ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Dec. 2008, p. 4466-4469

0066-4804/08/$08.00+0  doi:10.1128/AAC.00903-08

Vol. 52, No. 12

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Inhibition of Toxoplasma gondii by Indirubin and Tryptanthrin Analogs"

Bogdana Krivogorsky,' Peter Grundt,*f Robert Yolken,'* and Lorraine Jones-Brando'

Stanley Laboratory, Department of Pediatrics, Johns Hopkins School of Medicine, Baltimore, Maryland," and Department of
Chemistry and Biochemistry, University of Minnesota Duluth, Duluth, Minnesota®

Received 8 July 2008/Returned for modification 4 August 2008/Accepted 22 September 2008

New drugs are needed for treatment of Toxoplasma gondii infections. We tested derivatives of principles found
in Isatis indigotica for in vitro efficacy against T. gondii infection. Indirubin-3'-oxime analogs showed modest
micromolar activity, while tryptanthrin derivatives displayed 50% inhibitory doses in the low nanomolar range.
Tryptanthrins have potential as anti-Toxoplasma infection therapeutics.

Toxoplasma gondii is an apicomplexan parasite with world-
wide distribution. 7. gondii infections in humans range from
overwhelming infection in neonates and immunocompromised
individuals to inapparent infections in immunocompetent
hosts. Current medications for the prevention and treatment of
Toxoplasma infection are hampered by toxicity and limited
efficacy.

Our approach to address this drug deficit was to examine
natural and synthetic derivatives of principles found in the
Chinese medicinal herb Isatis indigotica for the ability to dis-
rupt the in vitro growth of 7. gondii. Our primary focus cen-
tered around analogs of the components indirubin 1a (Table 1)
and tryptanthrin 2a (Table 2) (7). Derivatives of these com-
pounds have been shown to possess activity against several
protozoan pathogens. Specifically, both classes of compounds
have been shown to inhibit some strains of Leishmania spp. (3,
4; E. Xingi, V. Myrianthopoulos, D. Smirlis, S. Bisti, P. Ma-
giatis, E. Mikros, L. Skaltsounis, and K. Soteriadou, presented
at the 3rd COST B22 Annual Congress, Drug Discovery and
Development for Parasitic Diseases, Athens, Greece, 2006). In
addition, tryptanthrin derivatives have been reported to inhibit
Trypanosoma brucei (11) and another apicomplexan parasite,
Plasmodium falciparum (2). To our knowledge, there are no
reports of the activities of these compounds as inhibitors of 7.
gondii. Therefore, we examined the ability of derivatives of
indirubin and tryptanthrin to inhibit the growth of T. gondii in
cell culture.

Indirubin-5-sulfonic acid 1c was obtained from Alexis Bio-
chemicals, San Diego, CA. Indirubin-3’-oxime-5-sulfonic acid
4c and indirubin derivative E804 6 (9) were purchased from
Calbiochem, Darmstadt, Germany. Trimethoprim and indiru-
bin-3'-oxime 4a were obtained from Sigma Chemical Co. (St.
Louis, MO). All other indirubin and tryptanthrin derivatives
were synthesized by standard methods (1, 12). The analogs of
indirubin la were prepared by condensation of 3-acetoxy in-
dole with the appropriate isatin derivatives in the presence of
sodium carbonate. Treatment of 1a with hydroxylamine hydro-
chloride in pyridine gave the 3'-oxime analogs 4 (4a to 4k). The
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1-N-acetyl derivative 3 and 3’-acetoxy-oxime compounds 5 (5a
and 5k) were prepared by treatment of compound la or 4a
with acetic anhydride. The analogs of tryptanthrin 2a were
synthesized from isatoic anhydride and the corresponding
isatin derivatives in refluxing toluene with triethylamine as
cosolvent.

Compounds were tested for in vitro efficacy against 7. gondii
tachyzoites, using methods which have been described in detail
in previous publications (5). Briefly, test and control drugs (320
to 0.32 pg/ml) were added to normal human fibroblasts
(ATCC, Manassas, VA) plated in 96-well plates. Directly fol-
lowing this, 50 tachyzoites of a B-galactosidase (B-Gal)-pro-
ducing strain of 7. gondii, RH (ATCC 50839), was added to 6/8
wells in each column. After 4 days at 37°C in 5% CO,, the
B-Gal substrate chlorophenol red—f-p-galactopyranoside was
added to these same wells for 1 additional day. Cytotoxicity
was measured in the remaining 2/8 wells using a commercially
available cell viability reagent (One Solution; Promega). Color
reactions in all wells were read in a Vmax Microplate reader
(Molecular Devices, CA). The 50% inhibitory dose (ID5,) and
the 50% toxic dose (TDs,) were calculated by applying the
Reed and Muench formula (10) using a minimum of 12 deter-
minations for the ID5, and 6 determinations for the TDs,. The
therapeutic index (TI) was calculated by the equation TI =
TDs/IDs,. Stock solutions of compounds were prepared in
50% or 100% dimethyl sulfoxide.

For each compound, the cLogP value was calculated using
ChemDraw version 11.0 software (Cambridgesoft, Cam-
bridge, MA).

In our assay, indirubin la and six of its derivatives (analogs
1b to le and 1i to 1j) were inactive against 7. gondii (Table 1).
Only the 5-halogen-substituted analogs 1f to 1h displayed some
potency (IDs, of >20 wM) but less than that of the control
drug trimethoprim. The introduction of 1-N-acetyl group
(compound 3) yielded increased efficacy (ID5, = 30 wM) com-
pared to that of the parent compound la. In the 3’-oxime
series of compounds 4, the 6-chloro 4i, the 5-fluoro 4e, and the
6-bromo 4k substituted analogs proved to be the most effective
inhibitors (ID5, = 0.18 to 0.52 wM) but also showed substantial
cytotoxicity. Of note, halogen substituents larger than fluorine
in the 5 position demonstrated both lower efficacy and selec-
tivity. Thus, the 5-iodo 4h (IDs, = 9.7 uM) was determined to
be the least potent and least selective (TI = 5) of the 5-halo-
gen-substituted 3’-oxime derivatives. The di-substituted 5-bromo-
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TABLE 1. In vitro inhibition of 7. gondii by indirubin and synthetic derivatives
5
IDS() TDS[)
Compound X R® MW* cLogP TI
pg/ml uM pg/ml uM
la (indirubin) O H 262.26 32 >320 >500 >320 >500 ND
1b (6] 5-CH; 276.3 3.7 >320 >500 >320 >500 ND
1lc O 5-SO;H 341.3 0.8 >320 >500 >320 >500 ND
1d (6] 5-NO, 307.27 2.1 >320 >500 >320 >500 ND
le O 5-F 280.26 3.6 >320 >500 >320 >500 ND
1f (6] 5-Cl 296.72 4.1 17.8 60 >320 >500 >8
1g O 5-Br 341.17 4.3 9.2 27 >320 >500 >19
1h (6] 5-1 388.17 4.5 8.5 22 93.2 240 11
1i O 6-Cl 296.72 41 >320 >500 >320 >500 ND
1j (0] 5-Br,6-Cl 375.61 5.0 >320 >500 >320 >500 ND
3¢ O H 304.31 12 9.1 30 >320 >500 >16
4a (indirubin- NOH H 277.26 24 1.0 3.6 >320 >500 >139
3’-oxime)
4b NOH 5-CH; 291.3 2.6 >320 >500 >320 >500 ND
4c NOH 5-SO;H 357.3 -0.9 >320 >500 >320 >500 ND
4d NOH 5-NO, 322.27 1.7 0.4 1.1 8.7 27 25
de NOH 5-F 295.27 2.7 0.2 0.52 18.0 61 120
Af NOH 5-Cl 311.72 33 0.7 22 15.9 51 23
4g NOH 5-Br 356.18 34 0.6 1.8 6.1 17 9
4h NOH 5-1 403.18 3.7 3.9 9.7 19.0 47 5
4i NOH 6-Cl 311.73 33 0.06 0.18 6.2 20 110
4 NOH 5-Br,6-Cl 391.63 42 0.9 2.4 >320 >500 >210
4k NOH 6-Br 356.18 34 0.2 0.51 5.7 16 31
5a NOAc H 319.32 34 0.07 0.21 7.0 22 100
Sk NOAc 6-Br 400.23 4.5 1.5 3.7 18.4 46 12
6 (E804) NOCH,CHOHCH,OH H 365.4 2.1 84.0 230 >320 >500 >2

“ X, substitution at position X.

b R, substitution at position R.

¢ MW, molecular weight.

4 ND, not determined. TI < 1.

¢ Substitution at position 1-N-acetyl.

6-chloro derivative 4j was the most selective indirubin-3’-oxime
(TI, >210). The 3’-acetoxy-oxime derivative 5a was more than
17-fold more potent than the corresponding 3’-oxime 4a,
though the cytotoxicity was somewhat increased by this struc-
tural modification. The ether derivative 6 was 64-fold less po-
tent than 4a.

Tryptanthrin 2a and five of its derivatives, 2b to 2f, displayed
the highest TI of all the compounds tested (Table 2 and Fig. 1).
The 8-halogen derivatives 2c to 2f had the lowest 1D, values,
with a range of 1 to 11 nM, and, with the exception of the
8-fluoro 2c, exhibited less cytotoxicity than parent compound
2a. The 8-iodo 2f was 30-fold more potent than the parent
compound 2a. Interestingly the 9-halogen derivatives 2g and
2h, as well as the 8,9-di-halogen compound 2i, showed >150-
fold less activity against 7. gondii than the 8-halogen deriva-
tives. The cLogP values of the compounds are shown in Table
1 and 2. All of the compounds meet the standard of being

“drug-like,” according to criteria proposed by Lipinski et al.
(8).

Indirubin compounds have been shown to inhibit Leishma-
nia mexicana by the inhibition of CRK3 cyclin-dependent ki-
nase (4). However, the effect of these compounds on the rep-
lication of T. gondii has not been previously described.
Recently, a number of cell cycle-regulated kinases have been
identified in 7. gondii which are distinct from those found in
mammalian cells (6). Additional studies should be directed at
further delineation of these kinases as targets of the indirubin
derivatives.

The mechanisms of action of the tryptanthrin group of
compounds have not been fully elucidated. Our data indi-
cate that structure-activity relationships of this class of 7.
gondii inhibitors are well in line with observations previously
reported. Bhattacharjee et al. (2) found that halogenated
forms of tryptanthrin are more potent inhibitors of Plasmo-
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FIG. 1. Inhibitory activity of selected tryptanthrin and indirubin compounds. The values on the y axis represent the amount of B-Gal activity
measured following 5 days of cultivation of 50 tachyzoites of a 3-Gal-producing strain of 7. gondii in human foreskin fibroblast cells inoculated
along with the indicated concentration of the compound. The full chemical structures are shown in Tables 1 and 2. The values in panel A indicate
the activity of the tryptanthrin derivatives, and the values depicted in panel B indicate the activity of the indirubin derivatives. The effect of
trimethoprim (Tm) is shown for comparison. None of the indicated compounds demonstrated cytotoxicity at the concentrations tested. Compounds

with IDs, values of more than 100 pg/ml are not depicted.

dium malaria than the parent compound. We also found that
halogenated forms of tryptanthrin are potent inhibitors of 7.
gondii, with the highest degree of inhibitory activity being
measured in the 8-iodine derivative. In addition, derivatives
2c to 2e reportedly inhibit 7. brucei but at more than 1,000-
fold the IDs, value for T. gondii (11). It is also of note that
the halogenated forms of tryptanthrin showed less cytotox-
icity in human cells than the parent compound. The halo-

genation of these compounds, thus, both increases anti-7.
gondii activity and decreases cytotoxic effects on human
cells, with a resulting substantial increase in the therapeutic
index.

In summary, the tryptanthrin derivatives presented in this
paper represent a new class of compounds with substantial
activity against in vitro growth of 7. gondii. As these studies
were performed using in vitro system assays and nonaqueous
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TABLE 2. In vitro inhibition of 7. gondii by tryptanthrin and synthetic derivatives
9
O
8
N
N
O
IDs, TDs,
Compound R“ MW?* cLogP TI
pg/ml M pg/ml M
2a (tryptanthrin) 248.24 23 0.008 0.031 15.4 62 2,000
2b 8-CH; 262.27 2.8 0.022 0.082 >320 >500 >6100
2c 8-F 266.23 2.4 0.001 0.002 16.7 63 31,500
2d 8-Cl 282.69 3.0 0.003 0.011 101.6 360 33,000
2e 8-Br 327.14 32 0.001 0.003 >320 >500 >160,000
2f 8-1 374.14 3.4 0.0003 0.02 >320 >500 >500,000
2g 9-Cl 282.69 3.0 1.781 6.3 >320 >500 >80
2h 9-Br 327.14 32 0.981 3.0 >320 >500 >160
2i 8-Br,9-Cl 361.58 3.8 0.615 1.7 36.1 100 59

“ R, substitution at position R.
> MW, molecular weight.

solvents, they should be verified in more physiological systems
such as ones employing animal models.

This work was supported by funding from the Stanley Medical Re-

search Institute.
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