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ABSTRACT: Deoxyartemisinin, a compound separated from P E

Artemisinin annua L., shows anti-inflammatory and antiulcer
activities. 10-Deoxoartemisinin is a novel compound with a strong
antimalarial effect derivatized from artemisinin. Compared to the
famous antimalarial natural compound artemisinin, deoxyartemisi-
nin lacks the peroxide bridge structure, while 10-deoxoartemisinin
remains this special peroxide bridge group but loses the 10-position
keto group. To clarify their pharmacological differences, the
absorption, distribution, metabolism, excretion (ADME) properties e
of artemisinin, deoxyartemisinin, and 10-deoxoartemisinin were
first predicted using QikProp software. Also, their pharmacokinetic 10-Deoxcartemisinin
behaviors in rats were further evaluated by a rapid, sensitive, and

specific liquid chromatography—tandem mass spectrometry (LC—

MS/MS) method after oral and intravenous administration of each compound, in which deoxyartemisinin and 10-deoxoartemisinin
were first evaluated for their pharmacokinetics. All parameters about ADME properties calculated by software met the criteria and
the ADME performance order was 10-deoxoartemisinin > deoxyartemisinin > artemisinin. The oral bioavailability of artemisinin was
calculated to be 12.2 + 0.832%, which was about 7 times higher than that of deoxyartemisinin (1.60 + 0.317%). For 10-
deoxoartemisinin, its bioavailability (26.1 # 7.04%) was superior to artemisinin at a degree of more than twice. Considering their
chemical structures, losing the peroxide bridge might decrease the absorption rate of deoxyartemisinin in the gastrointestinal tract,
while retaining the peroxide bridge but losing the 10-position ketone might improve the bioavailability of 10-deoxoartemisinin.

1. INTRODUCTION dihydroartemisinin, artesunate, and artemether. The bioavail-
ability of artemisinin could be greatly improved by different
derivatization, which indicates that the ADME properties of
these compounds should be further understood based on the
basic maternal structure of artemisinin. In recent years, our
team has been committed to those active ingredients in
Artemisia annua L. (A. annua) that may not possess strong
antimalarial activities but show anti-inflammatory, antipyretic,
and antiasthmatic activities.”” ">

Deoxyartemisinin (Figure 1, CAS no. 72826-63-2,
CC1CCC2C(C(=0)0C3C24C1CCC(03)(04)C)C), a
compound without peroxide bridge structure, was separated
from A. annua by our experimental group at an early age.” It is
also one of the I-phase metabolites of artemisinin in vivo.'>'*

Drug-likeness, a property that a candidate drug molecule
should have, includes biological activities, good absorption,
distribution, metabolism, excretion (ADME) properties, and
safety.’ In the past few decades, the unpredictable nature of
ADME/T (absorption, distribution, metabolism, elimination,
toxicology) in the early stage of drug development has
increased the failure rate in the late stage, resulting in huge
investment waste.” Therefore, taking rational control of
chemical ADME properties of compounds is essential to
improve the success rate of drug development.’

Artemisinin (Figure 1, CAS no. 63968-64-9, CC1CCC2C-
(C(=0)0C3C24C1CCC(03)(004)C)C) and its deriva-
tives are currently recommended by the World Health
Organization (WHO) for treating malaria due to their rapid
effects, low toxicity properties, and less drug resistance.* The
unique peroxide bridge structure and sesquiterpene lactone
skeleton may be the main reason for the high antimalarial
effect of artemisinin.”° However, artemisinin still shows the
disadvantages of low bioavailability and large dosage in clinical
applications when compared with its derivatives including
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Figure 1. Chemical structures and product ion mass spectra of target compounds. The positions marked with colored circles indicated differences
in the structure of the three compounds. (A) Artemisinin, (B) deoxyartemisinin, (C) 10-deoxoartemisinin, and (D) terfenadine.

Table 1. Prediction of ADME Properties of Three Analytes Using QikProp

items mol MW QP log Po/w QPlogS
artemisinin 282.336 1.719 —2.124
deoxyartemisinin 266.336 2.059 —2.236
10-deoxoartemisinin 268.352 2.725 —2.796

QPPCaco QP log BB human oral absorption (%) rule of five
2040.288 0.021 96.25 0
3401.067 0.203 100 0
7081.972 0.448 100 0

Compared to artemisinin, deoxyartemisinin may not have
significant antimalarial activity due to the absence of internal
peroxide bridge but shows anti-inflammatory, antiulcer, and
other pharmacological activities.'> 10-Deoxoartemisinin (Fig-
ure 1, CAS no. 126189-95-5, CC1CC2CC(OCC23C(=
CC(CO03)C)C1)(C)0), a novel bioactive component
derivatized from artemisinin, was first prepared by a simple
transformation in 1990."° 10-Deoxoartemisinin is made from
artemisinin by reducing the 10-position keto group. It retains
the peroxide bridge structure and thus leads to its highly
efficient antimalarial effect, especially against multidrug-
resistant malaria, which is more than 8 times that of
artemisinin.'®'” Moreover, 10-deoxoartemisinin also shows
obvious antitumor and antiangiogenesis activities.'"* > The
structural changes of deoxyartemisinin and 10-deoxoartemisi-
nin obviously affect their physical and chemical properties,
resulting in different pharmacokinetic behaviors and pharma-
cological activities in vivo.

Since it has been reported that the therapeutic target was
within the red blood cells,”"”** it is essential to study the in vivo
processes of these compounds to clarify the differences in
clinical efficacy. Therefore, it is necessary to characterize in vivo
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pharmacodynamic activity of artemisinin, deoxyartemisinin,
and 10-deoxoartemisinin through their pharmacokinetic
behaviors. The pharmacokinetic behavior of artemisinin in
blood has already attracted widespread attention.'>***° It has
low bioavailability and is rapidly and extensively metabolized in
the body.'>*® Deoxyartemisinin, a metabolite of artemisinin,
has also been reported to change over time in the blood."
However, the comprehensive in vivo pharmacokinetics and
bioavailability of deoxyartemisinin and 10-deoxoartemisinin
have not been reported till now.

To explore the relationship between the structures and
pharmacological activities of artemisinin derivatives, it is
inevitable to characterize and compare the differences in the
pharmacokinetic behaviors between artemisinin, deoxyartemi-
sinin, and 10-deoxoartemisinin. Prior to investing in huge
experimental costs, it is necessary to calculate their ADME
properties to ensure their druggability. Thus, in the present
study, ADME prediction was first performed on these three
compounds, and then the pharmacokinetic study in rats was
carried out using the high-performance liquid chromatography-
electrospray ionization-tandem mass spectrometry (HPLC-
ESI-MS/MS) technique. Finally, the pharmacokinetic behav-
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Table 2. Linearity, Range, and LLOQ of Artemisinin, Deoxyartemisinin, and 10-Deoxoartemisinin in Rat Plasma Determined

by the LC—MS/MS Technique

compound calibration equation
artemisinin y =2.65X 1075 — 7.19 x 107
deoxyartemisinin y =680 X 107 — 6.45 x 107*

10-deoxoartemisinin y=232X 107% + 7.79 x 1073

correlation coefficient (R) range (ng/mL) LLOQ (ng/mL)
0.9961 1.00—1000 1.00
0.9968 1.00—1000 1.00
0.9951 1.00—1000 1.00

Table 3. Intra- and Interbatch Precision and Accuracy of Artemisinin, Deoxyartemisinin, and 10-Deoxoartemisinin in Rat

Plasma Determined by the LC—MS/MS Technique (n = 5)

concentration (ng/mL)

precision (%, RSD)

compound spiked (ng/mL) measured (ng/mL) intra-batch interbatch accuracy (%, RE)
artemisinin 1.00 1.03 + 0.04 12.5 14.7 97.5
2.00 2.05 + 0.12 6.14 6.02 102.4
50.0 50.1 + 2.87 5.77 5.73 100.1
800 801 + 47.0 6.08 5.87 100.2
deoxyartemisinin 1.00 1.08 + 0.02 8.23 10.3 99.3
2.00 1.94 + 0.07 3.33 3.83 97.2
50.0 49.4 + 2.60 4.43 5.26 98.9
800 787 + 35.6 3.07 4.52 98.4
10-deoxoartemisinin 1.00 1.02 + 0.05 11.5 742 96.2
2.00 1.96 + 0.15 9.25 13.6 98.0
50.0 532 +2.35 7.88 9.42 106.4
800 776 + 59.4 12.1 8.07 97.0

iors and oral bioavailability of the compounds were evaluated
and compared. All of these provide theoretical support for
subsequent drug development.

2. RESULTS

2.1. ADME Properties. The physical properties and drug-
related characteristics of these three compounds were
calculated using the QikProp tool. All of the properties were
identified based on Lipinski’s rule of 5"*” and other
criteria.”®*” Table 1 shows the calculated results of three
compounds and all parameters are within the scope of the
guidelines.

2.2. Method Optimization and Validation. Detailed
validation results are exhibited in Tables 2—5. Appropriate
linearity and good sensitivity, precision, accuracy, recovery,
matrix effect, and stability values for each compound were
obtained. Representative chromatograms of the blank rat
plasma sample, lower limit of quantification (LLOQ), oral
artemisinin, oral deoxyartemisinin, and oral 10-deoxoartemisi-

Table 4. Matrix Effects and Recoveries of Artemisinin,
Deoxyartemisinin, and 10-Deoxoartemisinin in Rat Plasma
Determined by the LC—MS/MS Technique (n = §)

spiked matrix
concentration  recovery  RSD effect RSD
compound (ng/mL) (%) (%) (%) (%)
artemisinin 2.00 89.8 1.28 93.5 4.11
50.0 88.2 2.15 94.4 3.58
800 85.8 2.71 92.1 4.61
deoxyartemisinin 2.00 883 2.96 91.9 5.34
50.0 92.7 3.87 87.3 7.92
800 89.7 3.67 90.3 4.34
10- 2.00 86.8 8.41 91.3 4.59

deoxoartemisinin

50.0 89.4 6.45 92.5 8.55
800 92.6 9.42 89.4 5.70
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nin are shown in Figure 2. No significant interference was
observed. Linear ranges of the calibration curve for three
analytes were all over 1.00—1000 ng/mL, in which the
correlation coefficients (R) were more than 0.995. The LLOQs
were all 1.00 ng/mL for each analyte. The precisions were less
than 12%, and the accuracies ranged from 97.0 to 106.4%.

The recoveries of artemisinin, deoxyartemisinin, and 10-
deoxoartemisinin varied from 85.8 to 92.7%, and the matrix
effects ranged from 87.3 to 94.4%. The stabilities for room
temperature (2 h), autosampler for 24 h (4 °C), three freeze/
thaw cycles, and long-term (30 days at —80 °C) met all
criteria. The relative deviations of stabilities were less than
9.41%.

2.3. Pharmacokinetics. The method validation in the
present study was successfully applied to the pharmacokinetic
study of artemisinin, deoxyartemisinin, and 10-deoxoartemisi-
nin in rats after a single oral and intravenous administration.
The pharmacokinetic profiles of intravenous and oral
administration of artemisinin, deoxyartemisinin, and 10-
deoxoartemisinin are shown in Figure 3. The main
pharmacokinetic parameters are listed in Table 6.

2.3.1. Study of Intravenous and Oral Administration of
Artemisinin. As shown in Table 6 and Figure 3, after
intravenous injection of 5 mg/kg artemisinin in rats, the
maximum concentration C, was 700 + 166 ng/mL and the
elimination half-life ¢,,, was 0.77 + 0.06 h. Artemisinin was
eliminated quickly in the blood because it could not be
detected after 4 h. Also, it might be distributed to organs and
metabolized in the body very fast. In addition, the V, and CL
of artemisinin in vivo are 45.1 & 12.3 L/kg and 674 & 174 mL/
min/kg, respectively, and AUC,,;, and AUC; ¢ are 129 + 38.9
and 130 + 39.1 h-ng/mL, respectively.

After oral administration of 100 mg/kg artemisinin, the drug
reached a peak concentration of 65.1 + 104 ng/mL at a T,
of 1.33 + 0.58 h. Even though it reached a peak time fast, it
was above the LLOQ in the plasma until 12 h. Compared with
intravenous administration, the maximum concentration of

https://dx.doi.org/10.1021/acsomega.0c05465
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Table S. Stability Data for Artemisinin, Deoxyartemisinin, and 10-Deoxoartemisinin in Rat Plasma under Different Storage

Conditions Determined by the LC—MS/MS

Technique (n = 5)

concentration (ng/mL)

compound storage condition spiked (ng/mL) measured (ng/mL) RSD (%) accuracy (%, RE)
artemisinin autosampler for 24 h (4 °C) 2.00 1.91 + 0.02 1.08 95.7
50.0 45.5 + 0.66 1.45 91.0
800 777 + 6.68 0.86 97.1
three freeze/thaw cycles 2.00 1.90 + 0.02 1.06 95.2
50.0 47.6 + 0.52 1.09 95.2
800 770 £ 9.11 1.18 96.3
long-term (30 days at —80 °C) 2.00 1.95 = 0.02 0.93 97.3
50.0 45.7 + 1.46 321 91.3
800 762 + 9.29 122 95.2
deoxyartemisinin autosampler for 24 h (4 °C) 2.00 2.18 £ 0.10 4.04 99.0
50.0 53.9 + 1.66 4.04 99.0
800 782 + 26.3 4.04 99.0
three freeze/thaw cycles 2.00 1.98 + 0.08 4.49 109.1
50.0 52.3 + 0.99 4.49 109.1
800 774 + 16.0 4.49 109.1
long-term (30 days at —80 °C) 2.00 2.03 £ 0.07 3.26 10L.5
50.0 542 £ 191 3.53 108.4
800 768 + 50.2 6.53 96.0
10-deoxoartemisinin autosampler for 24 h (4 °C) 2.00 195 + 0.11 9.41 97.5
50.0 46.7 + 2.04 9.20 93.4
800 816 + 43.2 S.51 102
three freeze/thaw cycles 2.00 2.05 + 0.08 4.39 102.5
50.0 56.1 + 2.0S 8.47 1122
800 775 + 42.8 1.67 96.9
long-term (30 days at —80 °C) 2.00 2.04 + 0.05 6.63 102
50.0 48.7 + 1.22 5.09 97.4
800 827 + 35.2 4.16 103.4
A 30 | Artemisinin (+): 283.1/209.2 Da B 400 Artemisinin (+): 283.1/209.2 Da 3.52 min c 1900 | Artemisinin (+): 283.1/209.2 Da Jt 3.52 min
e, 1T T
4o | POV 1) 207 12034 D] 300§ Deoxyartemisinin (+): 267.1/203.4 Da 3.78 min 80 Deogertemisiin (+):267.11203.4 Da
@ . 150 A g 40
& ot & o " g o
g 10-Deoxoartemisinin (+): 291.2/165.3 Da g zz 10-Deoxoartemisinin (+): 291 zussMM = 10| 10-D00xosamisin (11291 2165303
, Lk ul 40 LMA y SZ‘
% Terfenadn[ (4): 472114361 Da 1‘;:::: Terfenadine (4): 472:/436:1 b2 AZ 94 min 8000 Terfenadine (+):472.1/436.1 Da | 2.94min
Ll i g = z |
05 10 15 20 25 3.0 35 40 45 50 55 6.0 65 05 10 15 20 25 30 35 40 45 50 55 60 65 05 10 15 20 25 30 35 40 45 50 55 6.0 65
Time, min Time, min Time, min
0 s N‘MIAMM["MMM\!M 0 "va MM
2000 ) peoxyartemisinin (+): 267.1/203.4 Da 3.78 min 80 'Deuxyanem,smm (+): 267.1/203.4 Da
2 1000 %0
> | L bbb
2 gg | 1O-Decxosftemisinin (+): 261.2/165.3 Da E 8000 | 10-Deoxoartemisinin (+): 291.2/165.3 Da 3.97 min
IO ARV T K
1 ;‘;Z‘; Terfenadine (+): 472.1/436.1 Da kz 94 min 1 ;2:3 Terfenadine (+): 472.1/436.1 Da (_94 min
4000 4000

05 10 15 20 25 30 35 40 45 50 55 6.0 65
Time, min

05 10 15 20 25 3.0 35 40 45 50 55 60 6.5
Time, min

Figure 2. Representative MRM chromatograms of blank rat plasma sample (A), LLOQ (B), oral artemisinin after S min (C), oral deoxyartemisinin

after 5 min (D), and oral 10-deoxoartemisinin after

S min (E).

artemisinin in blood after oral administration is lower, and the
compound stays in the blood for a longer time. It could be
speculated that the absorption time might be very long. In

22.3 and 318 +
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addition, the AUC,,, and AUC, ¢ of artemisinin were 309 +
21.6 h-ng/mL, respectively. Finally, the
absolute bioavailability was calculated to be 12.2 + 0.83%

https://dx.doi.org/10.1021/acsomega.0c05465
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Figure 3. Mean plasma concentration profile of artemisinin (A), deoxyartemisinin (B), and 10-deoxoartemisinin (C) after intravenous
administration (S mg/kg) and oral administration (100 mg/kg) of artemisinin, deoxyartemisinin, and 10-deoxoartemisinin, respectively. Results are

presented as mean + standard deviation (SD) (n = 3).

according to the following formula, indicating that the oral
bioavailability of artemisinin in SD rats by intragastric
administration was relatively good. In the formula, X
represents the dose for intravenous administration and X,
represents the dose for extravascular administration.

AUC, X X,,
Fp, = —— " x 100%
AUC, X X,

2.3.2. Study of Intravenous and Oral Administration of
Deoxyartemisinin. The pharmacokinetic profiles of intra-
venous and oral administration of deoxyartemisinin are
illustrated in Figure 3B, and the main pharmacokinetic
parameters are listed in Table 6.

After intravenous injection of 5 mg/kg deoxyartemisinin, the
maximum concentration C, in plasma was 1069 + 173 ng/mL,
and the elimination half-life ¢,,, was 1.12 + 0.16 h. However,
the compound was not detected after 8 h, indicating that
deoxyartemisinin was eliminated slowly from the blood. The V,
and CL were 48.3 + 8.00 L/kg and 385 + 74.5 mL/min/kg,
respectively, and AUC,,, and AUC;; were 219 + 46.1 and 222
+ 47.1 h-ng/mL, respectively.

After intragastric administration, deoxyartemisinin reached a
peak concentration of 62.4 + 31.3 ng/mL at about 0.390 =+
0.190 h, which was lower than that after intravenous
administration. The elimination half-life t,,, of deoxyartemisi-
nin was 1.12 + 0.160 h, and it disappeared from blood after 6
h, demonstrating that the amount of deoxyartemisinin
absorbed in blood was very little. AUC,,, and AUC,; were
67.3 + 14.2 and 71.0 = 14.1 h-ng/mL, respectively. Finally, the
absolute bioavailability was calculated to be 1.60 + 0.32%,
which indicated that deoxyartemisinin had a very low oral
bioavailability.

2.3.3. Study of Intravenous and Oral Administration of
10-Deoxeartemisinin. The pharmacokinetic profiles of intra-
venous and oral administration of 10-deoxoartemisinin are
illustrated in Figure 3C, and the main pharmacokinetic
parameters are listed in Table 6.

After intravenous injection of 10-deoxyartemisinin in rats,
the maximum concentration C, in the blood was 4367 + 1956
ng/mL. V, and CL were 5.38 + 0.64 L/kg and 138 + 3.38 mL/
min/kg, respectively. AUC,,, and AUC,; were 583 + 17.9 and
605 + 14.7 h-ng/mL, respectively. The elimination half-life t,
of 10-deoxyartemisinin was 0.45 + 0.05 h, and the
concentration cannot be detected after 2 h, indicating that it
had a very short residence time in the blood as well as rapidly
distributed or metabolized.
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After intragastric administration of 100 mg/kg 10-deoxy-
artemisinin, the compound rapidly reached a peak concen-
tration C,,, of 913 + 138 at a time of about 0.140 + 0.050 h,
which was lower than intravenous administration. However, its
elimination half-life t,,, was 522 + 0.47 h, and the
concentration could still be detected after 24 h, indicating
that it took a long time to absorb 10-deoxoartemisinin in the
blood. The AUC,,, and AUC, of the compound in rat blood
were 3008 + 844 and 3156 + 852 h-ng/mL, respectively.
Finally, the absolute bioavailability was calculated to be 26.1 +
7.04%, indicating a high oral bioavailability of 10-deoxoarte-
misinin in rats.

3. DISCUSSION

3.1. ADME Property Prediction. The molecular weights
(mol_MW) were all less than 650. The partition coefficients
between octanol and water (QP log Po/w) ranged from 1.719
to 2.725, and the solubility (QP log S) ranged from —2.796 to
—2.124, which showed proper solubility in water and organic
solvents. For the brain/blood partition coefficient (QP log BB)
parameter, all of these compounds were between —3.0 and 1.2.
Cerebral malaria is a common complication that occurred to
malaria patients as well as an important cause of death,*
indicating that it is of great significance to evaluate QP log BB
of the three compounds. The acceptable results demonstrated
that they may play a therapeutic effect by penetrating the
blood—brain barrier into the brain. Caco-2 is a human
intestinal epithelial cell line that can imitate the intestinal—
blood barrier to evaluate drug penetration cells. The QPPCaco
results within the standard range indicated that the three
compounds have good cell permeability in vivo. Human oral
absorption of every compound was greater than 80%, showing
an excellent absorption ability.

Taking the partition coefficients between octanol and water
(QP log Po/w), brain/blood partition coefficient (QP log BB),
and intestinal—blood barrier permeability (QPPCaco) togeth-
er, the order from high to low was 10-deoxoartemisinin >
deoxyartemisinin > artemisinin, which demonstrated that the
reduction of 10-position keto greatly improved ADME
property of 10-deoxoartemisinin and the loss of peroxide
bridge also increased the ADME performance ¢ of
deoxyartemisinin.

3.2. Comparison among Artemisinin, Deoxyartemisi-
nin, and 10-Deoxoartemisinin. Deoxyartemisinin is one of
the I-phase metabolites of artemisinin in vivo, and 10-
deoxoartemisinin is a derivative synthesized based on
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g — artemisinin. Therefore, it is necessary to compare their
g 3\/ HE HY Ho pharmacokinetic characteristics to find a better drug candidate.
g wy g8 & 838 g For artemisinin and deoxyartemisinin, it could be simply
g - - calculated that the bioavailability of artemisinin was almost 7
o o S times that of deoxyartemisinin, which is a large difference. As
g 282z § & 8§ shown in Table 6 and Figure 4, only two parameters (AUC,
2 Jeo s S S S and MRT,,,) of oral administration showed significant
= H H H H + + + . P PP
£ nzd 2= e =% differences between artemisinin and deoxyartemisinin (p <
(2o}
2 Teo o o~ w 0.01). Both parameters of deoxyartemisinin were obviously
g lower than artemisinin. Meanwhile, though there were no
"g S v o obvious differences in statistics for AUC,, and MRT},, of
- £ FEY intravenous administration, we could still see that these two
5 = é HoH 4 parameters of deoxyartemisinin were higher than those of
CE goxda a o e - ) .
5 82z z =z artemisinin. As a result, considering their chemical structures
= . . - shown in Figure 1, it could be speculated that losing a peroxide
'%0 I3 bridge may lead to bad absorption of deoxyartemisinin in
2 H4H HG
R S blood e
» > o 2S 8 For artemisinin and 10-deoxoartemisinin, the bioavailability
g of 10-deoxoartemisinin was more than twice that of
g 2225 8 a w artemisinin, which demonstrated an optimistic future as a
B S = A+ o) ] @ . . .
g "E S o~ S 4 A candidate drug. As shown in Figure 4 and Table 6, almost
2 o A A eve arameter exhibited a significant difference < 0.0
i e § =2 & 3 02 except MRT},, (iv.) and AUC,,, (%) (p.0.). The C, Co,
2 AUC,,, and AUC;; of 10-deoxoartemisinin by either oral or
g = L% P intravenous administration were all much higher than that of
g B ZdES 2 3 og artemisinin, which showed good absorption ability for 10-
2 . :| 1-, PN e deoxoartemisinin in the blood. 10-Deoxoartemisinin remained
E EE: 32 3 2 9 % the peroxide bridge structure and showed an excellent
b < ae s g z antimalaria effect. There have been many novel 10-
2 Y deoxoartemisinin structures designed for bioactive experiments
> o H * . . . . . .
g R T A ° in recent years,””” implicating that it might become a hopeful
o 53 zgc o £ % g candidate drug.
£ SE HahoHoH 8 3.3. Oral Bioavailability of Three Compounds. The
A= 2 282 3 5 8 oral absorption process of drugs includes dissolution, gastric
8 g emptying, intestinal transport, drug transmembrane transport,
2 - wei o= and first-pass elimination caused by the intestinal wall and liver
~ B 2 7. =i 33
" E | H D & metabolism.”” These compounds were apparently fat-soluble
vy © . P . .
g &3 28%2a o0 a = and easily precipitated when they entered the gastrointestinal
g ESY &4 & 4 7§ tract, resulting in a reduced amount in absorption. The oral
< = ‘, % bioavailability (F,;,), not equal to oral absorption, is not only
£ E3 He Hey 4o, related to absorption but also closely related to the amount
3 Uée 8 2= 3802 3 and rate of metabolism and elimination. Therefore, even
g S < though the percent of human oral absorption (Table 1)
2 - ® S calculated by software was more than 80%, the actual oral
g 5-:; fl He +|§ £ bioavailability (F,,, Table 6) obtained from animal experi-
o E w 24 33 B ments for every compound was greatly reduced because of the
v Hopg « ©c ~S % ;
@ 4z4 A S S = several steps mentioned above. Fortunately, better ADME
"ﬁ o  » 2 property for 10-deoxoartemisinin summarized in Section 3.1
s . 2_ 2_ g ] f § & led to better F,, (26.1 + 7.04%), which demonstrated that
2 5 <3 S S 3 ¢ reduction of 10-position keto did improve the drug-likeness of
5 I B R 5 10-deoxoartemisinin and increase the antimalarial activity
é 5~ & S 45 compared to artemisinin (12.2 + 0.832%). For deoxyartemi-
5 ; sinin, however, its F,p, (1.60 + 0.317%) was not higher than
9 = = :é < :E 8 artemisinin as speculated by software, demonstrating that it
‘g = "g’ £ £ ¥ g may suffer more severe influence than artemisinin and 10-
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28 g g g % g g {i @ deoxoartemisinin within the gastrointestinal tract due to its
§ 8 g fé g g é g g :3 loss of peroxide bridge structure.
g A 23488 § o 3 3.4. Difference between Human Oral Absorption and
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S g Rat Bioavailability. Drug absorption is a complex process
~ S & - that depends on the property of the drug, such as solubility and
CE g g g = permeability, formulation factors, regional permeability differ-
,.'é =3 o : £l v ences, pH, luminal and mucosal enzymes, intestinal motility,
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= = & 5 S etc.’® In the present research, the human oral absorption of
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Figure 4. Comparison among artemisinin, deoxyartemisinin, and 10-deoxoartemisinin based on different pharmacokinetic parameters. (A) iv. §

mg/kg and (B) p.o. 100 mg/kg.

three compounds calculated by the QikProp tool was close to
100%, which was theoretically good for their absorption.
However, the practical experiment concluded that the
bioavailability was just 1.6—26.1%, which does not correspond
to the result of computer simulation. Of note, human oral
absorption refers to the absorption degree of drugs by the
human stomach and intestine, while oral bioavailability refers
to the degree that drugs were absorbed in the blood.
Therefore, one reason for the difference might be first-pass
elimination, i.e,, the liver probably metabolized most of them,
resulting in a decrease in the concentration of the drugs in the
plasma.

In addition, there have been literature studies on the oral
bioavailability and intestinal permeability of various drugs with
different absorption mechanisms in humans and rats. The
results demonstrated that although rats and humans showed
similar drug absorption curves and similar transporter
expression patterns in the small intestine, the two species
showed different expression levels and metabolic enzyme
patterns in the intestine. Drug metabolizing enzymes, such as
cytochrome P450, express in the intestine and liver to regulate
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the pharmacokinetics and oral bioavailability of drugs.
Therefore, the rat model can be used to infer the oral drug
absorption of the human small intestine, but it cannot fully
predict the human oral bioavailability.>>*° In summary, the
oral bioavailability results of this experiment in rats can provide
evidence for the bioavailability of the three compounds in
humans but has limitations to a certain extent.

4. CONCLUSIONS

Artemisinin, deoxyartemisinin, and 10-deoxoartemisinin were
calculated using QikProp software and predicted to possess
good ADME properties. A rapid, sensitive, and specific LC—
MS/MS technique was developed and validated for the
pharmacokinetic study of the three compounds in rats. After
oral administration at a dose of 100 mg/kg and intravenous
administration at a dose of 5 mg/kg of the three compounds,
respectively, the oral bioavailability of artemisinin was 12.2 +
0.832%, which was about sevenfold that of deoxyartemisinin
(1.60 + 0.317%). For 10-deoxoartemisinin, its bioavailability
was highest (26.1 + 7.04%), which is more than twice that of
artemisinin.
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5. MATERIALS AND METHODS

5.1. Chemicals and Reagents. The reference standards of
artemisinin, deoxyartemisinin, and 10-deoxoartemisinin were
isolated from A. annua and then purified or semisynthesized
and further standardized in our lab.*”?® Their chemical
structures were further identified by UV, IR, 'H nuclear
magnetic resonance (NMR), 3C NMR, and HR-ESI-MS
techniques. The purities were detected to be all higher than
99.0% through the HPLC—diode-array detector (DAD)
technique at a wavelength of 210 nm under an area
normalization procedure. Terfenadine was purchased from
Toronto Research Chemicals (TRC, Lot: 6-EOD-111-1, purity
>99.0%, Toronto, Canada) and was used as the internal
standard (IS). Methanol and acetonitrile of HPLC grade were
purchased from Thermo Fisher Scientific. All other reagents
belonged to analytical grade. The distilled water was obtained
by a Milli Q water purification system from Millipore
Corporation (MA).

5.2. Instruments and the LC—MS/MS Technique. The
LC—MS/MS analysis procedure was operated on an Agilent
1200 HPLC system (CA) bridged with an AB Sciex 4000 Q
Trap (ON, Canada). Data acquisition and quantification were
implemented on Analyst 1.6 software (Applied Biosystems,
MA). The elution procedure was performed on an Agilent
Zorbax XDB C,4 column (50 mm X 2.1 mm, 3.5 ym) at room
temperature with a flow rate of 0.50 mL/min. The mobile
phase A was water with 0.1% formic acid and B was methanol
with 0.1% formic acid. In the LC gradient profile, the mobile
phase B was 30% (v/v) for 0.50 min and linearly increased to
60% from 0.50 to 2.50 min. Then, it increased to 75% during
1.00 min and kept this state from 3.50 to 5.50 min. Finally, it
went back to 30% at 5.51 min and maintained until 6.50 min.

The optimization of MS/MS conditions included source
temperature (600 °C), ion spray voltage (5500 V), curtain gas
(20 psi), nebulizing gas (60 psi), and turbo ion spray gas (60
psi). The quantitative ion pairs for multiple reaction
monitoring (MRM) were m/z 283.1—209.2 for artemisinin,
m/z 267.3—207.1 for deoxyartemisinin, m/z 291.2—165.3 for
10-deoxoartemisinin, and m/z 472.1—-436.3 for terfenadine
(IS). The product ion spectra of these compounds are shown
in Figure 1. The declustering potentials (DP) were 86, 10S, 92,
and 130 V for artemisinin, deoxyartemisinin, 10-deoxoartemi-
sinin, and terfenadine, respectively. The collision energies
(CEs) were set at 11, 20, 22, and S0 eV artemisinin,
deoxyartemisinin, 10-deoxoartemisinin, and terfenadine, re-
spectively.

5.3. ADME Prediction. ADME properties of artemisinin,
deoxyartemisinin, and 10-deoxoartemisinin were calculated
using QikProp 5.8 tool (Schrodinger 2018, New York).*>*
QikProp can predict physicochemically significant descriptors
as well as pharmacokinetically relevant properties. Not only
does it provide a range of pharmacokinetic properties given by
comparing a particular molecule with 95% known drugs but
also it labels 30 kinds of reactive functional groups that may
lead to false positives in high-throughput screening (HTS)
analysis. In addition, it evaluates the acceptability of analogs
based on Lipinski’s rule of five,"*” which is necessary to obtain
drugs with good drug-likeness.

In the current study, the parameters included are as follows:
(a) molecular weight (mol MW) (150—650), (b) octanol/
water partition coefficient (QP logPo/w) (=2 to 6.5), (c)
aqueous solubility (QPlogS) (—6.5 to 0.5), (d) apparent
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Caco-2 cell permeability (QPPCaco) (nm/s; <2S poor, >500
great), (e) brain/blood partition coefficient (QP log BB) (—3.0
to 1.2), and (f) percent human oral absorption (>80% is high,
<25% is poor).

5.4. Animals. Male pathogen-free Sprague—Dawley rats
(220—250 g) were purchased from the Charles River (Beijing,
China, SYXK 2016-0006). The protocol was implemented
according to the Animal Ethics Committee of Capital Medical
University (Beijing, China) and followed the Guide for Care
and Use of Laboratory Animals.*' The rats were fed in a room
of special pathogen free (SPF) with an appropriate temper-
ature of 25 + 2 °C and a relative humidity of 40—60%. After 1-
week adaptive breeding, all animals were fasted for 12 h until
the experiment was started.

5.5. Preparation of Calibration Solutions and Quality
Control (QC) Solutions. Stock solutions (1.00 mg/mL) for
artemisinin, deoxyartemisinin, 10-deoxoartemisinin, and terfe-
nadine were prepared in dimethyl sulfoxide (DMSO),
respectively. The working solution of each compound was
obtained by serially diluting the stock solutions with methanol
to concentrations ranging from 10.0 to 10000 ng/mL. To
prepare calibration standards of the target compounds, 5 uL of
working solutions were diluted in SO uL of blank plasma to
final concentrations of 1.00—1000 ng/mL for each compound.
QC samples (2.00, 50.0, and 800 ng/mL) were independently
prepared with the same method as calibration standards. All
samples above were immediately stored at 4 °C.

5.6. Sample Preparation. All plasma samples were placed
at room temperature for about 30 min until completely melted
and then vortexed for 30 s. For calibration standards and QC
samples, 100 yL of IS solution (100 ng/mL terfenadine in
methanol/acetonitrile (50:50, v/v)) was added to correspond-
ing plasma solutions. For plasma samples after administration,
aliquots of 50 uL of rat plasma samples were collected and
mixed with § uL of methanol and 100 uL of IS solution. All of
the mixed suspensions contained IS were vortexed for 10 min
and then centrifugated at 14 000g for 10 min, until aliquots of
100 uL of supernatants were transferred to HPLC vials for
analysis.

5.7. Method Validation. According to the international
guidelines and the established procedures in our group,42_46
the reliability of the current method for simultaneous
quantification of artemisinin, deoxyartemisinin, and 10-
deoxoartemisinin in plasma samples was proved by monitoring
selectivity, linearity, lower limit of quantification (LLOQ),
precision, accuracy, matrix effect, recovery, and stability.

The selectivity was evaluated by comparing the chromato-
gram of blank plasma with that of spiked matrix samples with
artemisinin, deoxyartemisinin, 10-deoxoartemisinin, and terfe-
nadine. Every calibration curve was plotted using the standard
solution concentration as the abscissa and the ratio of the peak
area of the analyte to the IS as the ordinate. The lower limit of
quantification (LLOQ) referred to the lowest concentration
whose precision and accuracy should be within —20 to 20%.
The accuracy and precision were detected using QC samples
(low, medium, and high concentrations) in six replicates and
were characterized with relative standard deviation (RSD) and
relative error (RE), respectively. The extraction recoveries
were evaluated through the ratio of mean peak areas between
regularly prepared QC samples (low, medium, and high
concentrations) and spike-after-extraction plasma samples.
Similarly, the matrix effect was assessed through the ratio of
peak areas between postextraction samples spiked with
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analytes and mobile phase spiked with analytes at the same
concentration. The stability was evaluated by analyzing QC
samples set under different temperature conditions, including
room temperature for 2 h (25 °C), autosampler for 24 h (4
°C), three freeze/thaw cycles, and long-term for 30 days (—80
°C).

5.8. Pharmacokinetics in Rats. Two days before starting
the pharmacokinetic experiment, a polyethylene cannula was
implanted in the jugular vein of each rat after receiving
pentobarbital anesthesia (S0 mg/kg, intravenous). The
cannulas were exposed on the back of the neck and filled
with heparin saline (20 units/mL). The formal experiment was
operated on rats after 12 h fasting.

The intravenous solution (2.0 mg/mL) of each compound
was prepared in DMSO and 30% HP-$-CD aqueous solution
(5:9S, v/v). Due to low polarity and poor solubility in water,
each compound was dissolved to 80 mg/mL first using a small
amount of cosolvent (DMSO). HP-f-CD aqueous solution
(30%) was then added to make a final concentration of 2 mg/
mL. As a kind of cyclodextrin inclusion agent, HP-3-CD can
increase the water solubility of the compound by inclusion.
Three groups of male SD rats (n = 3) were given solutions at a
dose of 5 mg/kg through intravenous administration. The oral
administration suspension solutions of these three compounds
(10 mg/mL) were prepared using 0.5% CMC-Na. Three
groups of male SD rats (n = 3) were treated with oral
administration at a dose of 100 mg/kg. The choice of dosage is
based on previous references reported by Birgersson and
Dai.”>"" We calculated the equivalent dose for humans and
rats and selected a compromised dose for the current
experiment.

Blood samples with a volume of 200 uL were collected into
heparinized tubes on ice at 0, 0.033, 0.083, 0.167, 0.50, 1.0, 2.0,
4.0, 6.0, 8.0, 12, and 24 h for intravenous, 0, 0.083, 0.25, 0.50,
1.0, 2.0, 4.0, 6.0, 8.0, 12, and 24 h for oral administration. The
plasma samples were obtained via centrifugation of the blood
samples at 14 000g for 10 min and were finally stored at —80
°C prior to analysis.

The pharmacokinetic parameters were calculated using
WinNonlin software (version 6.4, Certara USA, Inc., Prince-
ton, NJ), including half-life (¢,,,), maximum plasma concen-
tration (C,,,), area under the plasma concentration—time
curve (AUC,,,), clearance (Cl), and the mean residence time
(MRT). All data were shown with arithmetic mean + standard
deviation (SD).
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