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Inhibitory activity

Treatment of diseases such as African sleeping sickness and leishmaniasis often depends on relatively
expensive or toxic drugs, and resistance to current chemotherapeutics is an issue in treating these
diseases and malaria. In this study, a new semi-synthetic berberine analogue, 5,6-didehydro-8,
8-diethyl-13-oxodihydroberberine chloride (1), showed nanomolar level potency against in vitro models
of leishmaniasis, malaria, and trypanosomiasis as well as activity in an in vivo visceral leishmaniasis
model. Since the synthetic starting material, berberine hemisulfate, is inexpensive, 8,8-dialkyl-substituted
analogues of berberine may lead to a new class of affordable antiprotozoal compounds.

© 2011 Published by Elsevier Ltd.

Malaria, leishmaniasis, and human African trypanosomiasis are
diseases caused by protozoan parasites that affect the poorest
inhabitants of the world disproportionally and hinder the eco-
nomic development of the afflicted societies significantly.!> The
life cycles of the causative parasites are complex and the diseases
are not easy to diagnose in the early stages when chemotherapeu-
tic intervention is most effective. Also, social, economic and polit-
ical factors do not always favor intervention efforts, and the drugs
used currently for therapy may be either toxic, expensive, or diffi-
cult to use in the field. From a drug discovery perspective, efforts to
find new effective drugs do not appear to match the toll these dis-
eases take on the lives of the poorest global inhabitants, living
mainly in Africa, Asia, and Latin America.*~®

Berberine is a benzyl-tetrahydroisoquinoline-type quaternary
alkaloid biosynthesized by species in the plant families Berberida-
ceae and Ranunculaceae, with certain of these plants having been
long used in traditional medicine for various ailments.'° Berberine
and its natural and semi-synthetic analogues have been studied
extensively for their diverse anti-infective and other pharmacolog-
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ical effects.!’~'> Of particular interest, a number of berberine-type
alkaloids have exhibited antiprotozoal activity in both in vitro and
in vivo assay systems.!'6-22

Herein, we describe the synthesis (Scheme 1), structure elucida-
tion, and potent in vitro and in vivo activities of 5,6-didehydro-8,
8-diethyl-13-oxodihydroberberine chloride (1), a previously unre-
ported compound.

The use of 8-chloroberberine (4) as a means to produce various
semi-synthetic analogues of berberine has been described previ-
ously.?> While data are available regarding the bioactivity of 8-
monosubstituted berberine derivatives,>* 8-chloroberberine reacts
readily with Grignard reagents, providing a viable synthetic route
to dialkyl substitution at this position.2>25

When the synthesis steps were carried according to a previous re-
port?? (Scheme 1), the major product turned out to be 5,6-didehydro-
8,8-diethyl-13-oxodihydroberberine chloride (1, 0.9 mmol, 36% yield,
see Supplementary data), a new semi-synthetic berberine derivative.
This structure varies from the previously proposed structure at the
positions C-13 where an oxidation had occurred and between the C-
5 and C-6, where a double bond was formed through oxidation. While
this finding was unexpected, similar modifications in the isoquinoline
ring system have been reported previously?>¢ and are thought to re-
sult from the iminobenzylic anion by aerial oxidation. Accordingly,
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Scheme 1. Synthetic scheme for 5,6-didehydro-8,8-diethyl-13-oxodihydroberberine chloride (1).

the yield of this oxidized product can vary from run to run. A proposed
mechanism from 1 to 4 is provided in Scheme 2.
5,6-Didehydro-8,8-diethyl-13-oxodihydroberberine  chloride
(1) was isolated as yellow-orange needles, mp 159 °C. The HRESIMS
yielded a molecular ion peak at m/z 406.1650 (calcd 406.1654 for
[M]*) corresponding to the elemental formula, C,4H,4NOs*. The
UV spectrum showed absorption maxima at 212, 241, and
287 nm. On comparing the NMR spectra of compound 1 with those
of berberine, no significant chemical shift changes were found for
the methylenedioxy moiety on ring A or the methoxy groups on
ring D. In addition to the absence of methylene protons (H-5 and
H-6), and two aromatic proton signals similar to those found in
the 'H NMR spectrum of berberine, the proton NMR spectrum of
compound 1 exhibited two sets of ethyl group proton signals at
du 3.22 (2H, dd, J=15.4, 7.6 Hz, H-1"), 2.71 (2H, dd, J=154,
7.4 Hz, H-1") and 0.39 (6H, H-2" and H-2"), and two vicinal aromatic
proton resonances at dy 8.60 and 9.23 (H-5 and H-6) with a cou-
pling constant of 7.2 Hz. These variations suggested that ring B of
berberine is aromatized and ring C substituted with two ethyl
groups as a result of the Grignard reaction. In addition to those
chemical shift differences corresponding to the aforementioned
structural changes, a conjugated carbonyl carbon signal was found
in the '*C NMR spectrum of 1 at ¢ 177.1 and was assigned to C-13.
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Scheme 2. Scheme depicting possible oxidative

The determinations of the positions of the carbonyl group and the
ethyl groups were supported by the analysis of correlations ob-
served in 2D NMR experiments, including from the 'H-'H COSY,
HSQC, HMBC, and NOESY spectra. Correlations in the HMBC spec-
trum between the protons of the methyl and methylene units of
the ethyl groups and C-8 at §c 79.7 suggested two ethyl groups
are linked to the C-8 position. This assignment was further sup-
ported by the cross peaks present in the NOESY spectrum between
the methyl group and methoxy protons at oy 4.04, as well as
between the methylene protons and H-6 at éy 9.23. Correlations
from H-12 at 6y 8.27 to C-13 at 6¢c 177.1 observed in the HMBC
experiment indicated the carbonyl group to be located on ring C.
Finally, the NMR carbon-carbon correlations network was
determined by a '>C-'3C 2D INADEQUATE (Incredible Natural
Abundance DoublEQUAntum Transfer Experiment)?® spectrum,
provided with the Supplementary data. Thus, the structure of
compound 1 was determined as 5,6-didehydro-8,8-diethyl-13-
oxodihydroberberine chloride. Selected key correlations observed
in the '"H-'H COSY, HMBC, and NOESY spectra are presented in
Figure 1.

A main challenge in the structure elucidation of 5,6-didehydro-
8,8-diethyl-13-oxodihydroberberine chloride (1) was the lack of a
strong carbonyl signal in the IR spectrum as might be expected

mechanisms at C-13 and between C-5 and C-6 for 4.
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Figure 1. Key 'H-'H COSY, HMBC, NOESY, and HMBC correlations for 1.

in a structure of this type. Structural and spectroscopic properties
of 1 were thus investigated computationally to obtain better in-
sight regarding the missing carbonyl signal in the IR spectrum.
For the study conducted, 1 was optimized at the DFT level using
the meta-GGA hybrid M06 functional?’ and the 6-31+G*™* basis
set. Solvation effects were taken into account using the IEFPCM
solvation model?® using the chloroform and methanol parameters
as implemented in caussian09.2° Vibrational frequencies and inten-
sities were then obtained by analytical computation at the same
level. A scale factor of 0.950 on vibrational frequencies was used
when comparing to experimental IR frequencies.

In the structural analysis, 1 presented a convex non-planar
structure. Since the C-10 methoxy group points out of the plane
of the compound, the existence of two non-equivalent conforma-
tions 1a and 1b are possible, which according to computed ener-
gies are nearly degenerate (Fig. 2).

On closer examination, it could be observed that only a signal of
moderate intensity was observed in the IR spectrum of 1 at
1660 cm~'. However, the computed vibrational IR spectrum ele-
gantly predicted this lower intensity. Additionally, very good over-
all agreement was found between the computed and the
experimental IR spectrum (Fig. 3).

As a further structural verification, chemical shifts were com-
puted on MO06/PCM(MeOH)/6-31+G** geometries using the DFT/

GIAO approach®® with the meta-GGA non hybrid M06-L functional,
which has proven recently to give accurate chemical shifts at mod-
erate computational cost.3! We have employed the Jensen pcS-2
basis set, which has been specially designed for chemical shift
DFT computations. Conformationally averaged isotropic chemical
shielding constants were obtained as a linear average of computed
shifts for forms 1a and 1b in a 50:50 ratio. Shieldings were then
further averaged for all chemically equivalent nuclei. The isotropic
chemical shielding constants were then converted into chemical
shifts using Eq. (1).

5calcd = —Ocaled T 6ref (1)

The offset J.ef Was obtained by least squares fitting the com-
puted shifts to the experimentally observed ones. The quality of
the fitting was expressed in terms of the root-mean-squared error
RMSE and the maximum absolute error.>? For the 'H prediction we
obtained a RMSE of 0.31 and maximum absolute error of 0.72 ppm
(Table 1), and for the '3C prediction values were 2.87 and 9.30 ppm
(Table 2), clearly showing the consistency of the studied structure
with the experimental shifts.

Subsequently, the activity of 5,6-didehydro-8,8-diethyl-13-
oxodihydroberberine chloride (1) was evaluated against several
protozoan parasites using in vitro models of leishmaniasis, African
trypanosomiasis, and malaria. The methods used for these assays

Figure 2. Optimized geometries for 1.
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Figure 3. Top, experimental IR spectrum of 1 in CHCls. Bottom, Computed M06/PCM(CHCI3)/6-31+G** harmonic vibrational IR spectrum for species 1a(Fig. 2). A scaling factor

of 0.950 was applied to all frequencies. The spectrum was simulated using a line width of 10 cm

Table 1
Experimental (CD3;0D) and computed 'H NMR chemical shifts for 1

Nucleus Jdexp (PPM) caled (PPM)
H-1 9.09 9.13
H-4 7.68 7.50
H-5 8.61 8.31
H-6 9.22 8.51
H-11 7.54 7.44
H-12 8.26 8.48
CH-2a? 3.22 3.47
CH-2bP 2.70 2.44
CH3 0.38 0.43
CH30 (at C-10) 4.10 4.38
CH30 (at C-9) 4.03 4.33
Methylenedioxy 6.45 6.88
RMSE (ppm) 0.31

MAE (ppm) 0.72

2 Shows NOE correlation with the methoxy group attached to C-9.
b Shows NOE correlation with the H-6.

Table 2

Experimental (CD30D) and computed '>C NMR chemical shifts for 1
Nucleus Sexp Scaled Nucleus Sexp Scaled

(ppm) (ppm) (ppm) (ppm)

C-1 106.56 104.7 C-11 115.83 113.89
C-2 158.33 156.91 C-12 126.61 127.33
C-3 156.11 158.62 C-12a 124.70 120.97
C-4 104.39 102.54 C-13 178.50 176.24
C-4a 142.09 137.67 C-13a 142.37 139.49
C-5 129.31 127.67 C-13b 127.07 125.5
C-6 132.37 130.32 CH, 35.14 38.21
C-8 81.11 85.28 CHs 8.18 12.02
C-8a 133.30 133.98 CH50 (C-10) 57.09 58.79
Cc-9 144.92 143.86 CH30 (C-9) 61.67 63.8
C-10 160.85 161.27 C-11 115.83 113.89
RMSE (ppm) 2.87
MAE (ppm) 9.30

employing intracellular Leishmania amazonensis,> bloodstream
form Trypanosoma brucei brucei* and Plasmodium falciparum?®

-1

have been reported previously. African green monkey kidney
(Vero) cells were used as described earlier to determine the selec-
tivity of 1 for parasites versus mammalian cells.>® Following the
in vitro assays, 1 was also studied in a murine model of visceral
leishmaniasis described previously.>* Summaries of the biological
testing data on 1 are presented in Tables 3 and 4.

In the in vitro system for trypanosomiasis, 1 showed high inhib-
itory potency against T.b. brucei (ICso = 0.0091 uM) and was more
potent than the positive control drug, suramin. Antileishmanial
activity was tested in murine peritoneal macrophages infected
with L. amazonensis parasites. In this model, 1 exhibited an ICsq va-
lue of 0.18 nM, a value comparable to amphotericin B, a clinically
used drug employed as the positive control. In the case of P. falci-
parum, an assay employing flow cytometry was used and the ICsq
value was determined to be 0.036 UM, an activity comparable to
chloroquine (Table 3). As can be inferred from these results, 8,8-
diethyl substitution seems to result in a multiple-fold increase in
all three bioassays when compared to the natural product,
berberine.

In contrast, 1 did not exhibit cytotoxicity at the doses tested to
Vero (green monkey epithelial kidney) cells, showing high
selectivity towards parasites compared to mammalian cells. In
the case of T.b. brucei, the selectivity was observed to be 10,000
(Table 3).

Considering the in vitro potency and selectivity of 1, an effi-
cacy study was performed in a mouse model of visceral leishman-
iasis (Table 4). In this study, 1 caused a 47% reduction in liver
parasitemia at a dose of 1 mg/kg/day x 5 administered ip. While
this value indicated 1 might be more potent than miltefosine,
which was tested at 10 mg/kg/day x 5, further in vivo studies
indicated toxicity at doses higher than 1 mg/kg/day and the com-
pound was not tested at higher doses. Despite this apparent lim-
itation, the dialkyl substitution on C-8 of the berberine skeleton
seems to increase antiprotozoal activity significantly and war-
rants further research on the structure-activity relationship of
different substitutions at this position, along with mechanistic
studies.
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Inhibitory activity (ICso values in pM)? of 5,6-didehydro-8,8-diethyl-13-oxodihydroberberine chloride against Trypanosoma brucei brucei, Leishmania amazonensis, Plasmodium

falciparum, and Vero cells

Sample name Trypanosoma brucei brucei Leishmania amazonensis Plasmodium falciparum Vero cell
Amphotericin B N/A 0.12+0.03 N/A N/A
Chloroquine® N/A N/A 0.0087 +0.0021 N/A
Suramin® 0.25+0.11 N/A N/A N/A
Berberine hemisulfate 1.1+£0.1°¢ 175 0.80 £ 0.31 N/A
5,6-Didehydro-8,8-diethyl-13-oxodihydroberberine chloride (1) 0.0091 +0.0032 0.18 £0.00 0.036 +0.014 916

4 Mean * standard deviation unless otherwise noted (n > 3).
b Positive controls.
¢ Mean * range (n =2).

Table 4
In vivo activity of 5,6-didehydro-8,8-diethyl-13-oxodihydroberberine chloride (1) in a
mouse model for visceral leishmaniasis

Group % Reduction in liver parasitemia
(mean + standard deviation, n =4)
5,6-Didehydro-8,8-diethyl-13- 47 +4
oxodihydroberberine chloride
(1°
Miltefosine® 98 +1

¢ 1 mg/kg/ip.
b positive control, 10 mg/kg/ip.
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