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Hydroxyl mechanism of the antimalarial effect of artemisinin

and its analogs
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Kinetic schemes for the intramolecular oxidation of four artemisinin analogs, which are
used as drugs against malaria, were developed. Each stage of the kinetic scheme is character-
ized by the enthalpy, activation energy, and rate constant calculated using the model of inter-
secting parabolas. The competition of mono- and bimolecular radical reactions was taken into
account when developing the schemes. The hydroperoxide groups are formed as a result of the
intramolecular oxidation of these compounds and generate free radicals in the reaction with Fell.
Among these free radicals, hydroxyl radicals play the key role, since their yield (ngy) corre-
lates with the antimalarial activity of the peroxide compound. The efficiency of the drug
(index ICsp) exponentially depends on ngy and is expressed by the formula ICsy(Artemisinin)/
IC5o(Compound) = 1.54- 10*6exp(3.9n0H). The elementary reactions resulting in the genera-
tion of hydroxyl radicals are considered. It is supposed that DNA of a malaria parasite is the
main biological target for hydroxyl radicals.

Key words: artemisinin, artemisinin analogs, antimalarial activity, hydroxyl radical, DNA,
isomerization of radicals, kinetic scheme, rate constant, model of intersecting parabolas, acti-
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Artemisinin (1) is a highly efficient drug, which is suc-
cessfully used against malaria plasmodium (Plasmodium
falciparum) resistant to quinine and its analogs of the alka-
loid type.1=3 The curing effect of compound 1 is due to
the generation of free radicals. Structure 1 is a sesquiter-
pene endoperoxide (see below). The peroxide bridge in
structure 1 generates free radicals via the redox reaction
with chelates of divalent iron

ROOR + Fe2* — RO" + RO~ + Fe3*,

which, as it is believed, results in the death of the parasite.
It was assumed for a long time that the mechanism of the
antimalarial effect of compound 1 is reduced to this reac-

tion, i.e., compound 1 "works" as a usual initiator.1-3—10
However, the synthesis and testing of its analogs to anti-
malarial activity showed that the whole structure of mole-
cule 1 rather than its peroxide bridge only plays an impor-
tant role.1:2 Using the kinetic analysis of the reactions
occurring after the cleavage of the peroxide bridge in com-
pound 1 in the presence of oxygen, it was proposed that
the radicals formed are involved in a cascade of consecu-
tive transformations with participation of oxygen.11—16 As
a result, compound 1 is transformed into polyatomic
hydroperoxide. The latter generates free radicals via the
reaction with Fell, which results in the death of the para-
site. The kinetic analysis of radical transformations of

(IC5p), = 1.00 (IC5p), = 7:40

Note. (ICSO)ICI = ICSO(I)/ICSO(I)

(ICsp), = 178

(ICsp), = 1.78

(IC5), = 0.08
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a series of analogs of compound 1 established that the
efficiency of their action is determined by the number of
hydroxyl radicals generated by one molecule of the drug
rather than the total number of generated radicals.2-17—21
This result was obtained for a series of structures with the
same or lower antimalarial activity (compared to that of 1).
The antimalarial activity is characterized by index 1Cs,
the dose of the drug that decreases the concentration of
a malaria parasite by 2 times (it is expressed in ng g~?).
The present work is devoted to the kinetic analysis of ana-
logs of compound 1 that manifest a higher activity than
the activity of compound 1.22 The radical transformations
of drugs 2—4 and compound 5 were considered. Com-
pound 5 is an analog of 1 in which the C—H group
in position 9 is "switched off" (>CH is replaced by the
>C-cyclo-C3H;s group).

The present study is aimed at revealing whether the
generation of hydroxyl radical plays the key role in the
antimalarial effect of these highly efficient drugs and at
refining the dependence of the antimalarial activity of such
drugs on the yield of hydroxyl radicals.

Calculation Procedure

The method of intersecting parabolas was used for the calcu-
lation of the activation energy £ and rate constant £ of mono-
and bimolecular radical reactions.23—25 In terms of this method,
each class of radical reactions is characterized by the following
parameters: the atomic structure of the reaction center of
the transition state, for example, O...H...C for the reactions
RO" + RH or RO," + RH, coefficients b for the attacked bond
and b; for the formed bond (22 is the force constant of the
bond), zero-point valence vibration energies of these bonds
0.5AN,v and 0.5AN vy, Tespectively (4 is Planck’s constant, N, is
Avogadro’s number, and v and v; are the frequencies of stretch-
ing vibrations of these bonds), total elongation of reacting bonds
in the transition state r,, and pre-exponential factor 4 per one
equireactive attacked bond. The derivatives of these parameters
are coefficient o = b/b; and product br,. The values of these
parameters for the reactions, which are observed for the oxida-
tion of the compounds considered, are given in Table 1.

Table 1. Kinetic parameters of the reaction classes26—28

An individual reaction is characterized by the classical en-
thalpy AH, = AH + 0.5hN,(v — vp) (AH is the enthalpy of the
reaction) and classical potential barrier £, = E + 0.5AN,v —
— 0.5RT. The activation energy of the reaction was calculated
through the enthalpy of the reaction AH by the reaction

2
E=Bz -« l_AH‘I'O.ShNA(V—Vf) _
Bbr,

—0.5hvN, + 0.5RT, (1)

where B = br./(1 — o?). The enthalpy of the isomerization and
bimolecular abstraction of the H atom was calculated as the
difference of the dissociation energies of the attacked bond Dc_y

365.5
l 358.6
370.9 I|_| l l
l o-° o 0"
4385 —=H H I Mel
\O H<— 37538

O\H <—— 358.6

H 5 o Me
- (0]
Poom
358.4 — H H<— 3629

Reaction class o br/kJ%3 mol 03 0.5ANAv;  0.5ANA(vi—vp  log(A/s™h)
kJ mol~!

RO" - R 0.796 13.13 17.4 —4.3 12.6
RO" — Decyclization 0.748 9.84 6.2 =2.1 13.0
RO + LSH 0.707 11.67 15.1 —6.6 7.3*%
RO," —» R* (n=06)** 0.814 13.23 17.4 -3.8 12.74
RO, » R (n=T7)** 0.814 13.43 17.4 -3.8 12.74
R0, - ROy 1.000 13.13 21.2 0.0 11.54
RO, + LSH 0.722 11.94 15.1 —6.1 7.3%

* For this bimolecular reaction 4 = A;[LSH].

** n is the number of atoms in the cycle of the transition state.
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Scheme 1

2+ (0]
2 Fe _2’
AH = -48.5, E=17.0, AH =19.5, E = 44.4,
k=15.46-10° k=1.32-105
. O

AH =19.7, E= 445, AH =29.2, E= 495,
k=1.74-10° k=251-10% k=3.47-10°

k=1.22-10% k=4.15-10° k=3.65-10°

AH = 43.3, E = 56.3, AH = 13.5, E = 41.5,
k=1.80-103 k=2.03-103

(to be continued)
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Scheme 1 (continued)

Fe2*
e,

AH = -34.6, E = 21.8, AH =12.6, E=42.7,
k=8.51-108 k=3.51-10°

AH = —43.0, E = 18.4,
k=3.51-10° k=3.17-10°

Fe2t

AH =17.2, E=43.2,
k=4.27-102 k=261-10% k=2.88-10°

AH = -53.2, E=14.9, AH =152, E=42.2,
k=1.23-101° k=4.26-10°

—_— —_—
Ho,o OH Ho/o OH
AH = 0.8, E = 23.9, AH = 45.9, E = 57.7, AH =6.9, E=19.8,
k=19.40-106 k=1.04-108 k=1.61-108

(to be continued)
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Scheme 1 (continued)

Fe2*

k=1.66-10°

. Fe2", LSH
+0H ———

RO (1) (2) AH = -29.7, E = 23.6, AH =221, E= 457,
k=4.26-108 k=1.10-10°

k=3.17-10°

AH = 41.0, E =551, AH = -6.9, E = 19.8, AH = 8.0, E=40.1,
k=2.80-10° k=1.61-108 k=9.63-10°

(to be continued)
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Scheme 1 (continued)

LSH
_—

+1S

AH=-785,E=5.38,
k=2.06-108

(or Dg_y) and the formed bond Dg_y: AH = Dc_y — Do_y-
The values of D¢_y and Dg_y (kJ mol~!) used in the calcula-
tion are presented below.29—32

The strength of the S—H bond in L-cysteine is Dg_y =
=360 kJ mol~!.28 Among all substrates, these are the thio groups
of L-cysteine in the composition of proteins that are attacked
most rapidly by radicals RO* and RO,".12:15

The calculation of & of radical reactions is necessary for
taking into account the competition of parallel reactions and
composing the sequence of radical transformations. Two paral-
lel reactions were taken into account if the ratio of their con-
stants k;/k, did not exceed 5, which corresponds to the differ-
ence in activation energies AE = E, — E; = 4 kJ mol~! at equal 4,
and A,. For instance, the rate constant for H atom abstraction
from position C(4) by radical RO@" is k(C(4)H) =8.51-108s~!
(310 K), whereas that from position C(7) isk(C(7)H) =4.26- 103 s~ 1.
The ratio k(C(4)H)/k(C(7)H) is 2.0, and the both reactions were
taken into account (Schemes 1—3, AH and E are presented in
kJ mol~!, and k(310 K) are presented in s—!). The addition of
oxygen to the alkyl radical occurs very rapidly with the diffusion
rate constant.25 The specific rate constant of this reaction in the
lipid phase k[O,] is 3.5-10° s~1.15 Thus, the reaction consid-
ered occurs much more rapidly than any other reaction involv-
ing the alkyl radical.1%

Results and Discussion

The kinetic scheme of radical transformations of com-
pound 2 and kinetic characteristics for each stage are pre-
sented in Scheme 1. Each stage involving the peroxyl rad-
ical includes two consecutive elementary acts: the fast ad-
dition of oxygen to the alkyl radical (see above) and the
intrinsic fast reaction involving RO, formed.

This scheme shows that alkoxyl radical RO®* formed
from compound 2 isomerizes exclusively to alkyl radical
RG®)-_ The single parallel reaction of RO®* with LSH is by
three orders of magnitude slower (\[LSH] = 1.0 106s~1).12
As a result of a chain of successive radical transforma-
tions, R(*®* generates four hydroxyl radicals. Since only
50% of the molecules reacted with Fell generates radicals
RO+ the yield of radicals HO* per molecule 2 via this
radical is equal to 2. The transformation of radical RO+
proceeds via two parallel channels. The isomerization
ROMW-— RO@:- followed by transformations of R*-

affords five hydroxyl radicals and one thiyl radical. The
ratio k(RO — R®*) /[k(ROD* — R®*) + (ROD*
— R™+)]is 0.67. Taking into account that 50% of mole-
cules 2 are transformed in the reaction 2 — RO+ we have
that the yield of radicals via this channel is ngy = 1.67 and
n s = 0.33. The reaction RO — RO results in the
transformation of 0.33 RO radical. A chain of succes-
sive transformations of radical R(") gives rise to two hy-
droxyl radicals and one thiyl radical, and the yields are
nog = 0.33 and n; g = 0.17 per one molecule 2. The total
yield of radicals (nyg) per one molecule 2 is nyg = 4.5, of
which ngy =4 and ny g = 0.5.

The kinetic Scheme 2 shows the sequence of transfor-
mations of radicals, which are formed due to the reactions
following the cleavage of the peroxide bridge in compound 3.

In Scheme 2, as in Scheme 1, each stage involving the
alkyl radical includes the fast addition of oxygen and
isomerization of the peroxyl radical formed. Taking into
account the parallel reactions involving peroxyl radicals,
we obtained the following parameters for the generation
of radicals by molecule 3: ngy = 3.83, n; g = 0.83, and
nyr =4.66. The kinetic scheme of transformations of com-
pound 4 has the same network of reactions and finally the
same yield of radicals per one molecule.

The introduction of the cyclopropyl substituent in ar-
temisinin into position C(9) switches off the group C(9)—H
from the cascade of radical transformations. This drasti-
cally changes the yield of hydroxyl radicals upon the oxi-
dative destruction of compound 5 (see Scheme 3).

Radical C(12)O" cannot attack the group C(9)H be-
cause of its absence, and the cascade of subsequent reac-
tions with the elimination of CO, and decyclization of the
cyclopropane ring results in the generation of a series of
radicals LS* (instead of HO" during the oxidation of com-
pounds 1—4). As a result of the oxidation of compound 5,
the yield of radicals HO" nqy is as low as 1.67.

For a more complete consideration of the role of radi-
cals LS and HO" in the antimalarial effect of the analogs
of 1, Table 2 includes the kinetic analysis results for com-
pounds 2—5 and also other analogs of compound 1 con-
sidered earlier,!’—21 namely, compounds 6—13, whose
structures are given below.
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Scheme 2

AH = -48.5, E=17.0, AH =195, E=44.4,
k=5.46-10° k=1.32-10°

AH=19.7, E= 445, AH = 29.2, E=49.5, AH = 36.9, E=54.6,
k=1.74-10° k=2.51-10% k=23.47-10°

k=1.22-108 k=4.61-107 k=23.65-10°

k=23.17-10°

AH =534, E=61.7, AH = -6.9, E = 19.8, AH =20.4, E= 4438,
k=2.21-102 k=4.61-107 k=1.55-10°

(to be continued)
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Scheme 2 (continued)

AH = -34.6, E = 21.8,

k=8.51-108 k=3.51-10°

AH = -43.0, E = 18.4,
k=3.51-10° k=3.12-10°

Fe?"

AH = 30.0, E = 49.4,
k=4.27-102 k=261-10% k =12.88-10°

0, 0,, LSH
—2 -2
(0] OH
Me”
AH =53.2, E=14.9, AH =15.2, E=42.2,
k=1.23-1010 k=4.26-10°

(to be continued)
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Scheme 2 (continued)

AH =1.6, E= 324,
k=6.95-10

AH = -78.5, E=5.8,
k=2.06-10°

AH = -29.7, E = 23.6,
k=4.22-108 k=1.10-105

AH=17.2, E=43.2,
k=2.88-10%

AH = -47.7, E=17.4,
k = 4.66-10°

k=1.22-10% k=4.61-107

AH =12.3, E = 42.6, AH=-785,E=5.8,
k=23.65-10° k=2.06-108
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Scheme 3

AH =19.5 E=44.4,
k= 5.46-10° k=1.32-10°

AH =29.2, E=49.5,
— . 4
k=251-10 k= 3.47-103 k=1.22-10°

AH=-6.9, E=19.8, AH =123, E = 42.6,
k=4.61-107 k =3.65-10°

0,, LSH
E—

AH =1.4, E=32.3,
k=7.22-10

(to be continued)
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Scheme 3 (continued)

- Fe2' LSH
+LSs —

AH = -5.5, E = 29.5,
k=2.14-102 k =6.58-10°

Fe2*
—

AH =12.6, E=42.7,
k=8.51-108 k=3.51-10°

AH =125, E =427,
k=3.51-10°

0,, LSH
— >

k=7.22-10

- Fe?, LSH
+Ls —

AH = -5.5, E=29.5, AH=-72.4, E= 8.8,
k=2.14-102 k =6.58-10°

(to be continued)
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Scheme 3 (continued)

AH = -29.7, E = 23.6,
k=4.26-108

k=23.17-10°

AH=-6.9, E= 1928,
k=4.61-107

Table 2. Comparison of the antimalarial activity of compound 1
and its analogs 2—13 (see Refs 8—10) with the number of
hydroxyl radicals nqyy, which are formed due to their intramolecu-
lar oxidation16—21

Com- noH NER IC50(1)/IC50(1) ln[IC50(1)/IC50(1)]
pound

1 3.17 4.00 1.00 0.00

2 4.00 4.50 7.40 2.00

3 3.83 4.66 2.28 0.82

4 3.83 4.66 1.78 0.58

5 1.67 4.33 0.08 —2.53

6 3.00 5.00 0.20 —1.61

7 3.30 4.30 1.08; 0.75* 0.08; —0.29
8 3.00 6.00 0.14 —-1.97

9 0.50 1.00 0.00; 0.00* —

10 2.83 4.50 0.09 —2.41

11 3.50 4.00 2.20;1.80;1.40*  0.79;0.59; 0.34
12 2.50 3.00 0.016 —4.13

13 2.50 3.00 0.016 —4.13

* Index ICs, was measured on various clones of plasmodium
P. falciparum.

k=1.10-10°

AH =123, E=42.6,
k=3.65-10°

Fe2*

k=2.88-10°

AH = 45.3, E = 57.3,
k=1.22-108

. Fe2+, LSH
+0OH ———

AH = -78.5,E=5.38,
k=2.06-10°

In Table 2 ngy and nyg are compared with the anti-
malarial-effect index 1Csx,.

When discussing the mechanism of action of com-
pound 1, it is often assumed that compound 1 plays the
exclusive role of the free-radical initiator.1-3-8—10 If the
total number of radicals is significant, i.e., the total yield
of all radicals per one molecule of the peroxide compound,
one may expect a correspondence between 1Cs,(1)/1C5 (i)
and the total yield of radicals nyg. This comparison is
performed in Fig. 1.

It is clearly seen that any correlation is absent. On the
one hand, there are compounds with nyg equal to 3.5 and
5 among highly efficient antimalarial drugs. On the other
hand, the compound with nyr = 6 turned out to be low
efficient. Therefore, the high yield of radicals does not
indicate that the drug is efficient.

Another situation was observed when we compared
1C5, with the yield of hydroxyl radicals, which has already
been mentioned earlier.1’—21 In this work, we compared
the concentration index 1Cs, with the yield of hydroxyl
radicals ngy for each of compounds 1—13. The results of
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comparison of In{ICsy(1)/1Cs(i)} and ngy are presented
in Fig. 2, indicating a linear dependence between these
values with a correlation coefficient of 0.97 and the root-
mean-square deviation SD = 0.5. This means that the
curing effect of the peroxide compounds is caused by
the generation of hydroxyl radicals that destroy malaria
plasmodium.
Thus, the dependence of ICs on ngy is exponential

In[IC5o(1)/ICs()] = —13.4£1.0 + 3.9£0.3)noy (2
or
1C5o(1)/1Cs50(i) = 1.5+ 10~%exp(3.9n0y). 3)

Drugs that are more active than compound 1 should
provide the yield of hydroxyl radicals exceeding 3.3.

In[1C5y(1)/1C54(i)]
2k (@]

1+ o

-4t o

30 35 40 45 50 55  ng

Fig. 1. Logarithm of the relative antimalarial activity of the drugs
(IC50(1)/1Csy(i)) vs total number of radicals (nyg) generated by
the drug due to its oxidation.

n
(0]
-
(0]

Me,
Me ..|I|CI) Me ..|II(I)
Me o O||I| _\o Olln
H H
0 0]
Me Me
(6] (6]
8 9

Why do precisely the hydroxyl radicals cause the
death of the malaria parasite? They are very reactive
due to the high exothermicity of radical abstraction reac-
tions involving these radicals. This is seen from the com-
parison of the O—H bond strength in various com-
pounds.29—31

Compound sec-ROO—H PhO—H MeO—H HO—H
Do_n 365.5 369.0 436.0 499.0
/kJ mol~!

For this reason, hydroxyl reacts with many reactants
with a diffusion rate constant and is poorly selective. The
reaction of hydroxyl addition is also very fast. In particu-
lar, it reacts with organic bases composing DNA with
diffusion rate constant. The values of k(HO" + base) in
H,O0 are presented below.33

In[1C5y(1)/1C54(i)]
2 -

2.4 2.8 32 3.6 40  noy

Fig. 2. Logarithm of the relative antimalarial activity of the drugs

(IC5¢(1)/1C50(i)) vs number of hydroxyl radicals (ngy) generat-

ed by the drug due to its intramolecular oxidation.



1434 Russ.Chem.Bull., Int.Ed., Vol. 60, No. 7, July, 2011

Denisov and Denisova

Base Adenine Guanine Thymine Cytosine
k+1072 (398 K) 5.8 9.2 5.5 5.8
/L mol~!s~!

pH (H,0) 5.7 10.0 6.0 7.0

It is most likely that it is the DNA of malaria plasmo-
dium that is the biological target, whose reaction with OH
radicals results in the death of the parasite. It was experi-
mentally shown that in the presence of iron ions of com-
pound 1 caused the destruction of DNA plasmodium.1-34.35
A favorable circumstance is the fact that red blood corpus-
cles, where DNA is absent, form the biotope of malaria
plasmodium.! It is not excluded that radicals HO" also
attack other biological targets (protein and iron-contain-
ing enzymes), but these damages are secondary.

An analysis of Schemes 1—3 allows us to distinguish
two types of reactions via which hydroxyl radicals are gen-
erated from compound 1 and its analogs.

The oxidation of methylene groups affords groups
>CH(OOH) in which the C—H bond is weakened by the
influence of the adjacent hydroperoxide group. This is in-
duced by the stabilization of the radical >*COOH due to
the interaction of the unpaired electron with the p-elec-
trons of the oxygen atoms of the peroxide group. There-
fore, the isomerization of the peroxyl radicals in the
B-position to such a group proceeds predominantly with
the cleavage of the C—H bond of the peroxide group. The
radicals >*COOH, appeared in this process, are thermally
unstable and decompose rapidly with the O—O bond cleav-
age via the exothermic reaction

>CH(O0")CH,CH(OOH)R ——»
——» >CH(OOH)CH,C"(OOH)R —
——» >CH(OOH)CH,C(O)R +HO".

The enthalpies of decomposition of such three radicals
are presented below.

Radical Me,C-OOH cyclo- cyclo-

C¢H;,°OOH C;H,;,"O0H
—AH 142.6 131.8 132.6
/kJ mol~!

Totally eight hydroxyl radicals are formed via reac-
tions of this type in the kinetic scheme of transformations
of compound 2.

The intramolecular oxidation of compounds 1—5
affords diatomic hydroperoxides with the OOH groups
in the a-position (>C(OOH)C(OOHKX). In the reaction
with the iron chelates they generate alkoxy radicals
>C(0")C(OOH). The latter are thermally unstable and
decompose rapidly in the exothermic reaction with the
C—C bond cleavage and generation of radicals *OH.

>C(0")C(OOH) — >C=0+ >C=0+0'H

For example, the decomposition of the 2-hydroperoxy-
cyclohexyloxyl radical occurs with AH = —136.9 kJ mol—!,

and the decomposition of the analogous 2-hydroperoxy-
cycloheptyloxyl radical occurs with AH = —163.2 kJ mol~l.
Two hydroxyl radicals are formed in this reaction due to
the intramolecular oxidation of compound 2 (see Scheme 1).
Thus, an analysis of the intramolecular oxidation re-
actions of compounds 2—35 in combination with the pub-
lished data!’—2! makes it possible to formulate the follow-
ing mechanism of action of the peroxide antimalarial
drugs, analogs of compound 1. Under the action of the
Fe!l chelates the compound containing the O—O group is
transformed into the alkoxyl radical. This radical isomer-
izes to the alkyl radical, which further undergoes intramo-
lecular relay-race oxidation. This oxidation results in poly-
atomic hydroperoxides, which, in turn, generates radicals
in the reaction with Fe!l. The next cascade of radical reac-
tions generates very reactive hydroxyl radicals, whose
sources are peroxyl and alkoxyl radicals with hydroper-
oxide fragments. The higher the yield of hydroxyl radicals
nop, the more efficient the drug. The dependence of the
antimalarial activity of the ith drug ICsy(1)/1Cs(i) in the
yield radicals OH ngy is nonlinear (exponential). The
compounds with ngy 2 3.3 are efficient. The most impor-
tant biological target for hydroxyl radicals is DNA of the
malaria parasite. The efficient antimalarial effect of the
peroxide drugs is favored by the fact that the content of the
iron chelates in malaria plasmodium is 20 times higher
than that in the human organism and red blood corpus-
cles, oxygen mediators containing no DNA, are the biotope
of the parasite. The hydroxyl model of transformation of
compound 1 and its analogs formulated in the present
work makes it possible to explain the influence of the struc-
ture of the drug on its efficiency and provides a new ap-
proach to prediction of efficient antimalarial drugs.
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