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ABSTRACT

Background: Rheumatoid arthritis (RA) is an autoimmune disease that seriously
affects the patient’s quality of life. Total glucosides of peony (TGP) have long
been used to treat RA in China despite the need for long-term administration.
The main active ingredients in TGP are paeoniflorin (PF) and albiflorin (AF). This
study aimed to clarify the effective mechanism of TGP only after long-term
administration, and the pharmacokinetics of PF and AF following single and
chronic oral TGP administration in collagen-induced arthritic (CIA) and normal
rats. Materials and Methods: Comparative pharmacokinetic studies of TGP
were conducted in male Sprague Dawley rats. Plasma concentrations of PF
and AF were determined with ultra-high performance liquid chromatography—
tandem mass spectrometry (UPLC-MS/MS). DAS software was used to
estimate pharmacokinetic parameters. Results: Bimodal phenomenon was
observed. After a single TGP dose, the absorption of AF and PF were both
lower in CIA rats compared to control rats. Compared with single-dose groups,
the absorption of AF and PF in CIA rats increased after long-term administration
of TGP No significant differences were seen between the groups after chronic
administration in low-dose groups in normal rats. Conclusion: \We found
that after long-term administration of TGP the absorption of PF and AF are
promoted in CIA rats. These results, combined with the existing literature, may
help substantiate the TGP-related changes in gut microbiota.

Key words: Albiflorin, paeoniflorin, pharmacokinetics, rheumatoid
arthritis, total glucosides of peony

SUMMARY

* |n this work, we evaluated the pharmacokinetic characteristics of PF and AF
after single and long-term oral administration of TGP in CIA rats and normal rats
first. We found that the absorption of AF and PF was lower in CIA rats after a
single dose of TGP administration compared to control rats, whereas there were
no significant differences between the two groups after chronic administration.
Oral administration of TGP has been shown to reverse the changed intestinal
flora of CIA rats to that of normal rats. \We propose the hypothesis that intestinal
flora may affect TGP efficacy by affecting AF and PF metabolism.

INTRODUCTION

Total glucosides of peony (TGP), the effective fraction of the traditional
Chinese medicine Radix Paeoniae Alba, is reported to exhibit
analgesic, anti-inflammatory, and hepatoprotective properties.?
Commercially available as Bai Shao Zong Gan Jiao Nang (Ningbo
Lihua Pharmaceutical Co., Ltd), TGP capsules have been approved
by the National Medical Products Administration (https://www.
nmpa.gov.cn/) since 1998 for the treatment of autoimmune diseases,
including rheumatoid arthritis (RA), which is a common ailment in
China.

Paeoniflorin (PF),!" and albiflorin (AF),"®! are monoterpene glycosides
and the two most abundant compounds in TGP, comprising 52.5% and
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We studied the pharmacokinetic profiles of paeoniflorin and albiflorin after single and
long-term oral administration in collagen-induced arthritic(CIA) rats and in normal rats.
And found the absorption of AF and PF increase after long-term administration of TGP.
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Abbreviations used: AF: Albiflorin; Al: Arthritis index; BP:
Benzoyl-paeoniflorin;  CIA:  Collagen-induced arthritis;  GP:
Galloyl-paeoniflorin; IS: Internal standard; LHC: Long-term
high-dose CIA; LHN: Long-term high-dose normal; LLC: Long-term
low-dose CIA; LLN: Long-term low-dose normal; LLOQ: Lower
limit of quantification; OP: Oxypaeoniflorin; PF: Paeoniflorin; RA:
Rheumatoid arthritis; RSD: Relative standard deviation; SHC: Single
high-dose CIA; SHN: Single high-dose normal; SLC: Single low-dose
CIA; SLN: Single low-dose normal; TGP: Total glucosides of peony.
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13.5%, respectively. These components have the most potent therapeutic
effects both in vitro and in vivo: both are xanthine oxidase inhibitors
that can potentially prevent hyperuricemia and gout.”) PF has shown
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anti-inflammatory and immune regulatory properties,” and is an active
compound of radix paeoniae rubra with significant antithrombotic
properties.” On the other hand, AF is known to possess a significant
antidepressant-like effect.” Additionally, AF and PF can be degraded
easily by intestinal flora.®”)

RA is characterized by chronic synovial joint inflammation,"” and
TGP is widely used in the treatment of RA because of its relatively
fewer side effects. However, the drug must be taken over a long
period to achieve a clinically significant effect. A previous study
had reported that the pharmacokinetics of TGP are affected by the
patient’s pathologic state.""! However, most pharmacokinetic studies
regarding TGP have single-dose administration in normal animals
rather than long-term administration in model animals. Additionally,
dysbiosis of the gut microbiota may increase the risk of RA,? since
the components of many bacteria can stimulate the secretion of
rheumatoid factor antibodies and the intestinal flora of RA patients
is known to change." A previous study reported that dysbiosis of the
gut flora in collagen-induced arthritic (CIA) rats were partly resolved
after four weeks of TGP administration.'¥ To further elucidate this, we
carried out a four-week experiment to determine the pharmacokinetic
profiles of PF and AF after long-term oral administration of TGP in
a CIA rat model and normal rats. Additionally, the pharmacokinetic
parameters of AF and PF after single-dose administration were
studied. We also studied the metabolism of AF and PF in feces by
intestinal flora under different TGP administration conditions to
clarify its clinical role.

MATERIALS AND METHODS

Reagents and chemicals

TGP (ot no: 181008) was purchased from Liwah
Pharmaceutical (Ningbo, China). Standard PF (PS161215-02),
AF (PS010200), and the Internal Standard (1S)

geniposide (PS0064-0025MG) were obtained from Chengdu PUSH
Bio-Technology Co. (Chengdu, China). The structures of PF
AF, and IS are shown in Figure 1. Bovine type II collagen (lot no.:
190078), Complete Freund’s adjuvant (batch no.. 190021), and
Incomplete Freund’s adjuvant (batch no.: 190001) were obtained from
Chondrex (Redmond, WA, USA). Chromatographic-grade methanol,
acetonitrile, and formic acid (A117-50) were acquired from Thermo
Fisher Scientific (Waltham, MA, USA). Double-distilled water as well
as all other solvents, reagents, and chemicals were analytical-grade
and commercially available.

Instrument and chromatography conditions

The ultra-high performance liquid chromatography-electrospray
ionization-tandem mass spectrometry (UPLC-ESI-MS) system
consisted of a UPLC system (Agilent Technologies, Palo Alto,

CA, USA) comprising a model-1290 G4220A pump, model-1290
Infinity Autosampler, and a linear ion-trap quadrupole liquid
chromatography-tandem mass spectrometry equipped with an
ESI source (QTRAP 6500; AB Sciex, Framingham, MA, USA). The
Analyst v1.6.2 software (AB Sciex) was used to control the system, and
acquire and analyze data. Separation was carried out on a Poroshell
120 EC-C, column (2.1 x 100 mm, 2.7 wm, Agilent Technologies).
The mobile phase contained 0.1% (v/v) formic acid, both in water (A)
and methanol (B). The solvent gradients were 0.00-1.00 min with 10%
B, 1.00-2.00 min with 10%-43% B, 2.00-3.00 min with 43%-50% B,
3.00-6.00 min with 50%-100% B, 6.00-7.00 min with 100% B, and
7.01-8.00 min with 10% B. The flow rate was set at 0.3 mL/min. The
injection volume was 1 uL.

The mass spectrometer was operated in negative mode. Quantification
was carried out by multiple reaction monitoring of the precursor ion to
produce the ion ratio. The parameters were set as follows: m/z 5255449
for PE, m/z 5255479 for AE and m/z 433225 for IS. The optimized
parameters used were: ion spray voltage at —3000 V; temperature at
120°C; ion source gas-1 (N,) at 55 psi; ion source gas-2 (N,) at 55 psi,
curtain gas (Nz) at 40 psi; collision cell entrance potential at —10 V; and
collision cell exit potential at —13 V. The collision energies of PF, AE,
and IS were —35, —17, and —19 eV, respectively, and the declustering
potentials were —140, —60, and —36 V, respectively. The PE, AF, and IS
fragments are shown in Figures 2—4.

Animals

Animal grouping

Healthy male Sprague Dawley rats (mean weight: 260 + 20 g) were
purchased from the Animal Center of Capital Medical University,
Beijing, China and were housed in a room with controlled
temperature (23 + 2°C), humidity (57 + 3%), and illumination (12:12 hr
light/dark cycle). Before carrying out the experiments, the rats were
fed standard chow for one week and allowed to adapt to the laboratory
conditions. Animal welfare was respected and the experiments were
performed under strict supervision. The animal experimental protocol
was approved by the Animal Ethics Committee of Capital Medical
University (Approval no.: AEEI-2014-128).

Sixty rats were randomly divided into the following 10 groups (n = 6
each): normal control, CIA control, single low-dose normal (SLN), single
high-dose normal (SHN), single low-dose CIA (SLC), single high-dose
CIA (SHC), long-term low-dose normal (LLN), long-term high-dose
normal (LHN), long-term low-dose CIA (LLC), and long-term high-dose
CIA (LHC).

Establishing the CIA model

Collagen-related arthritis was induced in rats, and the arthritis index (AI)
was calculated as described in a previous study.!" The degree of arthritis
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Figure 1: Chemical structures of PF, AF, and IS
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was scored and the total Al was calculated as the sum of scores for all
four limbs.

Pharmacokinetic study
Drug administration and blood sampling

The animals were kept fasting overnight (for 12 hr) before the
experiments, but had free access to water. The low dose (clinical
equivalent: an equivalent dose between human and animal) of TGP
was considered 158 mg/kg, and the high dose (three times the clinical
equivalent dose) was set at 474 mg/kg in a volume of 5 mL/kg.

For the single-dose administration group, 100 uL of blood was taken
from the caudal vein at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 hr
after oral administration of TGP, It was collected in pre-heparinized
tubes and then centrifuged for 15 min (5,000 rpm, 4°C). The
supernatant was collected and immediately frozen at — 80°C. The
rats also received 100 uL saline at each time point. For the chronic
administration group, TGP was given three times a day with an
interval of 8 hr consecutively for 28 days. Before TGP administration
at 08:00 a.m. on days 26, 27, and 28, and 0.25, 0.5, 1, 1.5, 2, 3, 4, 6,
8, 12 and 24 hr after administration of TGP on day 28, 100 uL of
blood was collected in pre-heparinized tubes and processed as in the
single-dose group. Thereafter, the rats were euthanized with ethyl
carbamate (1.0 g/kg, i.p.).

Pharmacognosy Magazine, Volume 18, Issue 79, July-September 2022

Preparation of stock solutions, calibration solutions, and quality
control samples

The IS stock solution was prepared at 0.25 mg/L in methanol/
acetonitrile (1:1, v/v), whereas the PF and AF stock solutions were
prepared in methanol. A series of working solutions were prepared by
diluting each stock solution to final concentrations of 0.050, 0.100, 0.200,
0.500, 1.00, 2.00, 5.00, 8.00, 10.0, 20.0, 30.0, 40.0, and 50.0 mg/L. Quality
control samples were prepared by spiking different concentrations of PF
and AF into blank plasma.

Sample preparation

A 50-pL volume of rat plasma sample was transferred to an empty
1.5 mL Eppendorf tube, and 100 uL of methanol/acetonitrile (1:1,
v/v) containing 125 pg/L IS and 5 uL methanol were added to it.
After subjecting to vortex for 1 min, the sample was centrifuged for
10 min (14,000 rpm, 4°C), and the supernatant was stored at 4°C until
analysis.

Method validation

Specificity

Specificity was assessed by comparing the peaks corresponding to blank
plasma. The blank plasma was spiked with PF and AF of the lower limit
of quantification (LLOQ) and IS, and the in vivo plasma sample was
collected 0.5 hr after oral administration of TGP to eliminate the effects
of interference from endogenous compounds.

Linearity

The calibration samples were prepared by combining 5 uL of the
working solution, 50 uL of the rat plasma sample, and 100 pL of the
methanol/acetonitrile (1:1, v/v) containing 125 ug/L of IS, followed by
pre-treatment. The resultant plasma contained 5.0-5000 ug/L of PF and
AR

The linearity of each calibration curve was determined by plotting the
peak area ratio (y) of the analyzed sample to the IS against the theoretical
concentration (x) of the analyzed sample, with 1/x as the weighting
factor.

LLOQ was defined as the lowest concentration on the standard curve
that could be quantified with an accuracy of +15% and a relative standard
deviation (RSD) less than +15% based on the analysis of five replicate
samples.

Precision and accuracy

Accuracy was determined by analyzing the replicate samples containing
known concentrations of the target compound; the actual values were
within £15% of the nominal value. The precision of intra- and inter-day
measurements was evaluated using three concentrations of five replicate
samples with an RSD of +15%. The accuracy and precision of the LLOQ
were <20%.

Recovery and matrix effect

Recovery was evaluated at three concentrations (5, 100, and 5,000
ug/L) by comparing the concentrations of the target compound in
spiked samples with those in blank plasma and post-extraction samples.
The matrix effect was determined by comparing the peak responses
of samples when the extracted matrix was spiked with standard and
near-standard solutions.

Stability

Short-term stability, long-term stability, and stability after freeze-
thawing were assessed using five replicate samples stored for 24 hr
at room temperature, stored at —80°C for three months, and after
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three freeze-thaw cycles, respectively. The samples were considered
stable when the accuracy bias was within +15% of the theoretical
concentration.

Data processing and analysis

The pharmacokinetic parameters of PF and AF were analyzed for each
rat using DAS v2.0 software (Mathematical Pharmacology Professional
Committee of China, Shanghai, China). The differences in parameter
values between the two groups were assessed by three-way analysis of
variance (ANOVA) using SPSS v. 21.0 (SPSS Inc, Chicago, IL, USA). The
differences were considered significant if P < 0.05.

RESULTS

Validation of the methodology

Typical chromatograms of a blank rat plasma (A), plasma spiked with
IS, LLOQ of PE, and AF (B), and plasma samples obtained 0.5 hr after
oral administration of TGP (C) are shown in Figure 5. No endogenous
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Figure 5: Representative chromatograms of AF (m/z 525—479), PF (m/z
525—449), and IS (m/z 433—225) in rat plasma. (a) blank plasma; (b)
blank plasma spiked with internal standard (IS), and LLOQ of PF and AF;
(c) plasma sample collected at 0.5 hr after oral administration
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plasma components showed peaks interfering with those corresponding
to AF (2.8 min), PF (3.3 min), and IS (3.0 min).

Also, no significant matrix effects were observed for AE, PF, or IS.

The regression equations and correlation coefficients of AF and
PF were obtained as y = 0.00130x + 0.0651 (r = 0.9994) and
y = 0.00291x + 0.2380 (r = 0.9995), respectively. The calibration curves
were linear in the range of 5-5000 ug/L for both AF and PF; the LLOQ
for both AF and PF was 5 ug/L. The percentage recovery of the extracted
compounds lay between 85.80% and 118%.

AF and PF were stable under all conditions including short- and
long-term storage and freeze-thawing. The relative error (%) and
RSD (%) values were all below 15%.

The recovery and matrix effects of AF and PF are summarized. That
the precision and accuracy of AF and PF were within acceptable limits.
Depict the stability of AF and PE.

Pharmacokinetic analysis

There were no significant differences in body weight or AI scores
between CIA groups. The pharmacokinetic parameters for the
single-dose and chronic treatment groups are shown in Tables 1 and
2, respectively, and the mean plasma concentrations of PF and AF over
time are shown in Figures 6 and 7, respectively.

Pharmacokinetics of AF and PF after single-dose
TGP administration

At the same dose, the SLC group showed lower areas under the receiver
operating characteristic curve (AUC) (AUC,_,,, and AUC ), shorter
half-life period (t,,) and peak time (T _ ), and lower maximum
concentration (C_ . than the SLN control group. The differences in
AUC,,, and AUC = between the two groups were statistically
significant (P < 0.01). Meanwhile, the SHC group had lower AUC,
by and AUC(O%), shorter t0p lower C,.o and longer T . than the
SHN control group. However, the differences were not statistically

significant (P > 0.05).

Likewise, regarding the pharmacokinetic parameters of PF after
single-dose administration of TGP, at the same dose, the SLC group
had lower AUC(O_M), AUC(O_N), and C,.o but a longer t, than the
SLN group. Also, the differences between the groups with respect to
the AUC . and AUC_ were statistically significant (P < 0.01).
Further, all pharmacokinetic parameters for the SHC group
were lower than the SHN rats, but none showed a significant

difference (P > 0.05).

Pharmacokinetics of AF and PF after chronic TGP
administration

After chronic administration of TGP at the same dose, the LLC
group had a lower AUC , —and AUC . shorter T ., lower
C.o and higher tn than the LLN group. However, there were no
significant differences (P > 0.05) for any of the parameters related to
AF. On the other hand, compared to the LHN group, LHC rats had
a higher AUC ,, - and AUC_, longer t ,, higher C__, and shorter
T , with no differences between the groups regarding any of the

max

parameters (P > 0.05).

For the pharmacokinetics parameters of PF, at the same dose of TGP, the
LLC group had a lower AUC_,, - and AUC_, shortert ,,lower C_,
and longer T than the LLN group, but none of the differences were
significant (P > 0.05). The LHC group had a higher AUC ,, and C__,
lower AUC«HO), and shorter t and T .. compared to the LHN group,
with no significant differences (P > 0.05).
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Figure 6: Concentration-time curve of AF and PF after single-dose administration of TGP in the CIA model and control rats (mean + standard deviation,
n=6). A, normal rats administered a low dose of TGP; B, normal rats administered a high dose; C, CIA rats administered a low dose; D, CIA rats administered
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Figure 7: Concentration-time curve of AF and PF after long-term administration of TGP in the CIA model and control rats (mean + standard deviation,
n=6). A, normal rats administered a low dose of TGP; B, normal rats administered a high dose of TGP; C, CIA rats administered a low dose of TGP; D, CIA rats

administered a high dose of TGP

Pharmacognosy Magazine, Volume 18, Issue 79, July-September 2022

575



YA-XIN HAN, et al.: Pharmacokinetics Alterations of TGP After Long-term Administration

Table 1: Pharmacokinetic parameters of AF in CIA and control rats following administration of TGP (X+ S, n=6)

Group Parameters Low-dose normal rats High-dose normal rats Low-dose CIA rats High-dose CIA rats
Single-dose administration ~ AUC (hr*pg/mL) 529.78+170.07 933.89+226.95** 237.34+71.54** 845.04+291.4144
AUC(O%) (hr*pg/mL) 564.41£176.20 1007.08+220.0144 265.92+59.30** 895.22+265.90%*
L. h 3.28+3.19 4.39+2.14 2.194£0.95 3.84+1.97
ax h 0.63+0.52 0.67+0.67 0.42+0.13 0.88+1.05
Cmx ug/L 304.00+£213.81 397.33+£186.23 110.22+£32.94 212.83+96.48%
Long-term administration AUC(O_M) (hr*pg/mL) 501.96+150.74 1664.18+598.10%44 421.20+76.1044 2068.75+1175.3344
AUC(O_N) (hr*pg/mL) 528.71£152.57 1692.10+584.95444 495.07+47.8344 2138.62+1175.86%4
. h 2.50+0.50 1.45+0.78%4 3.13+£1.38 3.22+2.06
o h 0.83+£1.07 1.21£1.03 0.79£0.64 0.42+0.13
Cmax ug/L 137.50+£25.88 560.33+£93.70%4 120.25+20.73 678.50+£338.01224

AF, albiflorin; AUC, area under the receiver operating characteristic curve; CIA, collagen-induced arthritis; C

, maximum concentration; t_, half-life; TGP, total

max 1/2°

glucosides of white peony; T, maximum time. *P < 0.05, **P < 0.01 vs control group; “P < 0.05, **P < 0.01 vs low-dose group; *P < 0.05, #4P < 0.01 vs single-dose

group

Table 2: Pharmacokinetic parameters of PF in CIA and control rats following administration of TGP (X + S, n=6)

Group Parameters Low-dose normal rats  High-dose normalrats  Low-dose CIA rats High-dose CIA rats
Single-dose administration ~ AUC (hr*pg/mL) 2499.83+516.80 5118.94+1767.04" 1288.24+193.04** 4413.52+1635.884*
0) (hr*pg/mL) 2597.19+555.80 5377.16+2004.55% 1458.80+321.07** 4633.86+1634.75
" h 4.68+2.06 5.30£5.18 7.20+5.80 4.44+1.98
e h 0.42+0.13 0.63+0.69 0.42+0.13 0.46+0.10
Cmx ug/L 1048.00+606.61 2411.67+1352.62 460.33+138.65 1321.33+610.80*
Long-term administration AUC(O_M) (hr*pg/mL) 1828.55+583.82 9500.39+2782.204444 1716.62+578.69 9630.09+5364.40°
AUC(O_m) (hr*pg/mL) 1879.32+614.77 9820.08+2849.11444 1748.74+596.26 9723.70+£5390.35%
it h 3.26+3.69 8.19+6.44 2.76+1.48 3.70+2.04
- h 0.46£0.29 1.2520.99 0.67+0.26 0.33+0.13%
Cmax ug/L 577.00+£146.20 2737.92+1120.85%4 570.33+£169.36 3051.67+1602.68%4

AUCG, area under the receiver operating characteristic curve; CIA, collagen-induced arthritis; C__, maximum concentration; PE, paeoniflorin; t

half-life; TGP, total

1/2>

glucosides of white peony; T, maximum time. *P < 0.05, **P < 0.01 vs control group; “P < 0.05, **P < 0.01 vs low-dose group; *P < 0.05, #4P < 0.01 vs single-dose

group

Comparison of pharmacokinetic parameters after
single-dose versus chronic administration

Chronic administration of TGP resulted in a lower AUC,, and AUC
.y shorter t . lower C_ ., and longer T _for AF in the LLN group
compared to the SLN group, but the differences were not statistically
significant (P > 0.05). The LHN group had a higher AUC, —and
AUC, ,longer T, higher C_,and shorter ¢, than the SHN group;
significant differences (P < 0.05) between the two groups were observed
for AUC,,, AUC, , and t . In CIA rats receiving low doses of
TGP, the pharmacokinetic parameters had higher values after chronic
administration versus single-dose administration (LLC vs SLC), with
AUC,,,, and AUC _ values differing significantly between the two
groups. A higher AUC ,, -and AUC_, higher C_ , and shorter t,,
and T__ were observed for the LHC group compared to the SHC group,
with significant differences (P < 0.05) between the groups for AUC

AUC, ,and C...

(0-e0) X
For PE, the LLN group had lower AUC ,, and AUC_, shortert ,,
lower C__,and longer T than the SLN group, but the differences were
not significant in each case (P > 0.05). In normal control rats treated
with high doses of TGP, all parameters had higher values after chronic
administration as compared to single-dose administration (LHN
vs SHN), with significant differences (P < 0.05) for AUC 0 and
AUC(O_w). For low-dose CIA rats, chronic administration resulted in
higher AUC = and AUC , longer T, higher C_, and shorter
t,,, compared to single-dose administration (LLC vs SLC), with no
significant differences (P > 0.05). A higher AUC,, and AUC_,
higher C_ , and shorter t,, and T were recorded in the LHC group
compared to the SHC group, with non-significant differences (P > 0.05)

except for C_ (P < 0.05).

max

(0-24h)’
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Mean plasma concentration-time profiles

In both normal and CIA rats, double absorption peaks were observed
for AF and PF after both single-dose and chronic administration. After a
single dose of TGP, AF showed a second peak in the SLN, SLC, and SHC
rats after about 3 hr, whereas the SHN group reached the second peak at
2 hr. Likewise, the second peak in PF concentration was observed at 2 hr
in the SLN, SHN, and SHC groups and 3 hr in the SLC group. As can be
seen in Figure 6, in all groups, the first peak in concentration was higher
than the second.

As can be seen in Figure 7, after long-term TGP administration, AF
showed a second peak in concentration in the LLN, LHN, and LHC
groups at 3 hr and in the LLC group at 2 hr. The second peak in PF
concentration in LLN and LHN rats occurred after about 3 hr, and there
was no bimodal phenomenon in the LLC group. The LHC group showed
a second peak in PF concentration at 4 hr.

DISCUSSION
Establishment of the LC-MS method

AF and PF are isomers with relative molecular masses of 480
with fragments of m/z 525 > 479 (parent ion [M + HCOO]  and
product-ion [M-H]") obtained during scanning. However, under the
experimental conditions, the retention time was more than 0.5 min
apart, i.e., the ion pairs of AF and PF did not interfere with each other.

We evaluated geniposide,’* and puerarin,'® as potential IS and observed
that both were pure chemically stable substances that were not present
in the test sample. However, as the puerarin peak overlapped with that
of the test sample under our experimental conditions, geniposide was
selected as the IS. Accordingly, the specificity results indicated that the
chromatographic peak of IS showed no interference from impurities.
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In this study, both positive and negative ion modes were investigated to
establish the LC-MS method. We observed that irrespective of the working
parameters’ values of the mass spectrometer in the positive ion scan mode,
the response of AF, PF, oxypaeoniflorin (OP), and other reference materials
were inferior to that of the negative ion mode; thus the negative ion scan
mode was selected for further analysis. OP, benzoyl-paeoniflorin (BP),
and galloyl-paeoniflorin (GP) are also included in TGP.'!8) However,
these components were involved in the present study. In quality control
samples containing 2.00 ug/L of OP and BP, significant peaks were
observed (S/N > 10). We, therefore, concluded that these compounds were
not detected due to their poor absorption. As GP was scarcely detectable
by triple quadrupole MS with a minimum LOQ as high as 800 ug/L in our
study, we did not perform quantification of GP in plasma.

Bimodal phenomenon

A previous study also reported a bimodal phenomenon after a
single-dose oral gavage of the Radix Paeoniae Alba extract in
rats."” Factors like enterohepatic and general circulation, rate of gastric
emptying, absorption, and formulation of compounds may all contribute
to this bimodal pattern.”” Enterohepatic circulation causes drugs to be
reabsorbed in the intestine after being discharged into the intestinal tract
through bile and returned to the liver via the portal vein, yielding an initial
peak in concentration followed by a second lower peak. In one study,
PF was detected in bile after both intravenous and oral administration
of TGP, supporting the occurrence of enterohepatic cycling.™ Likewise,
irregular or delayed gastric emptying may also result in a bimodal
distribution of concentration peaks."! TGP has good solubility in water,
and the absorption of AF and PF may be affected by the gastric emptying
rate. PF can be absorbed along with the whole intestinal segments.???
Incubating the jejunum and ileum with different concentrations of PF
showed that the absorption followed first-order kinetics.*! Furthermore,
at a high concentration (120 mg/L), absorption was higher in the ileum
than in the jejunum. However, the shape of the peak was not consistent
with a pharmacokinetic curve, suggesting that the bimodal phenomenon
was caused not by irregular gastric emptying, but by another factor.

AF, PE, OP, BP, and GP, all share a similar pinane structure. PF can be
converted into paeonimetaboline-1.2" AF was detected following in vitro
incubation of PF with anaerobic intestinal flora from rats.?*! Accordingly,
the presence of compounds with similar parent nucleus interconversion
may explain the bimodal phenomenon.

We observed that there were individual differences in pharmacokinetic
parameters after TGP administration. Although there was no bimodal
pattern in the average blood concentration-time curve for PF in CIA
rats treated chronically with a low dose of TGP, it was observed in some
animals in the group. Analyzing the bimodal phenomenon provides
reference values for the safety and rational clinical use of drugs.

Pharmacokinetics of TGP in normal and CIA rats
after single-dose administration

After a single dose of TGP, the blood concentrations of AF and PF
showed the same trend, i.e., the two compounds were absorbed and
quickly eliminated in all rats. Furthermore, the degree of absorption of
AF and PF at a low (clinically equivalent) dose of TGP was reduced in
CIA rats compared to normal rats, while absorption at a high dose was
initially low, which increased slowly. Absorption was greater at the high
dose than the low dose in both normal and CIA rats.

PF is a P-glycoprotein (P-gp) substrate,? and its absorption through
passive diffusion follows first-order kinetics.?” The poor absorption and
low bioavailability of PF may be due to limited transport, degradation, or
metabolism in the intestinal lumen,?*! although a previous study showed
that enzymes in the intestinal tract could not hydrolyze PE?! Moreover,
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PF is not metabolized in the lungs, liver, or gut wall but is degraded
only by intestinal flora.”® The efflux due to P-gp and/or degradation by
intestinal flora, which showed an altered profile in CIA rats, could have
resulted in lower absorption of PF in these animals compared to normal
controls at low doses of TGP. P-gp is expressed in the absorptive cells
of jejunal villi,®” and P-gp levels are elevated in RA patients.*!! When
administered at low doses, the PF concentration in rats is largely affected
by P-gp efflux. A previous study reported that the degradation rate of
PF was higher upon incubation with intestinal flora from CIA rats as
compared to normal rats. RA is known to disrupt the normal metabolic
activity of gut microbiota.!"! This explains why the absorption of the
low-dose TGP in the CIA rats was lower than that of the normal rats.
However, for high doses, the efflux effect of P-gp in the rats was saturated,
while the effect on absorption was relatively small. Intestinal flora has a
limited ability to degrade high concentrations of a drug. This may have
resulted in no significant absorption of single high doses of TGP in the
normal and CIA groups.

On the other hand, the absorption of AF can be affected by P-gp.*? It can
be metabolized by human intestinal bacteria to obtain paeonilactone A
and B."”’ Similar to our PF results, a previous study showed that AF was
degraded at a higher rate by the intestinal flora of CIA rats compared
to normal rats, suggesting that AF was poorly absorbed in the former
following low-dose administration of TGP (The data has not been
published yet). However, because of the limited ability of intestinal flora
to degrade high concentrations of AF, there was no difference between
normal and CIA rats in terms of AF absorption after administration of a
high TGP dose.

To clarify its clinical characteristics, the metabolic rate of AF and PF by
intestinal flora in feces under different administration conditions of TGP
was also studied. The results of the incubation experiment indicated that
the intestinal flora in CIA rats metabolized TGP faster, and because the
colonization of the intestinal flora takes a long time, the single dose of
TGP had a limited effect on the intestinal flora. This may explain why
the absorption by model rats was worse than that by normal rats after a
single-dose administration.

Pharmacokinetics of TGP in normal and CIA rats
after chronic administration

We observed that after long-term administration, there were no differences
in the absorption of PF and AF between normal and CIA rats, regardless of
the dose. This suggests that TGP absorption is similar in CIA and normal
rats after long-term administration. Clinical effects can be observed early
in RA patients, about one month after they start taking TGP since
long-term administration of TGP reverses most of the changes in the
gut microbiota profile that may have occurred in RA. While PF is slowly
metabolized in human liver microsomes,*" AF is stable in both rat and
human liver microsomes.®*” Additionally, PF and AF are excreted in their
original form in feces.* Thus, the degradation of AF and PF by intestinal
flora is the main factor influencing their absorption.

A previous study found that PF has a cumulative effect when multiple
doses are administered and absorption is accelerated,”” which is
consistent with our results. A previous study found that long-term
administration of TGP altered fecal flora and cecal microbiota profiles
in both normal and CIA rats in a dose-dependent manner.'¥ Thus,
the changes in the intestinal flora possibly contribute to accelerating
AF metabolism in normal rats and increased T, in CIA rats after
administration of a high dose of TGP.

Lastly, after long-term administration in the normal rats, the metabolic
rate of PF in high-dose rats was significantly higher than that of low-dose
rats. As for normal rats, it is not possible to explain the pharmacokinetic
parameters only by the results of microbial metabolism. Considering
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that PF is a substrate of P-gp, a high intestinal metabolic rate may reduce
the intestinal concentration of PF after high-dose administration and
reduce its outflow, thereby promoting its absorption. In addition, it also
shows that the TGP regulation in the intestinal flora of normal rats is
different from that of model rats.

CONCLUSION

In this study, we established a highly reproducible UPLC-ESI-MS/MS
method for the quantification of compounds in rat plasma. We found
that the absorption of AF and PF differed between single-dose and
chronic TGP administration, and the metabolic rate of AF and PF were
significantly slower after long-term TGP intervention. We propose that
the latter reduces the degradation of PF and AF by gut microbiota and
promotes their absorption; therefore, long-term TGP administration
is required for it to be clinically effective. However, it is also possible
that these compounds exert direct effects on gut microbiota or regulate
intestinal mucosal immunity. Nonetheless, these results provide a
reference for clarifying the effect of CIA on TGP’ intestinal metabolism
and may be useful for establishing clinical guidelines for the use of TGP
in the treatment of RA.
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