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A B S T R A C T

Tryptanthrin is a potent natural alkaloid with good in vitro pharmacological properties. Herein, we report the
synthesis of the compound via a new method involving the reduction of isatin with solid-state-supported sodium
borohydride under microwave irradiation. The title compound has been tested for its analgesic and anti-
inflammatory activity. The results showed that tryptanthrin dose dependently inhibits oedema and pain forma-
tion in all the models used. The agent also exhibited significant higher effects in its anti-inflammatory and
analgesic activities better than positive drugs (aspirin and indomethacin) being currently used in the treatment
and in the management of acute and chronic forms of pain and inflammatory disorders. The inhibitory potential of
the compound was investigated by molecular docking using the software AutoDock Vina. The docking results
were used to better rationalize the action and prediction of the binding affinity of tryptanthrin. Density Functional
Theory (DFT) calculations at the B3LYP/6-311þþG (2df, 2pd) level of theory showed that compared to ascorbic
acid, tryptanthrin shows higher antioxidant activity which may be improved upon by functionalizing the aromatic
core to enhance its solubility in polar solvents. The calculated electronic and thermodynamic properties obtained
for tryptanthrin compete well with the standard ascorbic acid.
1. Introduction

Indolo [2,1-b]quinazoline-6,12-dione (commonly called tryptan-
thrin) 1 is a natural alkaloid (a weak base) that has been isolated from
numerous natural sources including Couroupita guaianensis [1, 2], Stro-
bilanthes cusia [3, 4], Polygonum tinctorium [5, 6], Isatis tinctoria [5, 7],
Wrightia tinctoria [8], Calanthe discolor [9], Phaius mishmensis [10], Stro-
bilanthes formosanus [11]. The orchid Phaius mishmensis has also been
reported to be rich in carbon-6 substituted-tryptanthrin derivatives [10].
In addition, the alkaloid has been isolated from Candida lipolytica
microscopic fungi which proliferate when grown in L-trypto-
phan-containing medium [12] and the marine bacteria Oceanibulbus
indolifexgen. nov., sp. nov. [13].
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Tryptanthrin and its derivatives are of special interest because many
of them have been shown to possess an array of biological activities, such
as anti-inflammatory (with inhibitory activities against cyclooxygenase
(COX)-2, 5-lipoxygenase (LOX), nitric oxide synthase (NOS) and pros-
taglandin E (2)) [14, 15, 16], antileishmanial [17], antimalarial [18, 19],
antimicrobial [20, 21, 22, 23] and antitrypanosomal [24] activities. Also,
the compound has been shown to possess antitumor and anti-cancer ef-
fects [25, 26, 27, 28].

Tryptanthrin has been synthesized through many different routes, all
of which involved the condensation of an anthranilic acid derivative
(e.g., benzo[d][1,3]oxazine-2,4-dione, commonly called isatoic anhy-
dride) with an indole derivative (e.g., indole-2,3-dione (isatin) or 1,3-
dihydro-2-indolone (oxindole)) (Scheme 1): The reaction of isatin 2 (or
an oxindole) with isatoic anhydride 3 is the most common route to
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he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:craigobafemi@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2020.e05756&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2020.e05756
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2020.e05756


Scheme 1. Synthetic routes to tryptanthrin and its atom numbering.
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tryptanthrin [27, 29]. Other methods include the reaction of thionyl
chloride with anthranilic acid to give an intermediate 3,2,1-benzoxathia-
zin-4-one-2-oxide 4, which reacted further with isatin to afford tryp-
tanthrin in high yield [30], the chlorination of isatin with phosphorus
oxychloride (or phosphorus pentachloride) to give 2-chloro-3-indolone
5, which upon further reaction with anthranilamide (or anthranilic
acid) produced tryptanthrin in very high yield [19, 31, 32], reaction of
phosphorus oxychloride with excess of isatin [33], a 3-component reac-
tion of isatin with 2-azidobenzoyl chloride 6 and tributylphosphine to
give 1 in about 40 % yield via an intramolecular aza-Wittig reaction [34]
and ozonolysis of indigo 7 to give 2 and 3, which then underwent
condensation to give tryptanthrin 1 in low yield [35] (Scheme 1).

The present paper reports a new route to synthesis of tryptanthrin
using a one-step process of isatin reduction. The product was assessed for
its analgesic and anti-inflammatory effects.

Improved understanding to the quantitative structure activity rela-
tionship (QSAR) and electronic properties of compounds and their
interaction with biological systems is provided by computational theory
methods (DFT). Hence, we have performed a DFT study of the compound
in both the gas and aqueous phases. In addition, the compound was
docked into the binding site of 1CX2 (cyclooxygenase 2) and its binding
energy calculated.
2

2. Experimental

2.1. General

Isatin was purchased from Merck company, while silica, alumina,
acetic anhydride and the solvents used (of analytical grade) were pur-
chased from BDH Chemicals Ltd and used without further purification.
The melting point of the product was determined on a Gallenkamp
(variable heater) melting point apparatus in open capillary tube and is
uncorrected. The Infrared (IR) spectrum was recorded on a Buck FTIR
spectrophotometer using KBr pellet, while 1H and 13C Nuclear magnetic
resonance (NMR) spectra of the pure compound in CDCl3 were recorded
on Bruker AMX spectrometer (400 MHz for 1H-NMR, 100 MHz for 13C-
NMR, delta in ppm relative to Me4Si).

Elemental analysis of the compound (C, H, N) was performed on a
Carlo Erba-1108 elemental analyzer. Result was within acceptable % of
the theoretical value. Electron impact mass spectrum (EI-MS) was ob-
tained on a VG 7070 spectrometer at the inter-departmental centre for
mass spectrometry of the University of Trieste.

The progress of the chemical reaction and the purity of the reaction
product (title compound) weremonitored and determinedwith the use of
silica gel G thin layer chromatography (TLC) plates, in solvent system of
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toluene:ethyl acetate (5:2 v/v). The spots on TLC chromatograms were
detected with UV light.

2.2. Synthesis

2.2.1. Typical procedure for synthesis of tryptanthrin 1 from isatin
A mixture of isatin (1.0 g, 6.8 mmol), sodium borohydride (0.60 g,

15.9 mmol) and silica (5.0 g) was ground in a mortar to a fine powder and
transferred into a beaker, with a glass cover. The mixture was irradiated
in a domestic microwave oven (with an emitted power of 400 W) for the
required length of time as shown in Table 1 and monitored by TLC
(toluene:ethyl acetate, 5:2). A silica gel column (toluene) was used to
separate the products to give yellow crystals (0.252 g, 30 %); m.p.
266–267 �C; Rf ¼ 0.90 (EtOAc/toluene, 2:5). IR (υmax, cm�1): 1727
(C¼O), 1685 (C¼O), 1594 (C¼C), 1314, 1113w, 1040w, 755. 1H NMR
Percentage inhibition¼fðacute inflammationÞcontrol� ðacute inflammationÞtreatedg X 100
ðacute inflammationÞcontrol
(400 MHz, CDCl3): δ ¼ 8.60 (d, 1H, J ¼ 8.05 Hz), 8.42 (dd, 1H, J ¼ 1.46,
J ¼ 7.87 Hz), 8.00 (d, 1H, J ¼ 8.05 Hz), 7.91 (d, 1H, J ¼ 7.69 Hz), 7.84
(dt, 1H, J¼ 1.45, J ¼ 7.30 Hz), 7.77 (dt, 1H, J ¼ 1.46, J¼ 8.05 Hz), 7.66
(dt, 1H, J ¼ 1.09, J ¼ 7.51 Hz), 7.41 (d, 1H, J ¼ 8.05 Hz) ppm. 13C NMR
(100 MHz, CDCl3): δ ¼ 182.6, 158.1, 146.6, 146.3, 144.3, 138.3, 135.1,
130.7, 130.3, 127.5, 127.2, 125.4, 123,7, 121.9, 118.0 ppm. The spectra
matched with those previously published [19]. MS (EI): m/z ¼ 248
[M]þ.

2.2.2. Synthesis of N-acetylisatin 20b from isatin
Isatin (2.0 g, 13.6 mmol) was added to acetic anhydride (30 mL) and

heated with continuous stirring at 85–90 �C for three hours. The product
was obtained either by pouring the cooled reaction mixture into cold
water (200 mL) to give a yellow powder (1.66 g, m.p. 135–138 �C) or
putting the cooled reaction mixture in a fridge for 12 h to give 1-acetyli-
satin as yellow crystals (1.50 g, 56 % yield), m.p.¼ 134–136 �C (Lit [36].
137–139 �C.).

2.3. Biological screening

The synthesized tryptanthrin was screened for its anti-inflammatory
and analgesic properties in experimental albino mice.

2.4. Animals

Albinomice of both sexes (20–26 g) were used. The animals were well
cared for (under standard laboratory conditions): bred well and housed
in a clean, correctly lit and aerated room in the Animal House, Depart-
ment of Pharmacology, Faculty of Pharmacy, Obafemi Awolowo Uni-
versity, Ile-Ife. The animals were provided free access to standard
commercial diet (Vital Feeds Ltd, Nigeria) and water ad libitum. The
experimental procedures were approved by the Obafemi Awolowo Uni-
versity Ile-Ife-Animal Care and Use Research Ethics Committee (OAUI-
ACUREC/App/12/2016/01) and performed in accordance with the Na-
tional institutes of Health (NIH) Guideline for the Care and Use of Lab-
oratory Animals (Publication No. 85-23, revised 1985). Also used is the
guideline from Guide for the Care and Use of Laboratory Animals, 8th
edition National Research Council (US) Committee for the Update of the
Guide for the Care and Use of Laboratory Animals, Washington (DC):
National Academies Press (US); 2011.
3

2.4.1. Anti-inflammatory activity

2.4.1.1. Acute inflammation. The model of acute inflammation used was
Carrageenan-induced paw oedema in mice. Animals in the test group (n
¼ 5) were treated with tryptanthrin (6, 12 and 24 mg/kg i.p) or indo-
methacin (10 mg/kg i.p), while control group mice received DMSO (0.3
mL/kg i.p) treatment only. After one hour of the administration of the
compound and standard drug, a solution of 1% carrageenan (0.1 mL) was
injected into the plantar surface of the right hind paws of the mice. Two
hours after carrageenan injection, the mice were anaesthetized in a jar
using a chloroform-soaked cotton wool, and both the right and left hind
limbs were cut identically at the ankle joint and weighed.

The amount of oedema developed in the right hind limbs were
deduced by the differences in weight [37].

Percentage inhibition was estimated by:
2.4.1.2. Carrageenin-induced pleurisy in mice/pulmonary oedema. A
modified procedure described in detail by Vinegar and co-workers [38]
and cited by Badilla and others [39] was used in these experiments.
The animals were divided randomly into test groups (n ¼ 5). The first
group which served as control received 0.3 mL DMSO, the second
group was treated with indomethacin (10 mg/kg i.p) as a positive
control and the other test groups received tryptanthrin (6, 12 and 24
mg/kg i.p).

After one hour, all the animals were injected intrapleurally with
carrageenan (0.1 mL) on the right side of the thorax. Two hours later, the
mice were anaesthetized with chloroform, followed by the washing of the
pleural cavity with distilled water.

The lungs of the animals were dissected free from the trachea and
weighed. Pulmonary edema was considered to be reflected when there
are significant changes in the test “wet-lung weight” in comparison to the
distilled water-treated controls [40].

The following formula was used to calculate pulmonary oedema:

Pulmonary oedema¼wet lung weight
body weight

X 10000

2.4.2. Analgesic activity
Albino mice were divided into five groups of five animals each. The

first group received 0.3 mL of DMSO as the negative control, the second
group received acetylsalicylic acid (ASA) (100 mg/kg) which served as
the positive control, while mice of third, fourth and fifth groups received
3 doses (6, 12 and 24 mg/kg) of tryptanthrin, respectively. Evaluation of
the analgesic property of tryptanthrin was carried out using the chemical
and thermal noxious stimuli.

2.4.2.1. Acetic acid induced writhing. Mice, randomly divided into five
groups of five animals each, were treated with three graded doses (6, 12
and 24 mg/kg) of tryptanthrin via intraperitoneal administration,
following the method of Siegmund and co-workers [41]. The first and
second groups received DMSO (0.3 mL) and ASA (100 mg/kg), serving as
the negative and positive controls, respectively. The other test groups
(3rd, 4th and 5th) received 3 doses of the test compound. One hour after
treatment, the characteristic writhing response was induced in the ani-
mals in each group by administration of 0.1 mL of 3% acetic acid. The
number of writhings occurring for 30 min was recorded.



Table 1. Sodium borohydride reduction of isatin (6.8 mmol) under solvent-free microwave irradiation.

Entry Conditions Time (min) Products (% yield) Rf value

1 SiO2 (10.0 g), NaBH4 (1.2 equiv) 5 NR -

2 SiO2 (5.0 g), NaBH4 (2.3 equiv) 5 NR -

3 SiO2 (5.0 g), NaBH4 (2.3 equiv) 10 1 (26 %), P2, *2 0.90, 0.82, *0.48

4 SiO2 (5.0 g), NaBH4 (2.3 equiv) 20 1 (30 %), P2, *2 0.88, 0.81, *0.45

5 Al2O3 (acidic) (5.0 g), NaBH4 (2.3 equiv) 20 NR -

6 Al2O3 (basic) (10.0 g), NaBH4 (2.3 equiv) 5 NR -

7 Al2O3 (basic) (10.0 g), NaBH4 (2.3 equiv) 10 1 (32 %), *2 0.87, *0.44

8 MgSO4.7H2O (10.0 g), NaBH4 (2.3 equiv) 10 NR -

9 MgSO4.7H2O (10.0 g), NaBH4 (2.3 equiv) 30 1 (12 %), P2, P3, *2 0.88, 0.82, 0.75, *0.45

10 þ2-N-COCH3, Al2O3(basic) (10.0 g), NaBH4 (2.3 equiv) 5 NR -

11 þ2-N-COCH3, Al2O3(basic) (10.0 g), NaBH4 (2.3 equiv) 20 1 (20 %), *2 0.88, *0.46

NR ¼ No Reaction; *2 ¼ unreacted isatin; P2, P3 ¼ unidentified products; þ2-N-COCH3 ¼ 1-acetylisatin
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2.4.2.2. Tail immersion test. Themice in the test groups were first treated
with different doses of the compound (6, 12 and 24 mg/kg) intraperi-
toneally, while ASA (100 mg/kg) and 0.3 mL of DMSO were intraperi-
toneally administered to the control groups. One hour after compound
administration, about 5 cm of the tail of each mouse was immersed into
warm water bath maintained at 55 � 1 �C and the tail withdrawal time
(i.e., the reaction time) was taken as the time (in seconds) taken by an-
imal to withdraw the tail clearly out of the water bath [42].

2.4.2.3. Hot plate test. Different doses of the test compound and standard
drug were given to the test groups of mice (5 mice per group) as
described above by intraperitoneal injection route. The negative control
group of mice received DMSO (0.3 mL/kg i.p.) only. The control mean
reaction time (in seconds) was determined and recorded. One hour
following the test agent or reference drug administration, individual
animal was placed on a hot plate maintained at 55 �1 �C and the time
taken by each of the mice to lick the fore paw was taken as the reaction
time [43].

2.5. Statistical analysis of results

Data are expressed as the mean � the standard error of the mean and
analyzed using one way analysis of variance (ANOVA) followed by
Tukey's post-hoc test, using GraphPad InStat (GPIS) software, version
Figure 1. (a) Optimized structure of tryptanthrin (Ioxi) (b) Four-electron oxid
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3.06. For all the data obtained, the level of significance was set at p <

0.05.

2.6. Molecular docking studies

The 3D structure of the protein 1CX2 (cyclooxygenase 2) was
downloaded from the protein databank, rcsb.org, complexed with a se-
lective cyclooxygenase inhibitor, S58. The 3D structures of the docked
compounds, celecoxib and tryptanthrin were generated with Chem3D
Ultra 12.0. The protein and the studied compounds were prepared for
docking using MGL tools 1.5.6. The prosthetic group, other bound small
molecules and water were removed from the protein before docking. The
bound inhibitor, S58 was re-docked with the protein, using the grid di-
mensions in Amstrong units, size (x,y,z) ¼ (40, 40, 40) and center (x,y,z)
¼ (28.684, 28.603, 9.285) with AutoDock Vina 1.1.2 from the molecular
graphics lab [44] and setting the following residues in the protein as
flexible, HIS90, ARG120, GLN192, VAL349, LEU352, SER353, TYR355,
TYR385, TRP387, ARG513, ALA516, PHE518, VAL523, GLY526,
ALA527, LEU351. The docking calculation was complete in one hour on a
macintosh machine, mac OS Sierra, with an intel core i5, 2.5 GHz pro-
cessor. The rmsd of the docked S58 in comparison with the native S58
was estimated as 1.30 Å with a binding energy of -11.2 kcal/mol. The
binding energy of the other docked compounds, which were complete in
approximately one hour as well, and their interactions are summarized in
ized/reduced forms of catechol (II) (c)Reduced form of tryptanthrin (Ired)
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Table 4. The docking results and 3D structure of the protein were visu-
alized using Pymol (v 1.7.4.5). Pymol was also used to determine the
interactions of the compounds with the protein and estimate bond dis-
tances as well snapshots of the compounds docked within the binding site
of the protein.
2.7. Computational details

Geometry optimization of the initial guess structure to a minimum
was carried out without symmetry constraints at the B3LYP/
6–311þþG (2df, 2pd) level, using Gaussian 03W [45, 46]. The choice
of method was informed by the previous benchmarking done by our
group [47] for molecules containing similar atoms and bonds as
Tryptanthrin (Figure 1a). Our observation from the benchmarking is
that the geometrical and electronic properties, which form part of our
primary interests in the current study, were most sufficiently predicted
by the adopted method. Another reason for our choice of this method
is the fact that the accuracy of the thermodynamic parameters that is
needed to predict the anti-oxidant property is a function of the geo-
metric data, and which was satisfactorily done by the method adopted.
Single point frequency and time-dependent self-consistent field (td-scf)
calculations were performed at the same level of theory used for the
optimization. The vibrational analysis report shows no negative fre-
quency, indicating that the resulting optimized structure is a minimum
on the potential energy surface (PES). The TD-SCF calculation was
done for N ¼ 20 states. 1H and 13C NMR were obtained by Gauge
Independent Atomic Orbital (GIAO) method [48] at the B3LYP/6-31G
level of theory. Scaling factors for both NMR and IR calculations is
1.000.

2.7.1. Gas- and solution-phase free energy calculations
Isodesmic reaction scheme was employed in the calculation of the

four-electron redox potential of the studied compound (Scheme 2). The
molecule of reference (catechol) with its four-electron redox potential
value is presented in Figure 1b, while the reduced form of tryptanthrin is
shown in Figure 1c. Integral equation formalism polarizable continuum
model (IEF-PCM) [49, 50] was adopted for the solvent-phase computa-
tion using water as solvent. The standard reduction potential of I had
been calculated using a modified literature procedure [51, 52].

Conversion of total electronic energies (Eel) to Gibbs energies (Go)
was achieved using the zero-point energy (ZPE), thermal correction (TC)
and entropy (S) at 298.15 K according to Eq. (1):

Go
s ¼ðEels þZPEs þ TCsÞ � TSs (1)

The subscript s in Eq. (1) denotes the species whose property is being
computed.

Using the thermodynamic cycle outlined in Scheme 3, the change in
free energies of the gas and solution phase reactions are defined ac-
cording to Eqs. (2) and (3) [51, 52]:

ΔGo
gas ¼Go

gasðIredÞ þ Go
gasðIIoxiÞ � Go

gasðIoxiÞ � Go
gasðIIredÞ (2)

ΔGo
sol ¼ΔGo

solðIredÞ þ ΔGo
solðIIoxiÞ � ΔGo

solðIoxiÞ � ΔGo
solðIIredÞ (3)
Scheme 2. Isodesmic redox-conversion
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where ΔGo
gas is the standard Gibbs energy of the reaction in the gas phase

and ΔGo
sol is the net solvation energy of the reaction in solution phase

(Table 7). The overall change in Gibbs energy (ΔGo
T) for this system is

given by Eq. (4) [51, 52]:

ΔGo
T ¼ΔGo

gas þ ΔGo
sol (4)

The redox potential of I can be obtained according to Eq. (5) [51, 52,
53]:

ΔGo
T ¼ � nF

�
EO
Ioxi=red

�EO
IIoxi=red

�
(5)

where n is the number of electrons transferred (n¼ 4 in this case), F is the
Faraday constant and Eo

IIoxi=red is the four-electron redox potential value
for cyclohex-3-en-5-yne-1,2-dione/catechol (reference molecule) which
was extrapolated from the experimental one-electron redox potential of
catechol [54].

Ascorbic acid (AA) was subjected to the same treatments described in
Scheme 3 following the four-electron isodesmic reaction, Scheme 4, to
obtain its ΔGo

T and four-electron reduction potential (Eo
AAoxi=red

) value.

3. Results and discussion

3.1. Chemistry

The original intention of the present research work was to synthesize
2,3-dihydroindole-2,3-diol 10a via reduction of isatin 2, using sodium
borohydride on solid support under microwave irradiation, in a manner
similar to reduction of ketones [55, 56].

Isatin 2 and its 1-acetyl derivative 2’ were reduced by sodium boro-
hydride supported on solid matrices (SiO2, Al2O3, MgSO4) with the
assistance of microwave irradiation for different reaction times. Treat-
ment of isatin 2 (6.8 mmol) with NaBH4 (7.9 or 15.9 mmol) on silica
under high microwave (mw) irradiation for five minutes produced no
products (Table 1, entries 1 and 2). A longer reaction time had beneficial
effect. MW irradiation of 2 (6.8 mmol) with NaBH4 (15.9 mmol) on silica
for 10 min gave two products plus unreacted 2, with the less polar
product (Rf ¼ 0.89) identified as tryptanthrin 1in low yield (26 %) and
the more polar product, P2 (Rf ¼ 0.82), unidentified. The unreacted
starting material, isatin, has an Rf value of 0.48 (toluene:ethyl acetate,
5:2, v/v) (Table 1, entry 3). Irradiation for 20 min still afforded the two
products plus unreacted isatin with only a slight increase in percentage
yield of 1 (30%) (Table 1, entry 4). Additionally, the reduction of isatin 2
was investigated with NaBH4/Al2O3 (acidic): Irradiation of isatin (6.8
mmol) with NaBH4 (15.9 mmol) on alumina (acidic) for 20 min gave no
reduction product (Table 1, entry 5). The use of alumina (basic) instead
of alumina (acidic) gave a different result. As was observed for reaction
on silica gel, there was no reaction after irradiation for 5 min on basic
alumina solid support (Table 1, entry 6). However, irradiation of the
reactants for 10 min afforded only tryptanthrin 1 in 32 % yield, with
some unreacted isatin (Table 1, entry 7). Change of solid support to hy-
drated magnesium sulfate produced no reaction after mw irradiation for
10 min (Table 1, entry 8). However, irradiation for 30 min resulted in
three products: compound 1, two unidentified compounds and unreacted
of compound (I) by catechol (II).



Scheme 3. Thermodynamic cycle employed to obtain compound I redox potential.

Scheme 4. Isodesmic redox-conversion of ascorbic acid (AA) by catechol (II).
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starting material 2 (as monitored by thin layer chromatography (tlc))
(Table 1, entry 9).

Sodium borohydride reduction of isatin derivatives have been
examined previously under different reaction conditions [57, 58]
(Scheme 5). In the reported reactions, 5-nitroisatin 2′a upon reaction
with NaBH4 in methanol, at 1–5 �C, gave a ring-opened product, methyl
2-amino-5-nitrophenylglyoxylate 8 in about 30 % yield, with the meth-
anol acting as the attacking nucleophile at the N–C¼O bond of 2’. On the
other hand, NaBH4 reduction of 2′with an electron-withdrawing group at
position 1 (e.g., 1-acetylisatin, 2′b), at room temperature in the presence
of alcohol, easily afforded a further reduced, ring-opened product, ethyl
2-acetamidomandelate 9, while reduction in the presence of a
non-nucleophilic solvent, like tetrahydrofuran, gave the unopened indole
ring product, 1-acetyl-2,3-dihydroindole-2,3-diol 10b in about 30% yield
[58].

It has been established that electron-withdrawing groups on nitrogen
atom of isatin and its derivatives make them to easily undergo nucleo-
philic, ring-opening reactions at the N1–C2 bond to give phenylglyoxylic
acid derivatives [59, 60]. Hence 1-acetylisatin 2′b was subjected to
reduction reaction with sodium borohydride supported on solid basic
Scheme 5. Sodium borohydride reduction of some

6

alumina matrix to see the effect of the electron-withdrawing group. The
results showed that the reduction of 1-acetylisatin (5 mmol) with 2 M
equivalent of NaBH4 in the presence of basic Al2O3 behaved like
unsubstituted isatin 2. Irradiation for 5 min gave no reaction (Table 1,
entry 10). Prolonged irradiation for 20 min afforded tryptanthrin 1 in
20% yield together with de-acetylated, unreacted isatin (Table 1, entry
11).

The reductive synthesis of 1 can be rationalized through a first ring-
opening step via reaction with water, to give an intermediate 2-amino-
glyoxylic acid, which reacts with another molecule of isatin via
concomitant loss of CO2 and acylation at position 1 to give 1-(2-amino-
benzoyl)isatin, which condenses further intramolecularly with the lac-
tam carbonyl group, allowing tryptanthrin 1 to be obtained (Scheme 6).
3.2. Effect of tryptanthrin on carrageenan-induced edema in mice

Carrageenan-induced mouse paw edema as an assay was used to es-
timate the effects of synthetic tryptanthrin on acute inflammation and
pulmonary oedema induced inflammatory responses and the effects are
substituted indole-2,3-dione (isatin) [57, 58].



Scheme 6. Possible rationalization of sodium borohydride reduction of isatin to tryptanthrin
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presented in Table 2, while the compound's effects on pains induced by
chemical (acetic acid) and thermal stimuli are reported in Table 3.

The results showed that tryptanthrin dose-dependently inhibits
oedema and pain formation in all the models used. The agent also
exhibited significant higher effects in its anti-inflammatory and analgesic
activities better than positive drugs (aspirin and indomethacin) being
currently used in the treatment and management of acute and chronic
forms of pain and inflammatory disorders.

Inflammation is the body's protective response (or a defense mecha-
nism), consisting of a series of processes, that is generated physiologically
by the body to guard the body against infection, injury or irritation and
Table 2. The effects of synthetic tryptanthrin agent on acute inflammation and pulm

Compound Doses (mg/kg) Acute Inflammation

Negative control (DMSO) 0.3 mL 0.109 � 0.006

Tryptanthrin 6
12
24

0.048 � 0.011*
0.036 � 0.022*
0.022 � 0.007*

Indomethacin 10 0.038 � 0.005*

Values represent means � SEM of 5 animals *p < 0.05.

Table 3. The effects of synthetic tryptanthrin agent on tail immersion, hot plate (as th
pain responses in mice.

Compounds Doses (mg/kg) Tail immersion (sec

Negative control (DMSO) 0.3 mL 1.7 � 0.30

Tryptanthrin 6
12
24

2.69 � 0.78
2.08 � 0.33
2.46 � 0.64

Acetysalicyclic acid 100 4.5 � 0.30*

Values represent means � SEM of 5 animals *p < 0.05, **p,0.01.
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hasten-up the recovery process. Signs and symptoms of inflammation
include: pain, redness and swelling, temperature and loss of functions
[61]. However, inflammation that is unchecked leads to chronic in-
flammatory disorders and pain which can manifest both peripherally and
centrally. The initiation andmaintenance of inflammation in injured cells
is by the overproduction of cytokines, nitric oxide, prostaglandins and
leukotrienes, which are produced by separate enzymatic pathways, viz
the cyclo-oxygenase (COX) and lipoxygenase (LOX) pathways [62]. The
cyclooxygenase and lipoxygenase pathways are used for potential in-
terventions against inflammation because some of the anti-inflammatory
drugs have been observed to inhibit the lipoxygenase pathway and some
onary oedema induced inflammatory responses in mice.

% Inhibition (AI) Pulmonary Oedema % inhibition (PO)

0 83.3 � 2.2 0

55.963
66.972
79.816

61.98 � 10.78
56.38 � 9.32
54.77 � 11.59*

25.59
32.31
34.25

65.137 60.0 � 1.1 27.97

ermal stimuli), and acetic acid induced writhing (as chemical stimulus) induced

) Hot plate reaction (sec) Acetic acid induced writhing

8.9 � 0.57 51.0 � 6.08

11.38 � 2.67*
14.96 � 2.64*
17.50 � 2.68**

75.40 � 9.85
60.80 � 8.19
20.60 � 3.49**

16.2 � 2.90** 19.6 � 0.80**



Table 4. Residues within 4 Å of the native S58 and comparison with interacting residues of the docked S58, celecoxib and tryptanthrin.

Compounds Residues within 4 Å of the docked compounds/bound inhibitor Binding energy
(-kcal/mol)

Polar contacts

1CX2 with bound
inhibitor (S58)*

HIS90, ARG120, GLN192, VAL349, LEU352, SER353, TYR355, TYR385,
TRP387, ARG513, ALA516, PHE518, VAL523, GLY526, ALA527, LEU351

S58 GLN192, VAL349, LEU352, SER353, GLY 354, TYR355, LEU359, TYR 385,
TRP387, ARG513, ALA516, ILE517, PHE518, VAL523, GLY526, ALA527,
LEU531

11.2 HIS90 (flex, 2.7A); ARG513 (flex, 2.6 & 2.2A);
SER353 (2.1A)

Celecoxib HIS90, VAL349, LEU352, SER353, TYR355, TYR385, TRP387, ARG513,
ALA516, ILE517, PHE518, VAL523, GLY526, ALA527, LEU531

11.3 HIS90 (flex, 2.6A); TYR355 (flex, 2.9A)

Tryptanthrin ALA199, PHE200, GLN203, VAL295, TRP387, HIS388, LEU390, LEU391,
LEU408, HEME

9.7

* The residues in bold font are those associating with the native S58 in the designated binding site that are also associating with the other compounds docked with the
protein. The residues in italics are those aside from the ones interacting with the native ligand that are also interacting with the docked compounds. Almost all italicized
residues for tryptanthrin indicate that the tryptanthrin must have bound to a different site in the protein.
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inhibit cyclooxygenase pathway [63, 64]. The lipoxygenase pathway and
its increased activity has a role to play in the pathophysiology and
aggravate asthmatic symptoms.

It has been shown scientifically that tryptathrin is a potent inhibitor of
prostaglandin and leukotriene synthesis in various inflammatory cell
lines. It has also been shown to be a selective inhibitor of cyclooxygenase
2 (COX-2), inducible nitric oxide synsthase (iNOS; NOS II) expression and
other cytokines like IFN-γ and IL-2. It inhibits P-glycoprotein (Pgp)
(expressed by the MDR1 gene) and reverses doxorubicin resistance on
breast cancer cells [15, 26, 65, 66].

The anti-inflammatory activity of a test compound can be evalu-
ated on manifestations accompanying the inflammatory reaction such
as oedema, leukocyte influx to inflamed tissue and increase in
vascular permeability. In this study, tryptanthrin reduced
carrageenan-induced mice paw oedema in a dose-dependent manner
compared to control group and a significant difference was observed
between the inhibition at 12 mg/kg of tryptanthrin and indomethacin
(10 mg/kg). The injection of carrageenan in the mouse paw has been
reported to produce a two-phased response [67]. The first phase,
observed during the first hour, is mediated by the release of hista-
mine and serotonin [68], followed by the second accelerating phase
of swelling caused by the release of prostaglandin, leukotrienes,
bradykinin and lysozyme. In addition, the second phase of oedema
has been reported to be sensitive to both clinically useful steroidal
and non-steroidal anti-inflammatory agents [69]. Even though
Ruster's research group [70] reported an inhibitory activity of
indolin-2-one (an indole derivative) from Isatis species on compound
48/80-induced histamine release from mast cells, tryptanthrin (a
quinazoline ring fused to an indole moiety) from the same plant did
not inhibit histamine release, which could indicate that tryptanthrin
is not acting on first phase of inflammation. However, pre-treated
with tryptanthrin resulted in a significant oedema inhibitory
response 2 h following carrageenan injections, thus suggesting that
tryptanthrin may act by suppressing the later stage of the inflam-
matory process via the inhibition of cyclooxygenase, the rate-limiting
enzyme involved in the biosynthesis of prostaglandins.

The effect of tryptanthrin on pulmonary oedema in this study
corroborate the work of Feng's group on anti-inflammatory effect of SQC-
β-CD on lipopolysaccharide-induced acute lung injury [71].
Lipopolysaccharide-induced inflammatory reaction has been linked with
the production of LOX [72], and tryptanthrin inhibited the production of
LOX in their study. Also, tryptanthrin has been found to suppress the
activation of the LPS-Treated BV2 Microglial Cell Line [73]. Yang and
co-workers [28] demonstrated the potency of tryptanthrin derivatives as
potent inhibitors of Indoleamine 2,3-Dioxygenase with therapeutic ac-
tivity on Lewis Lung Cancer (LLC) Tumor-BearingMice. Cancer cells have
been shown to emerge in form of an inflammatory response, therefore in
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this study, tryptanthrin has been shown to lend credence to possible way
in which inflammatory response in the lung cell could be curtailed.

3.3. Analgesic activity

Pain is a signal or an indication that the tissue is damaged. It is a
clear indication and sign of inflammation. Since chronic inflammation
can be observed both at the peripheral and central, the analgesic effect
on tryptanthrin was evaluated of peripheral pain model in acetic acid
induced writhing and centrally mediated pain as shown in both hot
plate reactions and tail immersion in hot water. The results are shown
in Table 3. In all these models, it is shown that the cyclo-oxygenase
(COX) and lipoxygenase (LOX) pathways are involved. Hence the ef-
fects of tryptanthrin on these models are indication of analgesic ac-
tivity. To complement our study, tryptanthrin (an alkaloid) found in
the Indigo naturalis plant has been found to block the itching, tightness
and pain associated with chronic, inflammatory skin conditions such
as eczema and psoriasis. According to research studies, tryptanthrin
blocks the itching, produced tightness. Tryptanthrin molecule which
was incorporated into medications as lotions, ointment is a potent
anti-inflammatory compound that inhibits prostaglandins, in other
words, it blocks pain. It also helps soothe irritated skin and blocks
leukotrienes, which are components of inflammation.

There are also indications that tryptanthrin could be blocking nerve
cells directly as a means to provide eczema itch relief [74, 75].

3.4. Molecular docking studies

The inhibitory potential of the synthesized compound, tryptanthrin,
was investigated by molecular docking using the software, autodock
vina. The binding energy of the compound with the protein (cyclo-
oxygenase 2) was estimated, its binding pose and interactions with amino
acid residues within the binding site of the protein were also determined.

The binding energy of the docked compounds and their interactions
are summarized in Table 4.

The residues set as flexible in the protein are among the residues
within 4 Å of the native ligand (S58) which may also be described as
residues within the binding site of the protein for S58. Upon redocking,
it is observed that the S58 is docked (with binding energy of -11.2 kcal/
mol) in the same site that the residues have been set as flexible
(Figure 2b). Celecoxib also having similar structure with S58 (with a Br
replaced by a CH3 group) also docked into the same site that S58 docked
into, with binding energy -11.3 kcal/mol. Tryptanthrin, however,
preferred to dock into the cavity in the protein that seats the prosthetic
heme group (Figure 2c & d), having a lower binding energy (-9.7 kcal/
mol). Visualizing the docking results with pymol (version 1.7.4.5), it is
clear that the tryptanthrin prefers the pocket housing the heme group



Figure 2. (a) Cartoon rendering of the protein showing tryptanthrin overlapping with heme in the same site. (b) Cartoon rendering of the protein showing the flexible
residues at the S58 binding site adjacent to the site where heme occupies in the protein. (c) A surface rendering of the protein showing tryptanthrin lodged in the
pocket that seats the heme (without the heme). (d) Another surface rendering showing the tryptanthrin overlapped with the heme in the heme pocket.

Table 5. Experimental and calculated 1H NMR data.

*Experiment ppm Calculated
**(TMS) ppm

% Error

7.41 [1H, d] 6.97 5.94

7.66 [1H, dt] 7.29 4.83

7.77 [1H, dt] 7.31 5.92

7.84 [1H, dt] 7.42 5.36

7.91 [1H, d] 7.55 4.55

8.00 [1H, d] 7.61 4.88

8.42 [1H, dd] 8.32 1.19

8.60 [1H, d] 8.49 1.27

Mean percentage error (% MPE) 4.08

* (Our lab.)
** Reference shielding δ value calculated by HF/6-31G, TMS ¼ 32.60 ppm,

information in square brackets ¼ proton quantity and multiplicities.
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which implies that there might be some form of interactions with the
heme preventing the heme from functioning appropriately in its cata-
lytic role within the protein (Figure 2a & d).

The result obtained for the selective inhibitors (S58 and celecoxib) is
consistent with existing knowledge of their interactions with the COX-2
isozyme [76, 77, 78]. The selective inhibition of these compounds is
based on the fact that the drugs can bind to parts of the COX-2 isozyme
that are not available in the COX-1 isozyme. The sulfonamide moiety of
the drugs fit into a hydrophobic side pocket and forms hydrogen bonds
with ARG513, HIS90 and the peptide bond of PHE518; interacts closely
with TYR355, TYR385, VAL523 in the adjacent side of the hydrophobic
pocket close to the heme pocket. All the residues mentioned above are
among those within 4 Å of the re-docked S58 with hydrogen bonds be-
tween the sulfonamide and ARG513 and HIS90. The tryptanthrin docked
with COX2 under the same conditions as the S58 and celecoxib having
affinity for the heme pocket implies that it might not inhibit the isoforms
selectively and its therapeutic effect as an analgesic/anti-inflammatory
agent might be moderate.

3.5. Computational studies

The optimized structure of tryptanthrin which would later be referred
to in this paper as the oxidized form of tryptanthrin (Ioxi) is presented in
Figure 1a. Tryptanthrin and its derivatives are known to exhibit a number
of biological activities as highlighted in section 1. The mechanism(s) of
action of the pharmacological effects at the molecular level had been
reported [65, 79]. However, the mechanism of the free-radical scav-
enging activity has not been theoretically investigated. It is known that
antioxidants and free radical scavengers can exert an anti-inflammatory
effect [80].

In this work, the free-radical scavenging ability has been estimated by
comparing the thermodynamic four-electron redox potentials of tryp-
tanthrin and ascorbic acid using catechol as the reference molecule. The
same methods of calculations were employed for all the studied mole-
cules. It is worthy of note that the spectroscopic characterizations of
tryptanthrin and its derivatives have been extensively reported [12, 23,
9

81, 82], therefore, the spectroscopic information presented here had
been used only to validate the optimization method employed in this
study.

The bond lengths and bond angles of the skeletal structure have been
compared with the crystallographic data [81] in Tables S1 and S2 of the
supporting document. We found the low mean percentage errors (%
MPE) obtained to indicate high level of agreement between the calcu-
lated and the experimental structures. The calculated NMR, IR and
UV-visible data were based on this structure in Figure 1a. The 13C
(Table S3 in the supporting document) and 1H NMR (Table 5) data have
been presented along with those obtained from experiments (in our
laboratory). For the 13C NMR (Table S3), the reference shielding δ values
were determined by HF/631G method as 199.10 ppm using methane
(CH4), and as 199.99 ppm using tetramethylsilane (TMS). Both internal
reference standards (CH4 and TMS) displayed good reproducibility of the
experimental data with respect to their low%MPE values (Table S3). The
TMS however, showed a better agreement with the experiment, judging
from its lower %MPE. The 1H NMR data determined with TMS as



Table 6. Wavenumbers (experiment and theory) and band assignments for
compound Ioxi.

Experimentala Calculated Band assignmentsb

1727 1796 υC ¼ O (ketone)

1685 1736 υC ¼ O (amide)

1594 1631 υC ¼ C

1314 1323

1113 (w) 1120

1040 (w) 1029

755 777 γC-H (Ar)

a Experimental data as obtained from our laboratory.
b υ: stretching; γ: out-of-plane bending.
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reference are also in good agreement with the experiment (Table 5).
Similarly, our calculated and experimental IR data (Fig. S1 and Table 6)
were found to correlate satisfactorily (Fig. S2).

It is reasonable to think of a correlation between free-radical scav-
enging ability and electronic property of molecules [83]. While the
relationship between free-radical scavenging ability and electronic
properties of some coumarin derivatives had been reported by Al-Majedy
and co. [83], this study compared two properties which were obtained by
computation, reduction potentials (Eθ) and electronic properties, to
establish the link between them. It would also provide a basis for more
logical interpretation of molecular electronic parameters with respect to
redox processes than has heretofore been done. Electronic properties,
such as HOMO (highest occupied molecular orbital), LUMO (lowest un-
occupied molecular orbital), dipole moment (μ), HOMO-LUMO gap,
ionization potential (IP) and electron affinity (EA), of tryptanthrin were
computed and compared with literature values for ascorbic acid [83]. In
addition, the computed electronic parameters for tryptanthrin and
literature values for ascorbic acid [83] were compared with the calcu-
lated Eθ for the two compounds. We have also included the computed Eθ

literature value of ascorbic acid [84] for analogy. Interestingly, there
appears to be no detailed theoretical study on the electronic and anti-
oxidant properties of tryptanthrin hitherto. One finds this surprising
owing to the clout of tryptanthrin in the medical fields [12, 17, 23, 24,
65, 79, 81, 82, 85]. With this in mind, the results of the TD-DFT calcu-
lation carried out on the tryptanthrin molecule (Figure 3) have been
included to provide theoretical insight into the molecule's absorption
properties.

Two absorption spectral bands at 236 and 373 nm are evident in the
calculated absorption spectrum (Figure 3). It is typical to find a relatively
high energy band around 200 nm for a benzene moiety [86, 87]. The
absorption at 236 nm (λ236) results mainly from the transition of elec-
trons from [HOMO-3] → [LUMOþ1] (56.37%), [HOMO] → [LUMOþ2]
(30.06%) and [HOMO-7] → [LUMO] (13.57%). The percentage contri-
butions of the orbital transition to the absorption at the specific
Figure 3. Calculated electronic absorption spectrum of tryptanthrin
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wavelength are quoted in the parentheses. The band described by the
above-mentioned transitions is red-shifted as expected for a di-benzene
molecule, relative to the absorption band of pure mono-benzene at
203.5 nm [86]. It is noteworthy that the solvation effect that could also
be responsible for the red-shift has been excluded in our calculation [87].
The absorption at 373 nm results from [HOMO] → [LUMO] (100%) and
corresponds to the π → π* transition.

For the absorption at 236 nm, [HOMO-3]→ [LUMOþ1] and [HOMO]
→ [LUMOþ2] transitions contributed most significantly. The calculated
energy levels and the molecular orbitals presented in Figures 4 and 5
respectively may be used to explain some of these molecular orbital (MO)
transitions. The electron density distributions on the molecular orbitals
in Figure 4 have been classified using lines. The lines have been coded
according to their positions and orientations. For example, the direction
and orientation of the electrons in the [HOMO-3] is similar to that of
[LUMOþ1] (as indicated by the lines), hence the transition between
these orbitals (i.e. A-31→ A-31). This to a reasonable approximation shows
that their symmetry structures are closely similar. It should be noted that
electron densities with similar structures undergo mixing with one
another, and such is accompanied by absorption/emission of radiation of
appropriate wavelength. The electron density coded as B002 in HOMO
(the red line on green and brown coefficients only) have similar structure
with a part in [LUMOþ2], thus explaining why these two MOs over-
lapped. The HOMO→LUMO transition occurred because the A000 struc-
ture in HOMO (red line on green coefficient only) also corresponds to the
A000 in LUMO (longest red line only). The HOMO-LUMO gap of þ0.134
a.u (~þ352 kJ mol�1 or ~3.65 eV) obtained is within the range of the
values reported for coumarins by Al-Majedy et al. [83]. Although the
calculations by Al-Majedy and co-workers employed a lower 3-21G basis
set, their results are still very relevant to this work as it could provide
hints about the trend of the investigated parameters. The values of the
parameters could provide all the information needed in potential
anti-oxidants. A good antioxidant should possess a low oxidation power
(high reduction potential) [88], hence must be a good electron donor.
The lower band gap (HOMO-LUMO) of 1’ (Ioxi) revealed its electron
donor superiority over ascorbic acid (Table 7), a property that is required
in a good anti-oxidant. Dipole moment values of the compound and
ascorbic acid shows that the polarity of the compound is smaller
compared to that of the ascorbic acid, and would therefore be less soluble
in polar solvents. The IP given by�EHOMO indicates that the initial energy
required to release an electron from a molecule in the gas phase is higher
in ascorbic acid [89], Table 7. Low IP is important in the design of a good
antioxidant. The IP and the HOMO-LUMO gap of the investigated mol-
ecules show good correlation as expected. The EA is given by � ELUMO,
Figure 4. Molecular orbital energy levels of tryptanthrin



Figure 5. Molecular orbital symmetries corresponding to the different molecular energy levels of tryptanthrin

Table 7. Calculated total free energy (ΔGT), redox potential (EMþ/M) and electronic parameters of the studied compounds.

ΔGT (kJ/mol) EMoxi/Mred (mV) IP (kJ/mol) EA (kJ/mol) α (Debye) HOMO (kJ/mol) LUMO (kJ/mol) HOMO-LUMO (kJ/mol)

1’ (Ioxi) 478.50 -1229.0 665.21 312.73 2.1074 -665.21 -312.73 352.47

Ascorbic Acid 284.90 -727.40 (-0.281)a 1041.1b 107.77b 9.5490b -1041.1b -107.77b 933.19b

a Ref. [84].
b Ref. [83].
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and is defined as the amount of energy released when an electron is
absorbed by a molecule. EA is higher for ascorbic acid than for tryptan-
thrin, therefore the ascorbic acid would give out a higher energy than the
tryptanthrin when an electron is absorbed.

The thermodynamic results for the two species supports the obser-
vations from the electronic data. The overall free-energy for the electron
transfer process involving either molecule is positive (Table 7), although
the ascorbic acid ΔGTvalue is ca half that of 1’. The negative redox po-
tential (EMoxi/Mred) value obtained for tryptanthrin and ascorbic acid is
comparable to what was found previously by fitting experimental data to
some electrode equations [84]. This agreement indicates the suitability
of the procedure adopted in this work. The higher EMoxi/Mred value obtained
for ascorbic acid relative to tryptanthrin implies that ascorbic acid is a
more electron acceptor than the tryptanthrin which is a more electron
donor. Hence, tryptanthrin potentially possesses a higher antioxidant
power than ascorbic acid.

Given the above, tryptanthrin shows much more effective antioxidant
activity compared to ascorbic acid, however, in terms of solubility,
ascorbic acid is more superior. Hence, there is need for structural
modification of tryptanthrin to enhance its solubility property in order to
exploit its full potential as an antioxidant. Tryptanthrin is found to
possess more advantages over ascorbic acid in properties like IP, HOMO-
LUMO gap and EMoxi/Mred.

4. Conclusion

A new method for the synthesis of the natural alkaloidal compound
tryptanthrin is reported. It was carried out by reduction of isatin with
solid-state-supported sodium borohydride under microwave irradiation.
The compound was characterized based on elemental analysis, FT-IR, 1H
NMR, 13C NMR and mass spectral data.

Valuable data on acute in vivo anti-inflammatory and analgesic effects
of tryptanthrin are provided. The synthesized compound suppressed
carrageenan induced inflammation and reduced pain induced chemically
and thermally significantly. Analgesic and anti-inflammatory effects of
tryptanthrin exert their effects through a variety of mechanisms.

The binding affinity and pose of the trypthantrin obtained from the
docking study shows that the trypthantrin might have a different
mechanism of action from the known clinical agents being used to
manage pain and inflammation. The results also suggest that the
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trypthantrin may have moderate analgesic or anti-inflammatory activity
based on the strength of its binding interactions and binding energy
relative to the coxibs used as reference in the docking study.

The DFT methods employed have shown that compared to ascorbic
acid, tryptanthrin shows higher antioxidant activity which may be
improved upon by functionalizing the aromatic core to enhance its sol-
ubility in polar solvents. The calculated electronic and thermodynamic
properties obtained for tryptanthrin compete well with the standard
ascorbic acid.
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