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Abstract: Calycosin is a dietary flavonoid with favorable activities, which seems to be inconsistent
with its low circulating levels in vivo. To address this issue, we developed a strategy to under-
stand calycosin distribution by integrating qualitative and quantitative analyses of calycosin and its
metabolites in portal vein plasma, the liver, and systemic plasma after oral administration to rats.
Consequently, 21 metabolites were characterized in total, including the first report of a reductive
biotransformation and 14 new metabolites. Compared with the low levels of calycosin, calycosin
glucuronides were predominant in circulation, and both the hepatic and intestinal regions contributed
to the high exposure of these calycosin glucuronides. However, intestinal glucuronidation, prior to
hepatic glucuronidation, plays a key role in the low circulating levels of calycosin.

Keywords: calycosin; first-pass effect; intestinal glucuronidation; liver distribution; metabolism

1. Introduction

Botanical dietary supplements have been widely utilized in the United States and
Europe for health maintenance since the United States Dietary Supplement and Health
Education Act was enacted in 1994 [1]. Astragali Radix has been widely used as a fun-
damental herbal medicine in China, Japan, and other countries. Moreover, it has been
listed as a dietary supplement by the U.S. Food and Drug Administration since 1994 and
as “medicine-food homology” species by the National Health Commission of the Peo-
ple’s Republic of China since 2018 [1,2]. Calycosin, one of the main dietary flavonoids
found in Astragali Radix [3], has various therapeutic effects, including hepatoprotection,
anti-inflammation, anti-hepatic injury, antitumor, antiviral, anti-diabetic nephropathy, and
cardioprotection [4–10]. To date, the health benefits of calycosin have been practically
validated in various animal models, such as liver injury induced by CCl4 in mice [7],
nonalcoholic steatohepatitis (NASH) in mice [11], and hepatic fibrosis [8].

Even though calycosin has been widely used in food and medicine, it has long been
acknowledged that its circulation levels are exceedingly low. Calycosin could easily dif-
fuse across the membrane, but only a very small amount of has been detected in plasma,
but not bile, after oral administration [12]. Previously, studies have focused on calycosin
metabolism by applying in vitro tools, including rat intestinal microsomes (RIMs) and
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rat liver microsomes (RLMs), in which calycosin glucuronidation and sulfation were ob-
served [12–15]. In addition, our previous study demonstrated that calycosin, as a major
metabolite, displayed extensive and substantial biodistribution in tissues after oral admin-
istration of calycosin-7-β-D-glucopyranoside. Other studies have revealed that calycosin-
3′-glucuronide is the primary circulating form of calycosin-7-β-D-glucopyranoside in
plasma [12,15,16]. Therefore, we assumed that phase II metabolism could be the main
reason for the low exposure of calycosin in systemic circulation. However, to date, no
studies have focused on the metabolic patterns of orally administered calycosin in rats.
Thus, the cause of the low circulating calycosin levels is far from being understood by
applying only in vitro tools.

In this study, to determine what caused the low circulating levels of calycosin, the in-
testinal and liver first-pass effects were evaluated by qualitative and quantitative analyses in
rats according to the drug delivery process in vivo. With the aid of high-performance liquid
chromatography quadrupole time-of-flight tandem mass spectrometry (HPLC-Q-TOF-
MS/MS), the structures of the calycosin metabolites were unambiguously or tentatively
identified from portal vein plasma, the liver, and systemic plasma following calycosin
oral administration. Calycosin and its glucuronides, which were determined to be the pri-
mary metabolites based on the Q-TOF peak areas, were quantified in the above-mentioned
biosamples by a high-performance liquid chromatography method coupled with triple
quadrupole tandem mass spectrometry (HPLC-QQQ-MS/MS).

2. Materials and Methods
2.1. Chemicals and Reagents

The calycosin, daidzein, formononetin, 7,3′,4′-trihydroxyisoflavone, and propranolol
(internal standard, I.S.; purity > 98%) reference samples were purchased from Shanghai
Standard Technology Co., Ltd. (Shanghai, China). Calycosin for dosing (purity > 95%)
was obtained from Shanghai Yihe Biological & Technological Co., Ltd. (Shanghai, China).
β-Glucuronidase from Helix pomatia (type H-2, aqueous solution ≥ 85,000 units/mL) was
provided by Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Ultrapure water was prepared
using a Milli-Q System (Millipore, Billerica, MA, USA). High-performance liquid chro-
matography (HPLC) grade acetonitrile, methanol, and formic acid were procured from
Thermo Fisher Scientific Co., Ltd. (Waltham, MA, USA). All other analytical-grade reagents
were acquired from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Instrumentation

Qualitative analysis of calycosin and its metabolites in various biological samples
was performed by using an Agilent 6530 Q-TOF mass spectrometer equipped with a
Dual Agilent Jet Stream electrospray ionization source in positive mode (Agilent Tech-
nologies, Palo Alto, CA, USA) that was connected to a 1260 Series HPLC system (Agilent
Technologies). The operating parameters were optimized as follows: nebulizer at 45 psi;
capillary at 4000 V; nozzle voltage at 1500 V; gas temperature of 300 ◦C; gas flow rate of
6 L/min; sheath gas temperature of 300 ◦C; sheath gas flow rate of 12 L/min; fragmen-
tor at 100 V; and collision energy of 30 V. Separation was performed on an ACE Excel 3
C18 column (100 mm × 2.1 mm, 3.0 µm, Advanced Chromatography Technologies Ltd.,
Aberdeen, Scotland). Gradient elution with solvent A (0.1% formic acid in water) and
solvent B (acetonitrile containing 0.1% formic acid) was conducted as follows: 0 min, 95%
A; 1.5–3.0 min then 90% A; 3.0–10.0 min, 87% A; 10.0–20.0 min, 82% A; 20.0–23.0 min, 75%
A; 23.0–25.0 min, 55% A; 25.0–27.0 min, 5% A; and 27.0–32.0 min, 95% A. The flow rate
and the column temperature were set to 0.35 mL/min and 40 ◦C, respectively. System
operations and data processing were performed using MassHunter Workstation (Agilent
Technologies, Palo Alto, CA, USA).

Calycosin was quantitatively analyzed in the biological samples as previously de-
scribed with a 1260 Series HPLC system (Agilent Technologies) coupled to an Agilent 6460
triple quadrupole mass spectrometer stocked with a Dual Agilent Jet Stream electrospray
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ionization source (Agilent Technologies) [16]. The LC–MS/MS method was validated to be
appropriate to accurately determine calycosin in the plasma and liver samples within the
concentration ranges of 1–1000 ng/mL and 3–3000 ng/mL, respectively [16].

2.3. Animal Experiment

Male Sprague Dawley (S.D.) rats (220 ± 20 g) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China). Rats were fed a standard diet and water
and kept in a controlled air-conditioned environment at 22 ± 2 ◦C with a relative humidity
of 50% ± 10% on a 12 h/12 h light/dark cycle. The experiments were performed accord-
ing to the guidelines outlined by the Institutional Animal Care and Use Committee of
the Shanghai Institute of Materia Medica, Chinese Academic Science (Shanghai, China)
(IACUC: 2018-01-HCG-27).

After acclimating for 7 days, fifty rats fasted overnight with free access to water. Then,
these rats were orally administered calycosin at a dose of 76.4 mg/kg (suspended in an
aqueous solution containing 0.5% carboxymethylcellulose sodium). Then, at 0.167, 0.5,
1, 2, 4, 6, 8, 12, 24, and 48 h postdose (n = 5), the rats were anesthetized with urethane
(0.7 g/kg). First, hepatic portal vein blood (2 mL) was collected. Then, as much systemic
blood as possible (6–8 mL) was collected from the aortaventralis until no further blood
could be drawn. Finally, liver samples were harvested, washed three times with normal
saline and dried with filter paper. The blood samples were centrifuged at 12,000× g for
5 min to obtain plasma. All of the abovementioned biosamples were stored at −80 ◦C for
subsequent analysis.

2.4. Sample Preparation

Considering the different sensitivities and resolutions of Q-TOF and MS/MS, we
applied various sample treatment methods for qualitative and quantitative analysis. To
identify as many metabolites as possible, we obtained the samples for qualitative HPLC-
Q-TOF analysis by mixing all of the biosamples from the 50 rats at the 10 time points. To
quantitatively analyze the samples with HPLC–MS/MS, each time point was evaluated
individually after protein precipitation. The detailed sample preparation processes are
as follows.

2.4.1. Sample Preparation for HPLC-Q-TOF Analysis

First, the liver tissue samples were homogenized with a threefold volume of normal
saline to obtain tissue homogenates. Then, a total of 400 µL of plasma or tissue homogenate
from five rats at each time point were mixed and precipitated with 1.2 mL of acetonitrile.
After the samples were centrifuged at 13,680× g for 10 min, 1 mL of the supernatant
was obtained and evaporated to dryness at 40 ◦C under vacuum. The residue was then
dissolved in 100 µL of methanol–water (50:50, v/v). After each sample was centrifuged
again at 13,680× g for 10 min, a total of 80 µL of the supernatant from each of the ten time
points was combined and dried at 40 ◦C under vacuum. The final residue was reconstituted
in 100 µL of methanol–water (50:50, v/v). After centrifugation at 13,680× g for 10 min,
70 µL of the supernatant was acquired for HPLC-Q-TOF analysis.

2.4.2. Sample Preparation for HPLC-MS/MS Analysis

The samples for quantitative analysis were prepared in accordance with our published
method, which has been validated in various matrices [16].

To quantify calycosin glucuronides, hydrolysis was performed with β-glucuronidase,
in accordance with a previous report [17]. In brief, the β-glucuronidase from H. pomatia was
diluted to 50 units/µL by using ammonium acetate buffer (pH 5.0; 1.0 M). Then, 10 µL of
β-glucuronidase (50 units/µL), 10 µL of ascorbic acid (125 mg/mL), and 100 µL of plasma
were mixed and incubated at 37 ◦C for 1 h. The samples were treated according to the
method described in our previous study [16]. After the biological samples were hydrolyzed
by β-glucuronidase, the calycosin glucuronide peaks disappeared, and a notable increase
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in the peak area of calycosin was observed. This finding verified that the calycosin glu-
curonides were completely converted into calycosin in the presence of β-glucuronidase
(Figure 1).
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Figure 1. HPLC-Q-TOF-extracted ion chromatograms (EICs) and peak areas of calycosin glucuronides
and calycosin in plasma samples before (a) and after (b) β-glucuronidase treatment.

2.5. Data Analysis

A noncompartmental model with a sparse algorithm was applied to calculate the
pharmacokinetic parameters by using WinNonlin (Pharsight 6.2, Delaware, NC, USA). The
liver extraction ratio (ERLiver) was calculated in the following manner to determine the
hepatic first-pass effect [18–20]:

ERLiver = (AUCpor − AUCsys)/AUCpor (1)

where AUCpor and AUCsys are the areas of the compounds beneath the concentration-time
curves in the portal vein and systemic plasma, respectively.

3. Results
3.1. Qualitative Analysis of Calycosin and Its Metabolites In Vivo

A total of 21 metabolites identified, including 4 phase I and 17 phase II metabo-
lites, involving 6 metabolic pathways: dehydroxylation, demethylation, reduction, methy-
lation, sulfation, and glucuronidation. Fourteen new metabolites (M2–M4, M6, M7,
M9–M11, and M15–M20) and a reductive biotransformation were first reported. 7,3′,4′-
Trihydroxyisoflavone (M12), daidzein (M15), and formononetin (M21) were unambiguously
identified with the presence of the standard compounds. The mass information and biodis-
tribution of these metabolites are summarized in Table 1. The extracted ion chromatograms
(EICs), MS/MS spectra and deduced fragmentation pathways of the four standard com-
pounds are presented in Figures 2 and 3. The biotransformation of calycosin after oral
administration to rats is illustrated in Figure 4, and the total ion chromatograms are shown
in Figure S1.
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Table 1. Summary of the mass spectral data of calycosin and its metabolites detected in the biological samples of rats.

NO tR (min) Name Formula
(Neutral)

aP L S Observed m/z Calculated
m/z Fragment Ions Diff (ppm)

M0 24.93 Calycosin C16H12O5 + + + 285.0754 285.0757

270.0519 (100%),
253.0493 (42%),
225.0543 (50%),
197.0591 (18%),
137.0231 (56%)

−1.05

M1 8.55 Calycosin-7-sulfate-3′-
glucuronide C22H2 O14S + − + 541.0643 541.0647

365.0324 (14%),
285.0752 (100%),
270.0522 (2%),

225.0539 (0.7%)

−0.74

M2 * 8.83 7,3′,4′-Trihydroxyisoflavone-
disulfate C15H10O11S2 + − + 430.9738 430.9737

351.0175 (13%),
271.0601 (100%),

137.0238 (5%)
0.23

M3 * 9.30 Daidzein-7-glucuronide C21H18O10 + − + 431.0972 431.0973
255.0650 (100%),
199.0745 (13%),
137.0226 (22%)

−0.23

M4 * 10.28 Calycosin-7,3′-disulfate C16H12O11S2 + − + 444.9891 444.9894

365.0322 (9%),
285.0756 (100%),
270.0524 (4%),
253.0499 (2%),
137.0233 (1%)

−0.67

M5 10.77 Calycosin-7-glucuronide C22H20O11 + − + 461.1077 461.1078

285.0752 (100%),
270.0516 (6%),
253.0491 (2%),
137.0228 (1%)

−0.22

M6 * 11.31 7,3′,4′-Trihydroxyisoflavone-
glucuronide C21H18O11 + − + 447.0920 447.0922

271.0594 (100%),
253.0492 (7%),
225.0538 (10%),
137.0236 (11%)

−0.45
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Table 1. Cont.

NO tR (min) Name Formula
(Neutral)

aP L S Observed m/z Calculated
m/z Fragment Ions Diff (ppm)

M7 * 12.04 7,3′,4′-trihydroxyisoflavanone-
glucuronide C21H20O11 + + + 449.1076 449.1078

273.0752 (100%),
163.0388 (29%),
123.0448 (5%)

−0.45

M8 13.79 Calycosin-7-glucuronide-3′-
sulfate C22H20O14S + + + 541.0644 541.0647

365.0324 (46%),
285.0756 (100%),

270.0515 (2%)
−0.55

M9 * 14.38 7,3′,4′-Trihydroxyisoflavone-
glucuronide C21H18O11 + + + 447.0921 447.0922

271.0593 (100%),
253.0494 (4%),
225.0540 (4%),
137.0223 (4%)

−0.22

M10 * 14.63 7,3′,4′-Trihydroxyisoflavone-
sulfate C15H10O8S + + + 351.0161 351.0169

271.0590 (100%),
225.0542 (26%),
137.0237 (15%)

−2.28

M11 * 14.67 2,3-Dihydrocalycosin-
glucuronide C22H22O11 + − + 463.1224 463.1235

287.0914 (100%),
163.0386 (57%),
137.0588 (12%)

−2.38

M12 16.07 7,3′,4′-Trihydroxyisoflavone C15H10O5 − + − 271.0597 271.0601

253.0495 (34%),
225.0542 (100%),
197.0592 (64%),
137.0231 (93%)

−1.48

M13 16.14 Calycosin-3′-sulfate C16H12O8S + + + 365.0323 365.0326

285.0755 (100%),
270.0518 (43%),
253.0488 (16%),
225.0542 (23%),
137.0228 (11%)

−0.82

M14 16.76 Calycosin-3′-glucuronide C22H20O11 + + + 461.1069 461.1078

285.0753 (100%),
270.0515 (6%),
253.0489 (2%),
137.0226 (1%)

−1.95
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Table 1. Cont.

NO tR (min) Name Formula
(Neutral)

aP L S Observed m/z Calculated
m/z Fragment Ions Diff (ppm)

M15* 21.91 Daidzein C15H10O4 + + + 255.0646 255.0652

227.0696 (47%),
199.0748 (100%),
181.0641 (64%),
137.0230 (94%)

−2.35

M16* 22.19 7,3′-dihydroxy-4′-
methoxyisoflavanone C16H14O5 + + + 287.0905 287.0914 163.0386 (100%),

137.0589 (79%) −3.13

M17* 22.59 Calycosin-7-sulfate-3′-methyl
ether C17H14O8S − + + 379.0481 379.0482

299.0907 (100%),
271.0606 (14%),
253.0495 (3%),
225.0553 (4%)

−0.26

M18* 23.08
Calycosin-7-glucuronide-3′-

methyl
ether

C23H22O11 + + + 475.1230 475.1235

299.0914 (100%),
271.0592 (7%),
253.0488 (3%),
225.0548 (2%)

−1.05

M19* 23.71
7,3′,4′-Trihydroxyisoflavone-3′-

methyl
ether

C16H12O5 + + + 285.0755 285.0757

270.0511 (100%),
253.0487 (45%),
225.0539 (54%),
137.0229 (62%)

−0.70

M20* 27.20 Calycosin-3′-methyl ether C17H14O5 + + − 299.0914 299.0914
271.0604 (100%),
253.0488 (38%),
137.0236 (89%)

0.00

M21 27.74 Formononetin C16H12O4 + − − 269.0805 269.0808

253.0487 (41%),
225.0541 (40%),

197.0589 (100%),
137.0229 (19%),
118.0409 (35%)

−1.11

“*” was firstly reported on calycosin treatments; aP, portal vein plasma; L, liver; S, systemic plasma; +, detected; −, not detected.
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Figure 4. Proposed transformation pathways of orally administrated calycosin in rats.

3.1.1. M0 and Its Characteristic Fragmentation Patterns

As shown in Figure 2a, the parent drug calycosin (M0) showed a precursor ion at
m/z 285.0754 (C16H13O5

+, −1.05 ppm) at 24.93 min. As the base peaks, the fragment
ion at m/z 270.0519 (C15H10O5

•+) was generated via the loss of a CH3• (15 Da) moiety
from the precursor ion. The fragment ion at m/z 253.0493 (C15H9O4

+) was subsequently
produced via the loss of an OH• (17 Da) unit. The product ions at m/z 225.0543 (C14H9O3

+)
and 197.0591 (C13H9O2

+) were formed by the continuous loss of CO (28 Da) groups. The
precursor ion also underwent a retro-Diels-Alder (RDA) reaction due to the cleavage of two
chemical bonds between O-C2 and C3-C4, thereby yielding the characteristic fragment ion
at m/z 137.0231 (C7H5O3

+). The RDA reaction is widely recognized as the characteristic
fragmentation pattern of an isoflavone skeleton [21].

3.1.2. M12 and Its Characteristic Fragmentation Patterns

As the demethylated product of calycosin, 7,3′,4′-trihydroxyisoflavone (M12) dis-
played a protonated molecule at m/z 271.0597 (C15H11O5

+, −1.48 ppm) at 16.07 min. M12
exhibited fragmentation pathways similar to those of calycosin. As shown in Figure 3b,
the product ion at m/z 253.0495 (C15H9O4

+) was generated via the neutral loss of H2O
(18 Da) from the precursor ion. The product ions at m/z 225.0542 (C14H9O3

+) and 197.0592
(C13H9O2

+) were subsequently produced through the continuous elimination of CO (28 Da)
groups. The characteristic ion at m/z 137.0231 (C7H5O3

+) was also determined to be the
product of the classical RDA reaction of the M12 molecular ion.

3.1.3. M15 and Its Characteristic Fragmentation Patterns

Daidzein (M15), which displayed an [M+H]+ peak at m/z 255.0646 (C15H11O4
+,

−2.35 ppm) at 21.91 min, was identified as the demethylated and dehydroxylated metabo-
lite of calycosin. As exhibited in Figure 3c, the typical product ions at m/z 227.0696
(C14H11O3

+) and 199.0748 (C13H11O2
+) were produced via consecutive neutral losses of

CO (28 Da) from the precursor ion. Additionally, H2O (18 Da) was eliminated from the
product ion at m/z 199.0748 (C13H11O2

+), thereby generating the fragment ion at m/z
181.0641 (C13H9O+). Likewise, the classical fragment ion at m/z 137.0230 (C7H5O3

+) was
also formed as a result of the RDA reaction.
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3.1.4. M21 and Its Characteristic Fragmentation Patterns

As the dehydroxylated metabolite of calycosin, formononetin (M21) showed a pro-
tonated molecule at m/z 269.0805 (C16H13O4

+, −1.11 ppm) at 27.74 min. As displayed in
Figure 3d, the protonated molecule of M21 underwent three competitive fragmentation
pathways. In the first route, one neutral CH4 (16 Da) group and two CO (28 Da) units
were eliminated, thereby producing fragment ions at m/z 253.0487 (C15H9O4

+), 225.0541
(C14H9O3

+) and 197.0589 (C13H9O2
+), respectively. In the second route, a fragment ion at

m/z 254.0569 (C15H10O4
•+) was obtained after a CH3• (15 Da) moiety was eliminated. The

fragment ion at m/z 118.0409 (C8H6O•+) was also generated via the RDA reaction. In the
third route, the characteristic fragment ion at m/z 137.0229 (C7H5O3) was formed via the
RDA reaction.

The structures of the metabolites can be revealed by comparing their fragmentation
mechanisms with those of their parent drugs, which share similar skeletal structures.
Therefore, the characteristic fragmentation patterns of four standard compounds provided
a solid basis for predicting the structures of other metabolites in the absence of standard
compounds. The RDA reaction and the continuous loss of CO groups have been recognized
as the classical cleavage pathway for calycosin. The differences in the substituents on
the B and C rings led to differences in the fragment ions, which helped us to identify the
metabolites of calycosin. We identified the reductive metabolites of M0 (M7, M11, and
M16), the phase II metabolites of M0 (M1, M4, M5, M8, M13, M14, M17, M18, and M20),
the phase II metabolites of M12 (M2, M6, M9, M10, and M19) and the phase II metabolite
of M15 (M3). The details of the mass spectral analysis are elaborated in the supporting
information.

3.2. Quantitative Analysis of Calycosin and Its Metabolites In Vivo
3.2.1. Semi-Quantitative Analysis of Calycosin and Its Metabolites In Vivo

According to the peak areas of the compounds in the HPLC-Q-TOF MS spectrum,
semi-quantitative analysis of calycosin and its metabolites was carried out to provide a
reference for the following quantitative analysis (Figure S1). M14 (calycosin-3’-glucuronide)
had the highest peak area in the portal vein plasma and systemic plasma, followed by M13
(calycosin-3’-sulfate); both of their peak areas were much higher than that of the parent
drug. The peak areas of M14 (calycosin-3’-glucuronide) were approximately 30- and 80-fold
those of its isomer M5 (calycosin-7-glucuronide) in portal vein plasma and systemic plasma,
respectively. As phase II metabolites, the peak areas of the sulfated metabolites of calycosin,
including M13 (calycosin-3’-sulfate) and M4 (calycosin-7,3’-disulfate), were much lower
than that of M14.

In contrast to the results found in plasma, calycosin had a much higher peak area than
its metabolites in the liver. Among the metabolites, M13 and M14 showed the greatest peak
areas in the liver.

3.2.2. Quantitative Analysis of Calycosin and Calycosin Glucuronides In Vivo

After calycosin was orally administered to rats, calycosin and calycosin glucuronides
were successfully analyzed in portal vein plasma, the liver, and systemic plasma by HPLC–
MS/MS. The concentrations of the calycosin glucuronides were determined by subtracting
the concentration of the free form of calycosin from the concentration of calycosin in the
samples pretreated with β-glucuronidase. The relevant pharmacokinetic parameters and
concentration–time curves of calycosin and the calycosin glucuronides from the biological
samples are presented in Table 2 and Figure 5, respectively.
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Table 2. PK parameters of calycosin and calycosin glucuronides in the portal vein plasma, systemic
plasma, and liver after oral administration of calycosin at 76.4 mg/kg in rats (n = 5).

PK Parameters T1/2 (h) Tmax (h) Cmax ± SEM
(µmol/L)

AUC0-t ± SEM
(h µmol/L)

AUC (Calycosin
Glucuronides)

/ AUC (Calycosin)

Portal vein
plasma

Calycosin 1.4 1.0 12.6 ± 0.8 40.0 ± 1.9
3.5Calycosin

glucuronides 13.0 1.0 33.9±1.1 138.3 ± 3.4

Systemic
plasma

Calycosin 1.9 1.0 0.06 ± 0.01 0.15 ± 0.02
934.7Calycosin

glucuronides 14.2 2.0 44.2 ± 6.3 140.2 ± 11.3

Liver
Calycosin 0.8 1.0 31.1 ± 1.3 119.6 ± 6.2

0.2Calycosin
glucuronides 0.7 2.0 8.5 ± 1.0 21.2 ± 1.7
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Figure 5. Mean concentration-time curves of calycosin and calycosin glucuronides in portal vein
plasma (a), the liver (b), and systemic plasma (c) after oral administration of 76.4 mg/kg calycosin to
rats (n = 5, mean ± SEM).

As shown in Figure 5a–c, the concentration–time curves of calycosin and the calycosin
glucuronides displayed obscure double peaks, and the levels of the calycosin glucuronides
were notably higher than those of calycosin in portal vein plasma and systemic plasma.
In portal vein plasma, the maximum concentration (Cmax) and AUC of calycosin were
12.6 ± 0.8 µmol/L and 40.0 ± 1.9 h µmol/L, respectively, while these values for the caly-
cosin glucuronides were 2.7- and 3.4-fold higher.

In systemic plasma, the calycosin levels were extremely low, with Cmax and AUC
values of only 0.06 ± 0.01 µmol/L and 0.15 ± 0.02 h µmol/L, respectively. Conversely,
those of the calycosin glucuronides were very high: 736.7- and 934.7-fold higher than
those of calycosin, respectively. By comparing these values from the portal vein plasma,
the exposure of calycosin accounted for only 0.4% in the systemic plasma. This result
corresponded to a value of ERLiver as high as 99.6%, while the exposure of the calycosin
glucuronides was much more similar to those in portal vein plasma.

According to the time to reach peak concentration (Tmax), which appeared at 1.0 h or
2.0 h, the absorption rates of calycosin and the calycosin glucuronides were similar and
quick in both the portal vein and systemic plasma. Nevertheless, the calycosin glucuronides
displayed elimination rates much lower than those of calycosin, as evidenced by the half-life
(T1/2) values of the calycosin glucuronides at 13.0 h and 14.2 h; notably, those of calycosin
were 1.4 h and 1.9 h in portal vein plasma and systemic plasma, respectively.

Different from the plasma results, the concentrations of the calycosin glucuronides
were much lower those that of calycosin in the liver. The Cmax and AUC of calycosin were
31.1 ± 1.3 µmol/kg and 119.6 ± 6.2 h µmol/kg, respectively, which are approximately 3.7-
fold and 5.6-fold greater than those of the calycosin glucuronides. Incredibly, the exposure
of calycosin in the liver was 797.3-fold that in the systemic plasma. In contrast, the hepatic
exposure of the calycosin glucuronides was much lower than their plasmatic exposure.
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4. Discussion

There has been growing interest in determining the potential functions of dietary
flavonoids with respect to disease prevention and health promotion. However, the great
disparity between the low circulation amounts of dietary flavonoids and their diverse
biological functions continues to hinder investigations on their underlying mechanism
of action as well as their further applications [22]. To tackle these issues, we proposed
a strategy that combined qualitative and quantitative analysis at the whole-animal level
based on in vivo compound delivery to comprehensively understand the intracorporal
process after oral administration.

The metabolic profiles revealed that calycosin underwent widespread intestinal metab-
olism prior to hepatic metabolism, since 19 and 18 metabolites were observed in the
portal vein plasma and systemic plasma, respectively, showing high overlap with only
three differential metabolites. According to the semi-quantitative results of the calycosin
metabolites, glucuronide conjugation of calycosin was predominant in the plasma and liver,
followed by sulfate conjugation. M14 was detected in all biosamples, and its peak area was
the highest among all identified metabolites. This is consistent with the in vitro findings that
calycosin underwent extensive glucuronidation, which is preferred at the C3′-OH position
than the C7-OH position [23]. This can be explained by the fact that glucuronidation of
flavonoids is regiospecific, according to the structure of the flavonoids [24]. Compared to
the C3′-OH position, the C7-OH of flavonoids found it easier to form a quinol structure by
resonance, which caused the delocalization of the electron density on the oxygen of OH,
resulting in reduced nucleophilicity and glucuronidation activities. A similar phenomenon
was also observed in the glucuronidation of other flavonoids in vivo. For example, (-)-
epicatechin-3′-O-glucuronide was of the highest exposure among the metabolites in the
human plasma [25].

It has been suggested that flavonoid metabolites may contribute to the therapeutic
effects of flavonoids in vivo because the circulating levels of flavonoids are too low to reach
pharmacologically relevant levels [26]. For example, M14 (calycosin-3′-glucuronide) could
display potency comparable to or greater than that of calycosin in vitro and in vivo [27].
Considering its high concentration in vivo, calycosin glucuronides may be key to under-
standing the therapeutic effects of orally administered calycosin.

To accurately evaluate the glucuronidation of calycosin, the determination of calycosin
and its glucuronides, with the aid of β-glucuronidase, was conducted in the biosamples. In
systemic plasma, the concentration of calycosin was extremely low, which is consistent with
the results of a previous study [28]. Correspondingly, glucuronidated calycosin was found
in much higher concentrations in circulation. Other flavonoids have also exhibited a similar
phenomenon. For instance, after oral administration of hesperidin to rats, hesperetin
glucuronides accounted for 66.4% of all conjugated metabolites [29]. In comparison with
the low circulating levels of icaritin, icaritin glucuronides showed higher exposure in the
plasma of icaritin-administered rats [30].

It should be noted that a considerable amount of calycosin glucuronides were detected
in portal vein plasma, similar to systemic plasma, where calycosin had passed liver dis-
position. Glucuronide conjugation often occurs in the liver, which is the major metabolic
organ. However, an in vitro metabolism study proved that calycosin can be conjugated
with glucuronides at a higher rate in RIMs than in RLMs [15]. Additionally, calycosin
glucuronides reached Cmax earlier in portal vein plasma than in systemic plasma. Both of
these results indicated that intestinal glucuronidation occurred on calycosin before hepatic
glucuronidation. Thus, glucuronidation in the intestine played a predominant role in the
biotransformation of calycosin in rats.

In contrast to the high contents of calycosin glucuronides in the portal vein and
systemic plasma, calycosin was clearly more abundant than its glucuronides in the liver. On
the one hand, compared with hydrophilic calycosin glucuronides, a considerable amount of
calycosin in portal vein plasma more easily entered the liver because of its high lipophilicity
and membrane permeability. On the other hand, the presence of β-glucuronidase, a phase I
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metabolizing enzyme that is widely distributed in the liver, can hydrolyze glucuronidated
flavonoid conjugates, yielding an aglycon with relatively high lipophilicity in tissues. A
similar phenomenon has been observed after the oral administration of quercetin, where
quercetin glucuronides predominantly circulated in the human bloodstream, re-forming
quercetin aglycone in the tissues by the action of β-glucuronidase [31]. Thus, the coexistence
of β-glucuronidase and UDP-glucuronosyltransferases (UGTs) in the liver probably resulted
in a balance between the dissociation and generation of calycosin glucuronides, which
caused no significant increase in calycosin after hepatic metabolism.

Calycosin has been confirmed to have excellent potential to fight against liver injury,
NASH, and hepatic fibrosis by activating the liver’s farnesoid X receptor and the signal
transducers and activators of the transcription 3 pathway [7]. Therefore, instead of focus-
ing on the extremely low levels of calycosin in circulation, the substantial collection of
calycosin in the target organ of the liver should be stronger and more favorable evidence
to explain the hepatoprotection observed after oral administration of calycosin in vivo.
Compared to orally administered calycosin, our previous study indicated that calycosin
had higher plasma and liver exposure following oral administration of equimolar quantities
of calycosin-7-O-β-D-glucopyranoside, as this compound was extensively metabolized
into calycosin through deglycosylation. This result reminded us that calycosin-7-O-β-D-
glucopyranoside could serve as a calycosin prodrug for oral administration. However,
further studies should be conducted to verify this hypothesis.

5. Conclusions

By integrating the qualitative and quantitative results of this study, it was concluded
that glucuronidation played an important role in the biotransformation of calycosin, which
occurred in the intestine before calycosin entered the liver. To the best of our knowledge,
this is the first attempt to systemically investigate the contributions of the intestine and
the liver first-pass effect to the low circulating levels of calycosin in rats with respect to
the delivery process of its metabolites in vivo. This strategy can also be applied to other
flavonoids that display low circulating levels but substantial pharmacological activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations9050115/s1, Figure S1: total ion chromatograms of
portal vein plasma (a), the liver (b), and systemic plasma (c) of rats after the oral administration of
calycosin, Figure S2: the peak areas of calycosin and its metabolites in portal vein plasma (a), the
liver (b) and systemic plasma (c) after the oral administration of 76.4 mg/kg calycosin as detected by
HPLC-Q-TOF.
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Abbreviations

AUC: area under concentration versus time curve; Cmax, maximum concentration; EICs, extracted
ion chromatograms; ERLiver, liver extraction ratio; HPLC-Q-TOF-MS/MS, high-performance liquid
chromatography quadrupole time-of-flight tandem mass spectrometry; HPLC-QQQ-MS/MS, high-
performance liquid chromatography coupled with triple quadrupole tandem mass spectrometry;
NASH, nonalcoholic steatohepatitis; RDA, retro-Diels-Alder; RIMs, rat intestinal microsomes; RLMs,
rat liver microsomes; SULTs, sulfotransferases; T1/2, the half-life; Tmax, time to reach peak concentra-
tion; UGTs, UDP-glucuronosyltransferases.
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