G is metabolized via hydrolysis medi-
ated by β-glucuronidase that is an acid hydrolytic enzyme 
expressed in various tissues and body fluids in rats and 
humans (O’Leary et al. 2001). Approximately one-third 
of hepatic β-glucuronidase is located in the endoplasmic 
reticulum (ER) lumen and a little in lysosomes, where 
it hydrolyzes glucuronide (Swank et al. 1986; Zhu et al. 
1996). Considering the stability of A7G in various buffers, 
it can be suggested that β-glucuronidase-mediated hydrol-
ysis occurred in the liver and intestine. Therefore, when 
scaling hepatic and intestinal  CLint,S9 in vitro up to the 
whole organ,  CLint,H of A7G was estimated to be 12.5 mL/
min, and  CLint,G was estimated to be 1.23 mL/min  (CLint,H/
CLint,G = 10.1).

To determine the contributions of the intestine and liver 
to pre-systemic elimination of apigenin and A7G,  EH and 
 EG were estimated from in vitro clearance and/or perme-
ability data using the well-stirred (Eq. 4) and  QGut (Eq. 5) 
models. Based on the hepatic blood flow  (QH, 50–80 mL/
min/kg) in rats,  EH of apigenin and A7G can be estimated 
to be 0.0246–0.0389 and 0.0167–0.0264, respectively. The 
effective intestinal permeability  (Peff) of apigenin has been 
reported to be high (0.62 ×  10–4 cm/s) in the duodenum 
and moderate (0.303 ×  10–4 cm/s) in the jejunum till colon 
of rats (Zhang et al. 2012). Therefore,  CLperm and  EG of 
apigenin can be estimated to be 0.172–0.620 mL/min and 
0.915–0.979, respectively. Assuming that the  Peff of A7G is 
similar to that of apigenin, the  EG of A7G can be estimated 
to be 0.626–0.896. These model-based analyses suggest that 
apigenin and A7G can be classified as compounds with low 
 EH and moderate-to-high  EG in rats. Alternatively,  EH and  EG 
of a drug can be calculated using in vivo pharmacokinetic 

Fig. 5  Time course of remaining fraction of apigenin (a) and A7G (b) 
in rat hepatic and intestinal S9 fractions, respectively (n = 5). The bul-
let symbol represents the mean, the error bar represents the standard 

deviation, and the asterisk indicates value significantly different from 
that of the control (i.e., the remaining fractions measured at 0 min) 
(P < 0.05)

Table 5  In vitro metabolism 
of apigenin and A7G in rat S9 
fraction

a Scaling factors for the liver and intestines were obtained from the literature (Seo et al. 2022a, 2022b)

S9 fraction t1/2,S9 (min) CLint,S9 (mL/min/mg protein) Scaling factor 
(mg/g whole organ)

CLint,organ (mL/min)

Apigenin
 RLS9 28.6 ± 0.7 0.151 ± 0.004 129a 200 ± 5
 RIS9 537 ± 66 0.00817 ± 0.00107 104a 6.42 ± 0.84

A7G
 RLS9 82.6 ± 9.8 0.00947 ± 0.00101 129a 12.5 ± 1.3
 RIS9 505 ± 102 0.00157 ± 0.00026 104a 1.23 ± 0.20
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data based on Eqs. 3 and 6 (Yang et al. 2007; Seo et al. 
2022a, 2022b). Assuming that apigenin and A7G were sta-
ble in the gastrointestinal tract with negligible enterohepatic 
circulation and reversible metabolic processes, the  Fabs of 
apigenin and A7G were estimated to be 0.658 and 0.900, 
respectively (Eq. 6). Following intravenous administration 
of apigenin and A7G, non-renal blood clearance  (CLNR) of 
apigenin and A7G can be calculated to be 12.6 and 9.04 mL/
min/kg, respectively, using their  Aeu and  RB values. Assum-
ing that non-renal systemic elimination of apigenin and A7G 
occurred only in the liver  (CLNR =  CLH),  EH of apigenin 
and A7G was estimated to be 0.157–0.251 and 0.113–0.181 
 (CLH/QH), respectively. Therefore,  EG of apigenin and A7G 
were estimated to be 0.986–0.987 and 0.609–0.954 using 
Eq. 3. These results indicated low  EH and moderate-to-high 
 EG of apigenin and A7G, showing a similar tendency to 
 EH and  EG estimated from in vitro data. In light of the dis-
cussion above, the fractions of oral dose unabsorbed from 
the gut and eliminated by the gut and liver before reaching 
the systemic circulation were estimated to be 40.2–92.9%, 
6.51–58.6%, and 0.023–1.28% of the dose, respectively, for 
apigenin, and 10%, 54.8–85.8%, and 0.472–6.35%, respec-
tively, for A7G. Compared to A7G, intestinal absorption of 
apigenin seemed to be limited and incomplete, which may 
be due to its poor solubility and/or luminal stability.

As described earlier, apigenin and A7G were significantly 
metabolized by both the intestine and liver, and the total 
metabolic activity was markedly higher (31.2- and 10.1-fold, 
respectively) in the liver than in the intestine. Thus, it is 
plausible that the liver had a greater contribution than the 
intestine to the systemic metabolism of apigenin and A7G. 
However, in intestinal and hepatic first-pass effects, it is 
important to note that a compound with a significant  CLint,G 
can be metabolized by the intestine in a route-dependent 
manner (Han et al. 2022). During the first pass through the 
intestine, the exposure of a compound to metabolic enzymes 
can be prolonged and enhanced owing to its relatively slow 
membrane permeation rate and low luminal protein binding 
in the intestine (Cho et al. 2014). This could lead to a higher 
 EG when the compound enters the enterocytes from the gut 
lumen rather than via systemic circulation, which is called 
route-dependent intestinal elimination (Noh et al. 2019; Seo 
et al. 2022a, 2022b). For example, many CYP3A substrate 
drugs undergo considerable intestinal first-pass effects, 
although the human CYP3A expression in the intestine is 
only 1% of that in the liver (Yang et al. 2007; Gertz et al. 
2010; Seo et al. 2022a, 2022b). This phenomenon agrees 
well with the present results for apigenin and A7G, which 
can explain their high  EG and low  EH, despite considerably 
higher intrinsic metabolic activity in the liver than in the 
intestine.

F is one of the most important factors to consider for 
effective treatment application of phytochemicals. However, 

despite the various health benefits of phytochemicals, sat-
isfactory efficacy is often not achieved in clinical settings 
owing to their low F (Selby-Pham et al. 2017; Hu et al. 
2023). To enhance the F of phytochemicals, various drug 
delivery systems such as prodrugs, emulsions, and nano-
particles have been reported (Vinayak et al. 2019; McCle-
ments. 2021; Rassu et al. 2023; Zuccari et al. 2023). In the 
present study, systemic exposure (AUC) of apigenin was 
markedly higher (8.60–24.7 fold) at the oral dose of A7G 
than at the oral dose of apigenin. This suggests that A7G, 
the glucuronide conjugate of apigenin, can act as a natural 
prodrug to improve the low F of apigenin, which requires 
further investigation on the clinical relevance of the present 
rat data. Furthermore, because A7G is a major active metab-
olite of apigenin, the F and efficacy of A7G also need to be 
discussed. Based on the  IC50 values reported previously, it 
appears that apigenin has more potent antioxidant and anti-
cancer (via MMP-9) activities than that of A7G (Fathiazad 
et al. 2011; Crasci et al. 2017; Kashyap et al. 2022) and 
that A7G has more potent anti-inflammatory, antidiabetic, 
anti-Alzheimer, and anticancer (via MMP-3, 8, 13) activities 
than that of apigenin (Cheng et al. 2013; Crasci et al. 2017; 
Nguyen et al. 2017). Moreover, the systemic exposure of 
A7G observed after oral administration of apigenin tended to 
be higher (1.90–12.4 fold) than that after oral administration 
of A7G. Taken together, these results showed the potential of 
A7G as more effective oral dosing form that can enhance the 
F and efficacy of both apigenin and A7G. Our current find-
ings on apigenin can also be applied to other phytochemicals 
and their phase-II conjugates, including glucuronides and 
sulfates, which can serve as good alternatives for enhancing 
the F of poorly absorbed phytochemicals.

Conclusion

We report, for the first time, a simple and sensitive method 
for simultaneous quantitative analysis of apigenin and its 
major metabolite A7G in rat plasma using UPLC-MS/MS. 
Apigenin exhibited pH dependence and limited intestinal 
luminal stability, whereas A7G remained stable under all 
tested conditions. The in vivo pharmacokinetic study dem-
onstrated that apigenin had a very low F value and was 
mainly metabolized to A7G. Notably, systemic exposure 
of apigenin after oral administration of A7G was mark-
edly higher than that after oral administration of apigenin. 
Apigenin and A7G were substantially metabolized in both 
hepatic and intestinal S9 fractions. Based on the well-stirred 
and  QGut model concepts, they could be classified as com-
pounds with low  EH and moderate-to-high  EG in rats, indi-
cating a greater contribution of the intestine to pre-systemic 
elimination of both phytochemicals than that of the liver. 
Taken together, the low F of apigenin could be attributed to 
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its poor stability in the gastrointestinal lumen and extensive 
intestinal first-pass effect. Moreover, it was improved by oral 
administration of A7G, demonstrating the potential of A7G 
as a natural prodrug for enhancing the low F of apigenin.
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