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Aging leads to changes in nearly all pharmacokinetic phases. Koumine (KM), an alkaloid
derived from Gelsemium elegans Benth., is effective against age-associated chronic
diseases, but its dose proportionality following oral administration in aged individuals
remains unknown. Herein, we established and validated a simple method that requires
low sample volumes to determine KM concentration in rats using ultra-performance liquid
chromatography-tandemmass spectrometry. The maximum plasma concentration (Cmax)
of 7 mg·kg−1 KM was ~12-fold and ~24-fold higher than that of 0.28 mg·kg−1 KM in
adult and aged rats, respectively (P < 0.01). Time to reach Cmax (Tmax) for 7 mg·kg−1 KM
was 4-fold longer in aged rats (P < 0.05). The area under the curve (AUC) of 7 mg·kg−1 KM
was >17-fold and >43-fold higher than those of 0.28 mg·kg−1 KM in adult and aged rats,
respectively (P < 0.01). The half-life (t1/2) of 7 mg·kg−1 KM was over 4-fold longer than that
of 0.28 mg·kg−1 KM in adult rats (P < 0.01). The t1/2 of 1.4 and 7 mg·kg−1 KM were 1.5~2-
fold longer, than that of 0.28 mg·kg−1 KM in aged rats (P < 0.05). The clearance rate of 7
mg·kg−1 KM was significantly lower in aged than in adult rats (P < 0.05). For 7.0 mg·kg−1

KM, the Cmax in aged rats was higher than in adult rats during the Tmax period (P < 0.05). In
aged rats, the AUC for KM was >2.5-fold higher (P < 0.05) and the t1/2 was >60% longer
than in adult rats (P < 0.05). These results help interpret the pharmacokinetics of KM in
aging-associated diseases.
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INTRODUCTION

Aging causes a decline in organ function and decreased efficacy
of homeostatic systems, ultimately resulting in the alteration of
nearly all pharmacokinetic phases (Mangoni and Jackson, 2004).
There has been a rapid increase in the rate aging population
(Prince et al., 2015). Older individuals frequently suffer from a
variety of chronic conditions and are required to consume
multiple medications over a long period (Qato et al., 2016).
However, the elderly population is often excluded from clinical
trials; therefore, evidence and indications for the use of
medications in this population are limited (Van Spall
et al., 2007).

Koumine (KM), the most abundant alkaloid in Gelsemium
elegans Benth. (G. elegans) has various pharmacological
properties and is known to be effective in the treatment of
numerous age-associated conditions including postoperative
pain (Xiong et al., 2017; Shoaib et al., 2019), inflammation
(Yuan et al., 2016; Wu et al., 2020), rheumatoid arthritis (Yang
et al., 2016), malignant tumors (Yuan et al., 2019a), nonalcoholic
fatty liver disease (Yue et al., 2019), oxidative stress (Yuan et al.,
2019b), and neuropathic pain (Jin et al., 2018a; Jin et al., 2018b).
However, the pharmacokinetic profile of KM in the elderly or
aged animals remains to be fully evaluated.

Pharmacokinetic profiling is vital for understanding the in
vivo behavior and mechanism of action of a drug. On account of
its diverse biological activities, many metabolic and excretion
studies in rats (Chen et al., 2013; Wang et al., 2018a; Wang et al.,
2018b), pigs (Yang et al., 2018; Liu et al., 2019), and goats (Cao
et al., 2020; Zuo et al., 2020) have investigated the role of KM.
However, the dose proportionality of KM following oral
administration, particularly in aged individuals, remains unknown.

In the current study, we systematically investigated the dose
proportionality and pharmacokinetics of orally administered
KM in adult (2-month-old) and aged (9-month-old) rats.
MATERIALS AND METHODS

Materials
We isolated KM and the internal standard (IS) gelsemine fromG.
elegans, with a purity of >99.0% (by high-performance liquid
chromatography [HPLC]) using our previously established
method (Su et al., 2011). We purchased HPLC-grade methanol
from Merck (Darmstadt, Germany), formic acid (analytical
grade) from Anaqua™ Chemicals Supply (Houston, Texas,
USA), and pooled heparinized rat plasma from Nanjing
SenBeiJia Biological Technology (Nanjing, Jiangsu, China).
Deionized water was generated using a Millipore Direct-Q®

water purification system (Millipore, Billerica, MA, USA). All
other reagents were of analytical grade.

Animals
In this study, we obtained 2-month-old adult (average weight:
191.2 ± 4.3 g) and 9-month-old aged (average weight: 598.7 ±
28.2 g) male Sprague-Dawley (SD) rats from Zhejiang Vital River
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Laboratory Animal Technology (Jiaxing, China; certificate
number SCXK2019-0001). The animals were acclimatized with
ad libitum access to water and food for at least one week prior to
experimentation. The environmental conditions were maintained
as follows: 20°C–26°C, 40%–70% relative humidity, and 12-h
light/dark cycles. The animals were fasted overnight prior to the
experiment with ad libitum access to water. All experimental
procedures and protocols were approved by the Animal Ethics
Committee of Fujian Medical University (No. 2017-01) and
abided by the Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 8023, revised 1978).

Preparation of Stock Solutions, Calibration
Standards, and Quality Control Samples
Stock solutions of KM (1.0 mg·ml−1) and IS (1.0 mg·ml−1) were
prepared separately by dissolving 5 mg of KM and 5 mg of IS in
5 ml methanol-water solution (50:50, v:v). They were then stored
at −80°C until further use. We prepared standard working
solutions by serially diluting the stock solutions with methanol.

We prepared the calibration standard solutions by evaporating
working solutions to dryness at 55°C in a centrifugal vacuum
concentrator and then mixing with 50 ml of pooled blank SD rat
plasma to obtain calibration concentrations ranging from 0.2 to 200
ng·ml−1 for KM and 80 ng·ml−1 for the IS. Low-, medium-, and
high-concentration quality control (QC) samples were prepared at
0.6, 10, and 150 ng·ml−1, respectively.

Chromatography and Tandem Mass
Spectrometry
We performed a chromatographic assay using an Agilent 1290
Infinity Liquid Chromatography system (Agilent Technologies,
Santa Clara, CA, USA) on a reversed-phase C18 column (Agilent
ZORBAX Eclipse XDB-C18: 4.6 × 50 mm, 3.5 mm). This
chromatographic system was linked to an AB SCIEX QTRAP®

5500 mass spectrometer (AB SCIEX, Framingham, MA, US)
equipped with Turbo Ion Spray™ electrospray ionization (ESI)
probes. Data generated from the ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS)
system was analyzed using the Analyst® 1.6.3 software (AB
SCIEX). The mobile phase was composed of methanol and
water with 0.1% formic acid at 40°C. The injection volume was
5 ml and flow rate was maintained at 0.4 ml·min−1. The gradient
program was as follows: (a) 0.0–1.0 min: 20% methanol; (b) 1.0–
4.0 min: 20%–95% methanol; (c) 4.0–5.0 min: 95% methanol; (d)
5.0–5.01 min: 95%–20% methanol; and (e) 5.01–10.0 min: 20%
methanol. Only the eluent from 2.0–5.0 min was directly passed
into the mass spectrometer operated in the positive ESI mode.

N2 was used as the nebulizing, curtain, and collision gas in the
mass spectrometer. We explored the ion mode with higher
detection sensitivity for the parent ion of KM to optimize
operating parameters of the MS system. The source parameters
including curtain gas, ion source gas 1, ion source gas 2,
temperature, and ion spray voltage, were set at 20 psi, 55 psi,
55 psi, 550°C, and 5,500 V, respectively. We performed
sequential ramping of the operation potentials to identify
optimal parameters, which consisted of declustering potential,
July 2020 | Volume 11 | Article 1113
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entrance potential, collision energy, and collision exit cell
potential (181.1 V, 10.0 V, 58.8 V, and 13.0 V for KM and
155.0 V, 10.0 V, 63.6 V, and 13.0 V for IS, respectively). Given
that the MS/MS spectra of both KM and IS produced abundant
single fragment ions, we used the multiple reaction monitoring
mode at m/z 307.2!180.1 for KM and m/z 323.1!70.1 for the
IS with a dwell time of 100 ms.

Method Validation
We validated the LC-MS/MS method by examining its selectivity,
sensitivity, linearity, accuracy, precision, extraction recovery,
matrix effect, and stability under various conditions, in
accordance with the United States Food and Drug
Administration Bioanalytical Method Validation Guidance for
Industry (Center for Drug Evaluation and Research, 2018).

Selectivity
Selectivity was established by comparing the chromatograms of six
individual blank rat plasma samples with the chromatograms
of KM- and IS-spiked plasma samples. In addition, the selectivity
was verified by chromatographic comparison of plasma
samples obtained from the pharmacokinetic study, pre- and
post-administration.

Linearity and Lower Limit of Quantification
The response was measured as the peak area ratio of KM to IS.
We performed a linear regression analysis, where x was the KM
concentration, y was the peak area ratio of KM to IS, and 1/x2

was chosen as the weighting factor. The goodness-of-fit of linear
regression was described using r. We assessed linearity using
calibration standards (0.2, 1, 2, 10, 20, 100, and 200 ng·ml−1) on
three consecutive days. On day 1, five sample replicates were
prepared, whereas duplicate samples were used on days 2 and 3.
Sensitivity was represented by the lower limit of quantification
(LLOQ), which was defined as the lowest level that produced a
signal-to-noise ratio not less than 10 with satisfactory accuracy
(relative error [RE] of mean analytical recovery between 20 and
−20%) and precision (coefficient of variation [CV] ≤ 20%).

Precision and Accuracy
We evaluated QC samples at the LLOQ of 0.2 ng·ml−1 and QC
levels of 0.6, 10, and 150 ng·ml−1 for KM in five separate runs
within a day to assess intra-day accuracy and precision; we
evaluated one series per day on at least three consecutive days
to evaluate the inter-day accuracy variation. Accuracy was
calculated by presenting the determined concentrations as
percentages of the equivalent nominal levels (analytical
recovery) and the precision was determined by assessing the
CV. The assay was regarded as accurate and precise if the RE of
analytical recovery was ±15% and CV ≤15%.

Extraction Recovery and Matrix Effects
The extraction recovery (%) was calculated as the peak area ratio
between the post-extraction and pre-extraction spiked plasma
samples with the same concentration of KM or IS. The matrix
Frontiers in Pharmacology | www.frontiersin.org 3
effect was assessed with an IS-normalized matrix factor using
individual blank plasma samples from six different rats. The
matrix factor of KM or IS was defined as the peak area ratio of
the spiked post-extraction plasma samples to that of the standard
solutions containing the same amount of KM or IS. The IS-
normalized matrix factor was calculated by comparing the
matrix factor of KM with that of IS. The matrix effect was
regarded as insignificant if the CV of the IS-normalized matrix
factor was <15%.
Stability
The stability of KM in plasma samples was tested at the three QC
concentrations while that of IS was tested using three replicates
under conditions commonly encountered during sample storage,
preparation, and analysis. These included freeze-thaw stability
after three cycles (frozen at −20°C and thawed three times),
short-term stability (storage for 4 h at 25°C), long-term stability
(−80°C for 20 days), and post-preparative stability (storage after
sample preparation at 25°C for 48 h). KM or IS was regarded as
stable if its peak area deviated by less than 15% of the equivalent
freshly prepared samples.

Administration and Sampling
Eighteen 2-month-old male rats were randomly divided into low-,
medium-, and high-dose groups, and administered KM by oral
gavage (0.28, 1.4, and 7.0 mg·kg−1 for the low-, medium-, and
high-dose groups, respectively). Blood samples (300 ml) were
collected from the retro-orbital plexus into heparinized
microcentrifuge tubes before administration and at 0.033, 0.083,
0.17, 0.33, 0.67, 1, 2, 4, 6, 8, and 12 h post-administration. Rats
were fed a standard diet 2 h following dosing. Plasma was
immediately obtained from the blood by centrifugation (2,000 ×
g for 5 min). All plasma samples were stored at –80°C until further
analysis. The sample size, grouping, drug administration, and
sampling of 9-month-old male rats were similar to those of the 2-
month-old male rats.

Plasma (50 ml) was then mixed with 20 ml of the IS solution
(final concentration: 80 ng·ml−1) and evaporated to dryness in a
50-bar centrifugal vacuum concentrator at 1,000 × g for 10 min
at 55°C. Next, ethyl acetate (400 ml) was added to the samples,
which were then vortex-mixed for 3 min and centrifuged at
12,000 × g for 10 min at 4°C. The supernatants (380 ml) were
carefully transferred into fresh microcentrifuge tubes and
evaporated to dryness using 50-bar vacuum centrifugation at
1,000 × g for 12 min at 55°C. The residues were reconstituted in
100 ml methanol-water solution (50:50, v:v), vortex-mixed for
3 min and centrifuged at 12,000 × g for 10 min at 4°C. Finally, an
aliquot of the supernatant (5 ml) was injected for UPLC-MS/
MS analysis.

Pharmacokinetic Parameters and
Statistical Analyses
Primary pharmacokinetic parameters were determined using
the non-compartmental model with DAS 3.2 software
July 2020 | Volume 11 | Article 1113
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(Shanghai, China). The maximum plasma concentration (Cmax)
and time to reach Cmax (Tmax) of KM were obtained directly
from the actual data. The area under the plasma concentration-
time curve (AUC) is defined as the area under the plasma
concentration-time curve from zero to the last measured time
(AUC0–t) or to infinity (AUC0–∞) and was determined using the
log-linear trapezoidal method. The terminal phase elimination
rate (lz) was calculated using the log-linear regression of the
plasma concentration data during the terminal phase, and the
biological half-life during the elimination phase (t1/2) was
estimated as ln(2)/lz. The clearance rate (CL) and apparent
volume of distribution (Vd) were determined as the dose/
AUC0–∞ and CL/lz, respectively (Kim and Baek, 2018).
Statistical analysis was performed using two-way analysis of
variance with Dunnett’s post hoc analysis using IBM SPSS
Statistics 23.0 (Armonk, NY, USA). Results shown in tables
and figures are presented as the mean ± standard deviation.
Differences between groups were considered significant when
P < 0.05. We plotted the figures using GraphPad Prism 7.0 (San
Diego, CA, USA).
Frontiers in Pharmacology | www.frontiersin.org 4
RESULTS

UPLC-MS/MS Method Development and
Optimization
We optimized the UPLC-MS/MS method to quantify KM and
the IS in rat plasma. We tuned the full-scan mass spectra and
found that the signal intensity of the two analytes was more
robust in the positive than in the negative ion mode, most likely
because the nitrogen atoms in the alkaloid structure tend to be
protonated (Chen et al., 2013; Wang et al., 2018b). Therefore, we
adopted the positive ion mode throughout this study. In the full-
scan spectrum of precursor ions, the most abundant ions for KM
and the IS were protonated [M+H]+ at m/z 307.2 and 323.1,
respectively. Parameters such as desolvation temperature, ESI
source temperature, capillary and cone voltage, and flow rate of
the desolvation gas and cone gas were optimized to obtain the
relative abundance of the most abundant precursor and product
ions. During optimization, the multiple reaction monitoring
mode was used to improve specificity of detection. The
product ion scan spectra of KM and IS are shown in Figure 1.
A

B

FIGURE 1 | The chemical structures and full-scan precursor ions and products of Koumine (KM) (A) and internal standard (IS) (B).
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The strongest peaks for the quantification of KM and IS
corresponded to the precursor-product ion transitions of m/z
307.2!180.1 and 323.1!70.1, respectively.

We tested several mobile phase systems to enhance the
sensitivity of detection and obtain the ideal peak shape; we
explored different combinations of mobile phase systems
including 20 mM ammonium acetate solution (with or without
0.1% formic acid and 5% acetonitrile) and methanol, 0.1% formic
acid solution and acetonitrile, and 0.1% formic acid solution and
methanol to improve peak shape and enhance ESI. Ultimately,
we used an Agilent ZORBAX Eclipse XDB-C18 column (4.6 ×
50 mm, 3.5 mm) at 40°C with a flow rate set to 0.4 ml·min−1 and
selected a mobile phase of 0.1% formic acid solution (A) and
methanol (B). All analytes were separated rapidly within 4 min
without interference from the endogenous components of
rat plasma.

Sample Preparation Development and
Optimization
Liquid-liquid extraction (LLE) or a protein precipitation method
was explored for the analytes using cold acetonitrile, methanol,
and ethyl acetate. We ultimately selected ethyl acetate for LLE
owing to its acceptable efficiency with respect to precipitation.
The data for the extraction recovery and CV are shown in
Table S1.

Method Validation
Specificity and Selectivity
Under optimal conditions, the retention times of KM and IS were
3.49 and 3.20 min, respectively. The representative chromatograms
for blank plasma, plasma spiked with KM and IS, and plasma
collected from adult and aged rats 10 min following intragastric
administration of 1.4 mg·kg−1 KM are shown in Figure 2. We
observed no interfering peaks at the elution times, which suggested
that this method was selective for the determination of KM in
rat plasma.

Linearity and LLOQ
We analyzed and evaluated the calibration curves for KM. The
peak area ratios of KM to IS in rat plasma showed a linear
change in the concentration range of 0.2–200 ng·ml−1. The
optimal linear fit and least-square residuals for the calibration
curve were obtained using 1/x2 as the weighting factor. The
regression equation and correlation for KM were determined
using the equation y = 6.15 × 10−3x + 1.73 × 10−3 (r = 0.9990),
where y represents the peak area ratio of KM to IS and x
represents the concentration of KM in plasma. Our UPLC-
MS/MS method yielded an LLOQ value of 0.2 ng·ml−1 for KM
with an accuracy (RE) of 1.9%, and intra- and interday
precision (CV) of <18.0% when measured on three
consecutive days (n = 5).

Precision and Accuracy
The intra- and inter-day precisions ranged from 3.6% to 10.7%
and 8.0% to 11.7%, respectively (Table 1). The accuracy (RE)
Frontiers in Pharmacology | www.frontiersin.org 5
ranged from −8.8% to 4.0%. These results demonstrated the
suitability of the assay in terms of accuracy and precision.

Extraction Recovery and Matrix Effect
The mean extraction recoveries of KMwere 59.6%, 56.9%, 70.1%,
and 73.0% with an LLOQ of 0.2 ng·ml−1 and QC levels of 0.6, 10,
and 150 ng·ml−1 for KM (all CVs <9%; Table 2). The recovery of
IS (80 ng·ml−1) was 62.4% (CV 7.6%). The matrix effects for the
QC samples were 98.0%–108.0% for KM (CV <5%). We
observed no noticeable matrix effects and considered the
protocol to be reliable for plasma bioanalysis.

Stability
The stability data for repeated freezing-thawing, long-term
storage, short-term storage, and post-preparation of KM and
IS are shown in Table 3. KM and IS were sufficiently stable for
bioanalysis under different conditions (RE < ±15%).

Dose Proportionality Pharmacokinetics of
KM in Adult Rats
We successfully used our UPLC-MS/MS method to investigate
the pharmacokinetics of orally administered KM (single doses of
0.28, 1.4, or 7.0 mg·kg−1) using rat plasma. The basis for using
this dose in rats was the anti-allodynic and neuroprotective
effects of KM established in a previous study (Ling et al.,
2014). Based on these data, three doses were selected for
pharmacokinetic studies on aging-associated diseases during
preclinical studies of KM. Since our preliminary experiments
and published studies indicated that KM was rapidly absorbed,
we added an early time-point (0.033 h) to the absorption phase
(Wang et al., 2018b). Furthermore, we added two additional
time-points near the Cmax in the equilibrium phase to more
accurately assess plasma concentration and other parameters
(Wang et al., 2018b). The pharmacokinetic parameters calculated
using the non-compartmental model are listed in Table 4. The
mean plasma concentration-time curves of KM are shown in
Figure 3. We detected KM in rat plasma within 0.033 h;
approximately 0.5 h later, the plasma concentration rapidly
declined followed by a slower decrease after ~2 h. The Cmax of
the 7 mg·kg−1 dose was approximately 12-fold higher than that of
the 0.28 mg·kg−1 dose (29.98 ± 13.39 versus 2.60 ± 1.67 ng·ml−1;
P < 0.01; Table 4). In addition, the AUC0–t and AUC0–∞ of the 7
mg·kg−1 dose were >17-fold higher than that of the 0.28 mg·kg−1

dose (AUC0–t: 49.33 ± 25.85 versus 2.81 ± 1.14 ng·L·h−1;
AUC0–∞: 49.78 ± 25.78 versus 2.89 ± 1.10 ng·L·h−1; all P <
0.01; Table 4). The t1/2 of the orally administered 7 mg·kg−1 KM
dose was 62% longer than that of the 0.28 mg·kg−1 KM dose in
adult rats (1.26 ± 0.17 versus 0.78 ± 0.17 h; P < 0.01; Table 4).
The Vd of KM was significantly higher for the 7 mg·kg−1 dose
than for the lower doses (P < 0.05; Table 4). Tmax and CL values
did not significantly differ among the three doses (P > 0.05).

Dose Proportionality Pharmacokinetics of
KM in Aged Rats
Pharmacokinetic parameters of the 9-month-old rats are listed in
Table 4. The mean plasma concentration-time curves for KM are
July 2020 | Volume 11 | Article 1113
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A

B

D

C

FIGURE 2 | Representative chromatograms of (A) blank rat plasma; (B) blank rat plasma spiked with Koumine (KM) (final concentration: 2.0 ng·ml−1), and internal
standard (IS) (final concentration: 80 ng·ml−1); (C) adult rat plasma collected 0.17 h after a single intragastric administration of 1.4 mg·kg−1 KM; and (D) aged rat
plasma collected 0.17 h after a single intragastric administration of 1.4 mg·kg−1 KM.
Frontiers in Pharmacology | www.frontiersin.org July 2020 | Volume 11 | Article 11136
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illustrated in Figure 3. The Cmax of the 7 mg·kg−1 dose was
approximately 24-fold higher than that of the 0.28 mg·kg−1 dose
(72.60 ± 20.63 versus 3.00 ± 1.82 ng·ml−1; P < 0.01; Table 4). The
Tmax of the orally administered 7 mg·kg−1 KM dose was over 4-
fold longer than that of the 0.28 mg·kg−1 dose in aged rats (0.39 ±
0.25 versus 0.09 ± 0.06 h; P < 0.05; Table 4). Furthermore, the
AUC0–t and AUC0–∞ of 7 mg·kg−1 KMwere >43-fold higher than
those for the 0.28 mg·kg−1 dose (AUC0–t: 130.14 ± 38.09 versus
Frontiers in Pharmacology | www.frontiersin.org 7
2.82 ± 0.97 ng·L·h−1; AUC0–∞: 130.90 ± 37.95 versus 2.98 ± 0.92
ng·L·h−1; all P < 0.01; Table 4). The t1/2 of 1.4 and 7 mg·kg−1 KM
were >1.5-fold and nearly 2-fold longer, respectively, than that of
orally administered 0.28 mg·kg−1 KM in aged rats (1.75 ± 0.39
versus 2.08 ± 0.29 versus 1.06 ± 0.40 h, respectively; all P < 0.05;
Table 4). The CL of KM was significantly lower for the 7 mg·kg−1

dose than for the lower doses (P < 0.05; Table 4). The Vd values
did not significantly differ among the three doses (P > 0.05).
TABLE 1 | Precision and accuracy of the determination of Koumine (KM) concentration in rat plasma (n = 5).

Spiked Concentration
(ng·ml−1)

Accuracy Intra-day precision Inter-day precision

RE (%) CV (%) CV (%)

0.2 1.9 10.3 17.1
0.6 −3.4 10.7 11.7
10 4.0 3.9 8.3
150 −8.8 3.6 8.0
July 2020 | Volu
TABLE 2 | Matrix effects and extraction recovery of Koumine (KM) in rat plasma (n = 6).

Spiked Concentration
(ng·ml−1)

Matrix effect Extraction recovery

Mean (%) CV (%) Mean (%) CV (%)

0.2 98.0 4.4 59.6 1.9
0.6 100.0 2.4 56.9 8.4
10 100.0 1.6 70.1 4.4
150 108.0 2.2 73.0 5.5
IS – – 62.4 7.6
me 11 | Art
TABLE 3 | Stability of Koumine (KM) in rat plasma under different conditions (n = 3).

Spiked Concentration
(ng·ml−1)

3 Freeze-thaw cycles Short-term storage Long-term storage Post-preparative

RE (%) RE (%) RE (%) RE (%)

0.2 −4.2 1.3 3.3 −1.6
0.6 3.3 −1.7 11.0 0.4
10 −11.7 −13.7 −5.8 9.6
150 −9.6 −9.3 −6.0 −4.5
IS −3.1 1.9 −11.7 5.4
TABLE 4 | Pharmacokinetic parameters of orally administered Koumine (KM) (0.28, 1.4, or 7.0 mg·kg−1) in 2-month-old adult rats or 9-month-old aged rats (n = 6).

Parametersa Administered dose

0.28 mg·kg−1 1.4 mg·kg−1 7.0 mg·kg−1

Adult rat Aged rat Adult rat Aged rat Adult ratb Aged rat

Cmax (ng·ml−1) 2.60 ± 1.67 3.00 ± 1.82 5.49 ± 0.94 7.88 ± 5.29 29.98 ± 13.39## 72.60 ± 20.63*,††
Tmax (h) 0.46 ± 0.37 0.09 ± 0.06 0.23 ± 0.12 0.33 ± 0.00 0.23 ± 0.12 0.39 ± 0.25†

AUC(0-t) (ng·h·ml−1) 2.81 ± 1.14 2.82 ± 0.97 7.97 ± 1.45 11.88 ± 5.22 49.33 ± 25.85## 130.14 ± 38.09*,††
AUC(0-∞) (ng·h·ml−1) 2.89 ± 1.10 2.98 ± 0.92 8.22 ± 1.65 12.65 ± 5.14 49.78 ± 25.78## 130.90 ± 37.95*,††
lz (h-1) 0.91 ± 0.18 0.73 ± 0.27 0.66 ± 0.11# 0.41 ± 0.09*,† 0.55 ± 0.07## 0.34 ± 0.05**,†
t1/2 (h) 0.78 ± 0.17 1.06 ± 0.40 1.07 ± 0.18 1.75 ± 0.39*,† 1.26 ± 0.17## 2.08 ± 0.29**,††
Vd (L·kg−1) 115.33 ± 25.83 161.86 ± 96.87 266.03 ± 39.88 327.63 ± 173.29 313.19 ± 157.76# 180.18 ± 90.86
CL (L·h−1·kg−1) 106.64 ± 34.74 100.12 ± 26.72 174.83 ± 29.50 122.99 ± 41.59 166.17 ± 68.33 58.63 ± 23.76*
aCmax, maximum plasma concentration; Tmax, time to reach Cmax; AUC, area under the plasma, concentration-time curve; lz, terminal phase elimination rate; t1/2, biological half-life in the
elimination phase; Vd, apparent volume of distribution; CL, clearance rate.
b*, P < 0.05 and **, P < 0.01 compared to adult rats; #, P < 0.05 and ##, P < 0.01 compared to recipients of 0.28 mg·kg−1 KM among adult rat groups; †, P < 0.05 and ††, P < 0.01
compared to recipients of 0.28 mg·kg−1 KM among aged rat groups.
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A

B

C

FIGURE 3 | Plasma concentration-time profiles of Koumine (KM) following intragastric administration of (A) 0.28 mg·kg−1; (B) 1.4 mg·kg−1; and (C) 7.0 mg·kg−1 KM.
Data are presented as the mean ± standard deviation (n = 6).
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Comparison of Pharmacokinetics of KM
Between Adult and Aged Rats
For the 7.0 mg·kg−1 dose, the Cmax of KM in aged rats was
significantly higher than in adult rats during the Tmax period
(72.60 ± 20.63 versus 29.98 ± 13.39 ng·ml−1; P < 0.05; Table 4).
Thus, in aged rats, compared to adult rats, the AUC0–t and
AUC0–∞ for KM were >2.5-fold higher (AUC0–t: 130.14 ± 38.09
versus 49.33 ± 25.85 ng·L·h−1; AUC0–∞: 130.90 ± 37.95 versus
49.78 ± 25.78 ng·L·h−1; all P < 0.05; Table 4) and the t1/2 was
significantly prolonged by over 60% (all P < 0.05; Table 4). The
systemic CL of KM was significantly lower in aged rats than in
adult rats (58.63 ± 23.76 versus 166.17 ± 68.33 L·h−1·kg−1; P <
0.05; Table 4). The Tmax and Vd values did not significantly differ
among the three doses in adult and aged rats (P > 0.05).
DISCUSSION

To the best of our knowledge, this is the first report assessing the
dose-dependent pharmacokinetics of KM following oral
administration. We developed a sensitive UPLC-MS/MS
method requiring a small volume of plasma to determine KM
levels in a pharmacokinetic study involving adult and aged rats.
The basis for using this dose was the anti-allodynic and
neuroprotective effects of KM established in a previous study
(Ling et al., 2014). At doses of 0.28, 1.4, and 7 mg·kg−1, KM
alleviated the damage to myelin structures and vacuolar defects,
significantly mitigated lamellar separation, increased the size of
myelin and axons, and normalized Schwann cells (Ling et al.,
2014). Considering the difficulty associated with blood collection
in aged rats, this new method is beneficial as it requires only 50 ml
of plasma unlike previously reported methods that require 100 ml
(Chen et al., 2013; Wang et al., 2018a; Wang et al., 2018b).
Moreover, the LLOQ of the new method was 0.2 ng/ml, which
implies more sensitivity than the LLOQ achieved in some
previous studies (Chen et al., 2013; Xu et al., 2013) and similar
to that reported in others (Wang et al., 2018a; Wang et al., 2018b;
Yang et al., 2018). This facilitates the detection of KM in the low-
dose group 12 h following administration. The linear range is
wider than that of previously reported methods (Chen et al.,
2013; Wang et al., 2018a; Wang et al., 2018b). Specifically, the
linear range for our method was 1,000-fold. Further, the upper
limit of quantification was increased to 200 ng/ml, which
ensured that the pharmacokinetic detection needs for aged rats
with large individual differences were met.

Few studies have assessed the dose-dependent pharmacokinetics
of KM following oral administration. We had previously performed
a pharmacokinetic analysis of KM in rat plasma following an
intragastric administration of 15 mg·kg−1 KM powder (purity
>99.1%) (Xu et al., 2013), which revealed a Tmax and t1/2 of
19.95 ± 0.53 min (equivalent time in hours: 0.33 ± 0.01 h) and
234.11 ± 17.34 min (equivalent time in hours: 3.90 ± 0.29 h),
respectively. Wang et al. investigated the pharmacokinetics of KM
in rat plasma following oral administration of a G. elegans extract
(single dose: 10 mg·kg−1) equivalent to 1.22 mg·kg−1 KM (Wang
et al., 2018a; Wang et al., 2018b). They observed a Tmax and t1/2 of
Frontiers in Pharmacology | www.frontiersin.org 9
0.28 ± 0.07 h and 1.60 ± 0.21 h, respectively. Their results were
consistent with our findings in adult rats. According to the
experimental parameters reported by a different research group,
the t1/2 of KM following intragastric administration is greater than
that following injection, presumably as it takes longer for the drug to
be absorbed via the duodenum, jejunum, and ileum after oral
administration (Chen et al., 2013; Shi et al., 2017; Wang et al.,
2018a). Although KM bioavailability has yet to be accurately
reported, it can be roughly calculated from the combined
experimental parameters reported by Wang et al. as only 1%
(Wang et al., 2018a; Wang et al., 2018b).

Limited data are available on the pharmacokinetics of KM in
aged rats; however, rodents older than 9 months commonly show
signs of the later stages of aging (Liu et al., 2016). For the 1.4 and 7.0
mg·kg−1 orally administered doses, we found that the Tmax of KM
occurred approximately 0.3 h later in aged rats. This difference
likely resulted from age-associated changes in the gastrointestinal
tract and hepatorenal function, including decreases in gastric
emptying time, gastrointestinal peristalsis, bowel surface area,
and splanchnic blood flow (Wang et al., 2018a; Zeng et al.,
2019). When the KM dose was increased from 0.28 to 1.4
mg·kg−1 and from 1.4 to 7.0 mg·kg−1, the AUC0–t and AUC0–∞

did not increase proportionally with the dose (Table 4), which was
indicative of the nonlinearity of the pharmacokinetics for the 7.0
mg·kg−1 dose. Further experiments are warranted to confirm and
explain this phenomenon. We found a considerably higher Cmax of
KM, prolonged t1/2, lower systemic CL, and unchanged Tmax in
aged rats. We speculated that this might be due to binding by
plasma proteins or the saturated metabolism of KM (Zhang et al.,
2015). One reason for this might be the reduction in plasma
albumin concentrations of ~10–15% in the elderly (Greenblatt,
1979; Reeve et al., 2015). At 0.28 and 1.4 mg·kg−1 doses of KM, the
plasma protein concentrations might be sufficient to bind KM to
form a bound drug. Therefore, no significant differences were
found in the plasma concentration of free fractions of KM and
AUC between the aged and adult rats. However, when the dose of
KM increased to 7.0 mg·kg−1, rats with relatively lower plasma
protein concentrations theoretically had an increased free fraction
of KM, partly leading to a significantly higher AUC in the aged rats
compared to that in adult rats. The other possible reason might be
hepatic metabolism. Based on in vitro and in vivo results, the
observed reduction in the metabolism of drugs, which undergo
phase I metabolism, is most likely due to the reduced blood flow
and liver mass, rather than a reduction in the expression or activity
of the CYP enzymes (Le Couteur et al., 2005; Hilmer et al., 2007;
Reeve et al., 2015). Both hepatic blood flow and liver mass were
reduced with age (Wilkinson, 1997). Hepatic blood flow was
reduced in the aged population by ~20%–50%, with a similar
reduction in liver mass (Cotreau et al., 2005; Reeve et al., 2015).
This reduction in hepatic blood flow affects the rate of drug
metabolism differently, depending on their extraction ratio (the
ratio of hepatic clearance in relation to hepatic blood flow) (Tan
et al., 2015). Unfortunately, the extraction ratio of KM remains
unknown, making it impossible to assess the effect of reduced liver
blood flow on KM. We also observed that a reduction in the
clearance of KMmight be due to reduced liver mass (and therefore
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a decrease in the surface area and enzymes for metabolism).
Hindrance in the process of oxygen transfer into hepatocytes
significantly impacts all enzymatic processes that are oxygen
dependent, including CYP pathways, which are particularly
dependent on oxygen as a co-substrate (Reeve et al., 2015). Age-
related pseudo-capillarization might result in reduced oxygen
availability within the hepatocytes and thus limit CYP reactions.
This has been proposed as a reason for a reduction in the
metabolism of drugs (McLean and Le Couteur, 2004). Similarly,
at low and medium doses of KM, the capacity of hepatic
metabolism might be sufficient to metabolize KM. Therefore, no
significant difference was found in the plasma concentration of KM
and the AUC between the aged and adult rats. However, when the
KM dose increased to 7.0 mg·kg−1, phase I metabolism was
saturated, partly leading to significantly higher AUC values in
the aged rats compared to those in the adult rats. When applying a
high dose of KM to the aged population, special attention should be
paid to the plasma drug concentration and its related toxicity.

The CL of KMwas lower in aged rats than in adult rats and was
accompanied by a higher t1/2. In addition, the Cmax of KM was
increased nearly 2.5-fold, with a >2.5-fold higher AUC0–t and
AUC0–∞. There are several possible explanations for the
differences in the pharmacokinetics of KM in aged rats. First,
the increased plasma concentrations of KM due to the low CL in
the aged rats could be either or partly due to the altered activity of
CYP450, resulting in slower formation of metabolites and faster
metabolism saturation or binding by plasma proteins (Zhang et al.,
2015; Hu et al., 2017; Wang et al., 2019). CYP3A4/3A5 may be the
main enzyme responsible for KM metabolism by the liver
microsomes; the KM metabolic pathway in liver microsomes
involves oxidization, demethylation, and dehydrogenation
(Zhang et al., 2013; Hu et al., 2017; Xiao et al., 2017; Zuo et al.,
2020). In addition, aged rats may have lower hepatic, NADPH-
dependent, and microsomal metabolic enzyme activity
(Schmucker, 1985). It is also possible that slower gastrointestinal
peristalsis and gastric emptying may prolong gut exposure to KM
and lead to more complete absorption (Xu et al., 2013). Lastly, the
altered KM kinetics may be due to modulation of the activity of
multidrug transporter P-glycoproteins including the hepatic
uptake transporters, organic anion transporting polypeptide 1B1
(OATP1B1) or OATP1B3; inhibition of the activity of these
plasma membrane efflux pumps may alter the AUC of KM
(Niemi et al., 2011; Hu et al., 2017).

There is limited direct evidence that CYP3A activity changes with
age. However, there is considerable data to suggest that drug
metabolism in the liver decreases with age, not because of changes
in enzyme activity, but possibly due to a decrease in liver mass
(Schmucker, 1985). Furthermore, based on our previous study, KM
is eliminatedmost slowly from human liver microsomes and reduces
by nearly 50% of the degradation rate in rats (Wei et al., 2016; Wei
et al., 2017). Therefore, although this study may not necessarily
predict the pharmacokinetic changes of KM in the elderly human
population, it suggests slower KM pharmacokinetics in the
elderly population.

We established, validated, and applied a sensitive UPLC-MS/MS
method requiring only a small plasma sample for the quantification
Frontiers in Pharmacology | www.frontiersin.org 10
of orally administered KM in adult and aged rats. We systematically
investigated and calculated the pharmacokinetic parameters of KM
after administration of three doses and observed age-related changes
in the behavior of KM in vivo. Aging can lead to pharmacodynamic
changes in KM, which can result in increased adverse drug reactions
especially with high doses of KM. These results provide a reference
for the safe and effective use of KM and in further pharmacological
studies on KM in aging-associated diseases or clinical studies.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Fujian Medical University (No. 2017-01).
AUTHOR CONTRIBUTIONS

LXY, YX, and CXY conceived and designed the experiments.
LXY, DXC, LFC, SHZ, and HHH performed the experiments.
LXY and YPS analyzed the data. LXY and YX wrote the paper.
All authors contributed to the article and approved the
submitted version.
FUNDING

We gratefully acknowledge the support of the Natural Science
Foundation of Fujian (grant numbers, 2018J01815 and
2019J01307), the Science Foundation for Young Scholars and
Teacher of Fujian (grant number, JAT160203), the Central
Financial Support Universities Funds of China (grant number,
2018L3008), the Drug Innovation Major Project of China (grant
number, 2018ZX09711001-003-024), and the Industry-
University-Research Cooperation Project of Fujian Province
(grant number, 2017Y4007).
ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.cn) for English
language editing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2020.01113/
full#supplementary-material
July 2020 | Volume 11 | Article 1113

http://www.editage.cn
https://www.frontiersin.org/articles/10.3389/fphar.2020.01113/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.01113/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Ye et al. Koumine Pharmacokinetics in Aged Rats
REFERENCES

Cao, J. J., Yang, K., Huang, C. Y., Li, Y. J., Yu, H., Wu, Y., et al. (2020).
Pharmacokinetic Study of Multiple Components of Gelsemium elegans in
Goats by Ultra-Performance Liquid Chromatography Coupled to Tandem
Mass Spectrometry. J. Anal. Toxicol. 44 (4), 378–390. doi: 10.1093/jat/bkz100

Chen, J. Z., Li, Y., Xiao, J. P., Wu, S. S., and Song, H. W. (2013). Development of a
sensitive and rapid UPLC-MS/MS method for the determination of koumine in
rat plasma: application to a pharmacokinetic study. Biomed. Chromatogr. 27
(6), 736–740. doi: 10.1002/bmc.2852

Cotreau, M. M., von Moltke, L. L., and Greenblatt, D. J. (2005). The influence of
age and sex on the clearance of cytochrome P450 3A substrates. Clin.
Pharmacokinet. 44 (1), 33–60. doi: 10.2165/00003088-200544010-00002

Greenblatt, D. J. (1979). Reduced serum albumin concentration in the elderly: a
report from the Boston Collaborative Drug Surveillance Program. J. Am.
Geriatr. Soc 27 (1), 20–22. doi: 10.1111/j.1532-5415.1979.tb01715.x

Hilmer, S. N., McLachlan, A. J., and Le Couteur, D. G. (2007). Clinical
pharmacology in the geriatric patient. Fundam. Clin. Pharmacol. 21 (3),
217–230. doi: 10.1111/j.1472-8206.2007.00473.x

Hu, Y., Wang, Z., Huang, X., Xia, B., Tang, L., Zheng, Z., et al. (2017). Oxidative
metabolism of koumine is mainly catalyzed by microsomal CYP3A4/3A5.
Xenobiotica 47 (7), 584–591. doi: 10.1080/00498254.2016.1213925

Jin, G. L., He, S. D., Lin, S. M., Hong, L. M., Chen, W. Q., Xu, Y., et al. (2018a).
Koumine Attenuates Neuroglia Activation and Inflammatory Response to
Neuropathic Pain. Neural Plast. 2018:9347696. doi: 10.1155/2018/9347696

Jin, G. L., Yue, R. C., He, S. D., Hong, L. M., Xu, Y., and Yu, C. X. (2018b).
Koumine Decreases Astrocyte-Mediated Neuroinflammation and Enhances
Autophagy, Contributing to Neuropathic Pain From Chronic Constriction
Injury in Rats. Front. Pharmacol. 9:989:989. doi: 10.3389/fphar.2018.00989

Kim, M. S., and Baek, I. H. (2018). Effect of dronedarone on the pharmacokinetics
of carvedilol following oral administration to rats. Eur. J. Pharm. Sci. 111, 13–
19. doi: 10.1016/j.ejps.2017.09.029

Le Couteur, D. G., Fraser, R., Hilmer, S., Rivory, L. P., and McLean, A. J. (2005).
The hepatic sinusoid in aging and cirrhosis: effects on hepatic substrate
disposition and drug clearance. Clin. Pharmacokinet. 44 (2), 187–200.
doi: 10.2165/00003088-200544020-00004

Ling, Q., Liu, M., Wu, M. X., Xu, Y., Yang, J., Huang, H. H., et al. (2014). Anti-
allodynic and neuroprotective effects of koumine, a Benth alkaloid, in a rat
model of diabetic neuropathy. Biol. Pharm. Bull. 37 (5), 858–864. doi: 10.1248/
bpb.b13-00843

Liu, W., Wang, X., Chen, R., Zhang, K., Li, Y., Li, Y., et al. (2016). Effect of age on the
pharmacokinetics of polymorphic nimodipine in rats after oral administration.Acta
Pharm. Sin. B. 6 (5), 468–474. doi: 10.1016/j.apsb.2016.07.010

Liu, S. S., Yang, K., Sun, Z. L., Zheng, X., Bai, X., and Liu, Z. Y. (2019). A novel two-
dimensional liquid chromatography system for the simultaneous
determination of three monoterpene indole alkaloids in biological matrices.
Anal. Bioanal. Chem. 411 (17), 3857–3870. doi: 10.1007/s00216-019-01859-2

Mangoni, A. A., and Jackson, S. H. (2004). Age-related changes in
pharmacokinetics and pharmacodynamics: basic principles and practical
applications. Br. J. Clin. Pharmacol. 57 (1), 6–14. doi: 10.1046/j.1365-
2125.2003.02007.x

McLean, A. J., and Le Couteur, D. G. (2004). Aging biology and geriatric clinical
pharmacology. Pharmacol. Rev. 56 (2), 163–184. doi: 10.1124/pr.56.2.4

Niemi, M., Pasanen, M. K., and Neuvonen, P. J. (2011). Organic anion
transporting polypeptide 1B1: a genetically polymorphic transporter of
major importance for hepatic drug uptake. Pharmacol. Rev. 63 (1), 157–181.
doi: 10.1124/pr.110.002857

Prince, M. J., Wu, F., Guo, Y., Gutierrez Robledo, L. M., O’Donnell, M.,
Sullivan, R., et al. (2015). The burden of disease in older people and
implications for health policy and practice. Lancet 385 (9967), 549–562.
doi: 10.1016/s0140-6736(14)61347-7

Qato, D. M., Wilder, J., Schumm, L. P., Gillet, V., and Alexander, G. C. (2016).
Changes in Prescription and Over-the-Counter Medication and Dietary
Supplement Use Among Older Adults in the United States 2005 vs 2011.
JAMA Intern. Med. 176 (4), 473–482. doi: 10.1001/jamainternmed.2015.8581

Reeve, E., Wiese, M. D., and Mangoni, A. A. (2015). Alterations in drug
disposition in older adults. Expert Opin. Drug Metab. Toxicol. 11 (4), 491–
508. doi: 10.1517/17425255.2015.1004310
Frontiers in Pharmacology | www.frontiersin.org 11
Schmucker, D. L. (1985). Aging and drug disposition: an update. Pharmacol. Rev.
37 (2), 133–148.

Shi, D. M., Su, Y. P., and Yu, C. X. (2017). Study on inestinal absorption kinetics of
koumine in rats. Chin. J. New Drug 26 (12), 1450–1454. doi: CNKI:SUN:
ZXYZ.0.2017-12-017

Shoaib, R. M., Zhang, J. Y., Mao, X. F., and Wang, Y. X. (2019). Gelsemine and
koumine, principal active ingredients of Gelsemium, exhibit mechanical
antiallodynia via spinal glycine receptor activation-induced allopregnanolone
biosynthesis. Biochem. Pharmacol. 161, 136–148. doi: 10.1016/
j.bcp.2019.01.014

Su, Y. P., Shen, J., Xu, Y., Zheng, M., and Yu, C. X. (2011). Preparative separation
of alkaloids from Gelsemium elegans Benth. using pH-zone-refining counter-
current chromatography. J. Chromatogr. A. 1218 (23), 3695–3698.
doi: 10.1016/j.chroma.2011.04.025

Tan, J. L., Eastment, J. G., Poudel, A., and Hubbard, R. E. (2015). Age-Related
Changes in Hepatic Function: An Update on Implications for Drug Therapy.
Drugs Aging 32 (12), 999–1008. doi: 10.1007/s40266-015-0318-1

Van Spall, H. G., Toren, A., Kiss, A., and Fowler, R. A. (2007). Eligibility criteria of
randomized controlled trials published in high-impact general medical
journals: a systematic sampling review. JAMA 297 (11), 1233–1240.
doi: 10.1001/jama.297.11.1233

Wang, L., Sun, Q., Zhao, N., Wen, Y. Q., Song, Y., and Meng, F. H. (2018a).
Glycyrrhiza uralensisUltra-Liquid Chromatography Tandem Mass
Spectrometry (UPLC-MS/MS)-Based Pharmacokinetics and Tissue
Distribution Study of Koumine and the Detoxification Mechanism of Fisch
on Benth. Molecules 23 (7), 1693. doi: 10.3390/molecules23071693

Wang, L., Wen, Y., and Meng, F. (2018b). Simultaneous determination of
gelsemine and koumine in rat plasma by UPLC-MS/MS and application to
pharmacokinetic study after oral administration of Gelsemium elegans Benth
extract. Biomed. Chromatogr. 32 (6), e4201. doi: 10.1002/bmc.4201

Wang, Z. Y., Zuo, M. T., and Liu, Z. Y. (2019). The Metabolism and Disposition of
Koumine, Gelsemine and Humantenmine from Gelsemium. Curr. Drug
Metab. 20 (7), 583–591. doi: 10.2174/1389200220666190614152304

Wei, W. Z., Ye, L. X., Huang, H. L., Qiu, H. Q., Lin, J., and Yu, C. X. (2016). In vitro
koumine metabolism of liver microsomes in humans, minipigs, SD rats,
Rhesus monkeys and beagle dogs. Cent. South Pharm. 14 (1), 1045–1049.
doi: 10.7539/j.issn.1672-2981.2016.10.005

Wei, W. Z., Huang, H. L., Ye, L. X., Lin, J., and Yu, C. X. (2017). Metabolism
kinetica and subtype analysis of CYP450 of koumine in liver microsomes of
human, minipig, rat, monkey and dog. J. Fujian. Med. Univ. 51 (1), 82–87.
doi: 10.3969/j.issn.1672-4194.2017.02.002

Wilkinson, G. R. (1997). The effects of diet, aging and disease-states on
presystemic elimination and oral drug bioavailability in humans. Adv. Drug
Deliv. Rev. 27, 129–159. doi: 10.1016/s0169-409x(97)00040-9

Wu, J., Yang, C. L., Sha, Y. K., Wu, Y., Liu, Z. Y., Yuan, Z. H., et al. (2020).
Koumine Alleviates Lipopolysaccharide-Induced Intestinal Barrier
Dysfunction in IPEC-J2 Cells by Regulating Nrf2/NF-B Pathway. Am. J.
Chin. Med. 48 (1), 127–142. doi: 10.1142/s0192415x2050007x

Xiao, S., Huang, Y. J., Sun, Z. L., and Liu, Z. Y. (2017). Structural elucidation of
koumine metabolites by accurate mass measurements using high-performance
liquid chromatography/quadrupole-time-of-flight mass spectrometry. Rapid
Commun. Mass Spectrom. 31 (3), 309–314. doi: 10.1002/rcm.7797

Xiong, B. J., Xu, Y., Jin, G., Liu, M., Yang, J., and Yu, C. X. (2017). Analgesic effects and
pharmacologic mechanisms of the Gelsemium alkaloid koumine on a rat model of
postoperative pain. Sci. Rep. 7 (1), 14269. doi: 10.1038/s41598-017-14714-0

Xu, Y., Zheng, M., Li, S. P., Su, Y. P., Yang, J., Liu, M., et al. (2013).
Pharmacokinetics and tissue distribution of koumine in rats. J. Fujian. Med.
Univ. 47 (4), 199–203. doi: 10.3969/j.issn.1672-4194.2013.04.003

Yang, J., Cai, H. D., Zeng, Y. L., Chen, Z. H., Fang, M. H., Su, Y. P., et al. (2016).
Effects of Koumine on Adjuvant- and Collagen-Induced Arthritis in Rats.
J. Nat. Prod. 79 (10), 2635–2643. doi: 10.1021/acs.jnatprod.6b00554

Yang, K., Long, X. M., Liu, Y. C., Chen, F. H., Liu, X. F., Sun, Z. L., et al. (2018).
Development and in-house validation of a sensitive LC-MS/MS method for
simultaneous quantification of gelsemine, koumine and humantenmine in
porcine plasma. J. Chromatogr. B. Analyt. Technol. Biomed. Life Sci. 1076, 54–
60. doi: 10.1016/j.jchromb.2018.01.019

Yuan, Z., Matias, F. B., Wu, J., Liang, Z., and Sun, Z. (2016). Koumine Attenuates
Lipopolysaccaride-Stimulated Inflammation in RAW264.7 Macrophages,
July 2020 | Volume 11 | Article 1113

https://doi.org/10.1093/jat/bkz100
https://doi.org/10.1002/bmc.2852
https://doi.org/10.2165/00003088-200544010-00002
https://doi.org/10.1111/j.1532-5415.1979.tb01715.x
https://doi.org/10.1111/j.1472-8206.2007.00473.x
https://doi.org/10.1080/00498254.2016.1213925
https://doi.org/10.1155/2018/9347696
https://doi.org/10.3389/fphar.2018.00989
https://doi.org/10.1016/j.ejps.2017.09.029
https://doi.org/10.2165/00003088-200544020-00004
https://doi.org/10.1248/bpb.b13-00843
https://doi.org/10.1248/bpb.b13-00843
https://doi.org/10.1016/j.apsb.2016.07.010
https://doi.org/10.1007/s00216-019-01859-2
https://doi.org/10.1046/j.1365-2125.2003.02007.x
https://doi.org/10.1046/j.1365-2125.2003.02007.x
https://doi.org/10.1124/pr.56.2.4
https://doi.org/10.1124/pr.110.002857
https://doi.org/10.1016/s0140-6736(14)61347-7
https://doi.org/10.1001/jamainternmed.2015.8581
https://doi.org/10.1517/17425255.2015.1004310
https://doi.org/CNKI:SUN:ZXYZ.0.2017-12-017
https://doi.org/CNKI:SUN:ZXYZ.0.2017-12-017
https://doi.org/10.1016/j.bcp.2019.01.014
https://doi.org/10.1016/j.bcp.2019.01.014
https://doi.org/10.1016/j.chroma.2011.04.025
https://doi.org/10.1007/s40266-015-0318-1
https://doi.org/10.1001/jama.297.11.1233
https://doi.org/10.3390/molecules23071693
https://doi.org/10.1002/bmc.4201
https://doi.org/10.2174/1389200220666190614152304
https://doi.org/10.7539/j.issn.1672-2981.2016.10.005
https://doi.org/10.3969/j.issn.1672-4194.2017.02.002
https://doi.org/10.1016/s0169-409x(97)00040-9
https://doi.org/10.1142/s0192415x2050007x
https://doi.org/10.1002/rcm.7797
https://doi.org/10.1038/s41598-017-14714-0
https://doi.org/10.3969/j.issn.1672-4194.2013.04.003
https://doi.org/10.1021/acs.jnatprod.6b00554
https://doi.org/10.1016/j.jchromb.2018.01.019
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Ye et al. Koumine Pharmacokinetics in Aged Rats
Coincidentally Associated with Inhibition of NF-kB, ERK and p38 Pathways.
Int. J. Mol. Sci. 17 (3), 430. doi: 10.3390/ijms17030430

Yuan, Z., Liang, Z., Yi, J., Chen, X., Li, R.,Wu, J., et al. (2019a). Koumine Promotes ROS
Production to SuppressHepatocellular CarcinomaCell ProliferationViaNF-kB and
ERK/p38 MAPK Signaling. Biomolecules 9 (10), 559. doi: 10.3390/biom9100559

Yuan, Z., Liang, Z., Yi, J., Chen, X., Li, R., Wu, Y., et al. (2019b). Protective Effect of
Koumine, an Alkaloid from Gelsemium Sempervirens, on Injury Induced by
H2O2 in IPEC-J2 Cells. Int. J. Mol. Sci. 20 (3), 754. doi: 10.3390/ijms20030754

Yue, R., Jin, G., Wei, S., Huang, H., Su, L., Zhang, C., et al. (2019).
Immunoregulatory Effect of Koumine on Nonalcoholic Fatty Liver Disease
Rats. J. Immunol. Res. 2019, 8325102. doi: 10.1155/2019/8325102

Zeng, X., Su, W. W., Zheng, Y. Y., He, Y. D., He, Y., Rao, H. Y., et al. (2019).
Pharmacokinetics, Tissue Distribution, Metabolism, and Excretion of Naringin
in Aged Rats. Front. Pharmacol. 10:34:34. doi: 10.3389/fphar.2019.00034

Zhang, L., Du, L., Lv, W. W., Zhao, Q. C., Hua, W., An, Y., et al. (2013). Four new
koumine metabolites in rat liver microsomes. J. Asian Nat. Prod. Res. 15 (1),
46–52. doi: 10.1080/10286020.2012.742511

Zhang, S., Hu, S., Yang, X., Shen, J., Zheng, X., Huang, K., et al. (2015).
Development of a liquid chromatography with mass spectrometry method
for the determination of gelsemine in rat plasma and tissue: Application to a
Frontiers in Pharmacology | www.frontiersin.org 12
pharmacokinetic and tissue distribution study. J. Sep. Sci. 38 (6), 936–942.
doi: 10.1002/jssc.201401168

Zuo, M. T., Wang, Z. Y., Yang, K., Li, Y. J., Huang, C. Y., Liu, Y. C., et al. (2020).
Characterization of absorbed and produced constituents in goat plasma urine
and faeces from the herbal medicine Gelsemium elegans by using high-
performance liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry. J. Ethnopharmacol. 252, 112617. doi: 10.1016/j.jep.
2020.112617

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ye, Xu, Zhang, Cao, Chen, Su, Huang and Yu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
July 2020 | Volume 11 | Article 1113

https://doi.org/10.3390/ijms17030430
https://doi.org/10.3390/biom9100559
https://doi.org/10.3390/ijms20030754
https://doi.org/10.1155/2019/8325102
https://doi.org/10.3389/fphar.2019.00034
https://doi.org/10.1080/10286020.2012.742511
https://doi.org/10.1002/jssc.201401168
https://doi.org/10.1016/j.jep.2020.112617
https://doi.org/10.1016/j.jep.2020.112617
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Orally Administered Koumine Persists Longer in the Plasma of Aged Rats Than That of Adult Rats as Assessed by Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry
	Introduction
	Materials and Methods
	Materials
	Animals
	Preparation of Stock Solutions, Calibration Standards, and Quality Control Samples
	Chromatography and Tandem Mass Spectrometry
	Method Validation
	Selectivity
	Linearity and Lower Limit of Quantification
	Precision and Accuracy
	Extraction Recovery and Matrix Effects
	Stability

	Administration and Sampling
	Pharmacokinetic Parameters and Statistical Analyses

	Results
	UPLC-MS/MS Method Development and Optimization
	Sample Preparation Development and Optimization
	Method Validation
	Specificity and Selectivity
	Linearity and LLOQ
	Precision and Accuracy
	Extraction Recovery and Matrix Effect
	Stability

	Dose Proportionality Pharmacokinetics of KM in Adult Rats
	Dose Proportionality Pharmacokinetics of KM in Aged Rats
	Comparison of Pharmacokinetics of KM Between Adult and Aged Rats

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


