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Abstract: Biocompatible tryptophan-derived copper (1) and zinc (2) complexes with norharmane
(B-carboline) were designed, synthesized, characterized, and evaluated for the potential anticancer
activity in vitro and in vivo. The in vitro cytotoxicity of both complexes 1 and 2 were assessed against
two cancerous cells: (human breast cancer) MCF7 and (liver hepatocellular cancer) HepG2 cells with
a non-tumorigenic: (human embryonic kidney) HEK293 cells. The results exhibited a potentially
decent selectivity of 1 against MCF?7 cells with an ICs value of 7.8 + 0.4 uM compared to 2 (less
active, IC5p ~ 20 uM). Furthermore, we analyzed the level of glutathione, lipid peroxidation, and
visualized ROS generation to get an insight into the mechanistic pathway and witnessed oxidative
stress. These in vitro results were ascertained by in vivo experiments, which also supported the free
radical-mediated oxidative stress. The comet assay confirmed the oxidative stress that leads to DNA
damage. The histopathology of the liver also ascertained the low toxicity of 1.

Keywords: copper complex; MCF7 cells; MTT assay; ROS; comet assay; in vivo toxicity

1. Introduction

Current cancer chemotherapies often fail to improve patient mortality and morbidity
due to severe adverse effects on normal tissues. Nowadays, many internal triggers, in-
cluding pH gradient and enzyme activity, and external stimuli such as light and magnetic
field have been integrated with different inorganic and organic materials for a range of
biomedical applications such as diagnosis, tissue engineering, and cancer therapy [1].

In 1978, Food and Drug Administration approved cisplatin as an anticancer drug
for clinical use. Currently, cisplatin and its analogues are very useful chemotherapeutic
agents in treating testicular and ovarian cancers [2]. The modern use of transition metal
complexes as chemotherapeutic agents dates back to the serendipitous cisplatin discovery
by Rosenberg et al. in 1965 [1,3]. Despite the success of cisplatin and platinum-based drugs,
they still stumble upon much resistance, undesirable non-cancer cell toxicity, and limited
activity [4,5]. Therefore, the market is always accessible for new advantageous metal-
based drugs that offer better viability, such as oral administration, which might diminish
severe side-effects and clinic costs. Additionally, research is focused on drugs with higher
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efficacy, i.e., drugs that interact differently with the target, DNA (deoxyribonucleic acid),
can overcome inherent or acquired cisplatin resistance in many tumors, and are active
towards tumors non-responsive to current chemotherapy. Several anticancer drugs that
could block DNA replication through metal complexes have been developed as DNA
binding and/or cleaving agents [6,7].

Copper, a d” metal ion with borderline Lewis acid properties, is considered biologi-
cally active, exhibiting unique hydrolytic and redox activities [8]. Therefore, it can bind to
different donor atoms present in biomolecules and form complexes with diverse coordina-
tion numbers and geometries based on structural versatility, syntheses accessibility, and
wide application in various fields. Copper is also an essential cofactor in many enzymes
critical for life and a key component in a countless variety of biological functions [9-12].
Preceding literature on copper complexes discloses copper’s ability to reduce a tumor’s
microvascular supply, the tumor volume, and vascular permeability in different forms of
cancers [13]. It could be suggested that copper complexes lead to cell death by inducing
apoptosis, affecting only cancerous cells while leaving the normal cells unaffected [14,15]
and by the generation of reactive oxygen species (ROS) species in oxidative stress, resulting
in DNA damage and strand breaks [16].

On the other hand, (3-carboline (9H-pyrido[3,4-b]indole) alkaloids are extensively
found in anticancer natural products and are widely distributed in plants, animals, and hu-
mans [17-19]. They display a broad spectrum of biological and pharmacological activities,
including anti-tumor, anti-leishmanial, anti-trypanosomal, anti-HIV, anti-inflammatory,
etc. [20-24]. It is widely stated that 3-carboline derivatives stimulate anti-tumor and an-
ticancer properties via DNA intercalation [25], inhibition of topoisomerase I and II [26],
cyclin-dependent kinase (CDK) [27], and IkK kinase complex (IkK) [28].

In this paper, we report on the synthesis and characterization of ternary Cu(Il) (1) and
Zn(Il) complex (2) of Schiff base derived from tryptophan and auxiliary 3-carboline. Both
complexes 1 and 2 were evaluated for their cytotoxicity against MCF7, HepG2, and HEK293
cells by MTT assay, and ICsy values were ascertained and compared with the reported
literature. The level of LPO, GSH, ROS was studied for the assessment of mechanistic
pathways. Both complexes 1 and 2 were further subjected to in vivo studies to evaluate the
toxicity to check their suitability as a drug or adjuvant. The tissue samples were subjected
to oxidative stress, liver, and renal function markers. Furthermore, histological evaluation
and comet assay were also conducted to confirm the biochemical results.

2. Results and Discussion
2.1. Synthesis and Characterization

Two bioactive ligands were mixed to develop new chemotherapeutic entities. The
synthesis involved the in situ reaction of tryptophane and salicylaldehyde in the equimolar
ratio in methanol to get the characteristic yellow colored solution of Schiff base. TLC (thin
layer chromatography) monitored the completion of the reaction. Then added equimolar
quantity of metal salts, Cu(II)(NO3),-6H>0 and Zn(II)(NOs),-6H,O and after 10 min,
two folds norharmane (Hnor, 3-carboline) to the above solution and allowed to reflux
for 4 h (Figure 1). The product obtained was of dark green color Cu(Il) complex (1) and
brownish yellow color Zn(Il) complex (2) in a significantly good yield of 72-74%. They
were soluble in DMSO and DMF, whereas they were partially soluble in H,O. Molar
conductance revealed non-electrolytic nature [29].

The magnetic moment value of Cu(Il) complex 1, 1.80 uB at 298 K confirms the pres-
ence of one electron paramagnetic Cu(IT)-d’ complex. The DMSO solution’s absorption
spectra exhibited 7--7t*, n-7t* transitions at ~285, ~302, ~338, ~354 nm for both the complexes
and broad and weak d-d transition ~670 nm for Cu(Il) complex 1 possessing square pyra-
midal geometry ascertained by the reported literature [30,31] and the elemental analysis
was found consistent with the proposed structure (Figure S1, Supplementary Materials).

The FT-IR spectra showed a medium intensity peak at ~3418 cm~ for Cu(II) complex 1,
whereas in the case of Zn(I) complex 2, the peaks got broader and appeared at 3412 cm ™! [32].
The broadening could be associated with the coordination of the Hnor ligand with Zn center, a
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for Cu(Il) complex 1, and 1629 cm ™! for Zn(Il) complex 2, which is significantly shifted
from the free tryptophan ~1660 cm ™! confirms the coordination of the metal center [30]. The
characteristic signals of aldimine were displayed at 1600 cm~! for Cu(Il) complex 1 and
1597 cm~! for Zn(I) complex 2. The M-O peak was shown at 552 and 532 cm ™! whereas
M-N signals were observed at ~425 cm ! (Figure S2, Supplementary Materials).

NH
O
NH
i) KOH = i) KOH
") Zn(NOS)Z 2 ()HZO O ll) CU(N03)2 c GHzo

OH

Complex 2 L Complex 1

Figure 1. Synthetic route to Schiff base ligand, L and its complexes 1 and 2.

The 'H NMR spectrum for proton in DMSO-dg of the Zn(II) complex 2 displayed
all the characteristic peaks associated with the structure proposed (Figures S3 and 54,
Supplementary Materials). The signal related to Hnor N-H appeared at 11.96 ppm, whereas
the N-H of the tryptophane moiety appeared at 10.85, as characteristic singlet and broad.
The distinct singlets for the Hnor proton peak are attributed at 8.98 and 8.37 ppm. The
other aromatic protons peaks appeared at 8.23-8.10, 7.63-7.51, 7.29-7.21, 7.04-6.90 ppm
(multiplets), and 6.62, 6.46, 6.20 ppm (singlets). The aliphatic protons peaks exhibited at
3.32,2.06, 1.77 ppm for the tryptophan moiety. The slight broadening of the NMR signals
is endorsed to coordinate with the Zn(Il) metal center (Figure 1).

Both the Cu(Il) complex 1 and Zn(II) complex 2 exhibited stability in solution as
evidenced by principally demonstrating molecular ion peaks [M + nH]* in ESI-MS in
DMSO [31]. The emission properties of Cu(Il) complex 1 and Zn(II) complex 2 in DMSO
exhibited a band at ~360 nm, ~390 nm, and an extra peak in Zn(II) complex 2 at 450 nm
(characteristic of zinc complex 2) (Figure S5, Supplementary Materials).

2.2. Computational Studies: Density Functional Theory

Density function theory (DFT) calculations were performed to investigate the geomet-
ric and electronic features, as the crystal structures of complexes have not been obtained.
The proposed structures have been optimized with the B3LYP level of DFT. The optimized
structures of both the complexes are shown in Figure 2, indicating the geometry around the
d® Cu(Il), and d'° Zn(II) ion are found to be distorted square pyramidal with the two donor
nitrogen atom of the norharmane ligand and one nitrogen and two oxygen donor atoms of
the Schiff base ligand moiety. The calculated bond lengths are given in Table 1 and are in
good agreement with the previously reported single-crystal X-ray data in various papers.

The vibrational spectra have also been simulated to validate complexes’ proposed
structure (Figure S6, Supplementary Materials). The calculated frequencies and other
spectral features were found within the range shown in Table 2. Three factors could be
responsible for the deviation in the computed spectra, (1) the environmental aspect as DFT
calculations were performed with solvation effect (liquid phase) while experimental data
was obtained at solid-state; (2) the calculated frequencies are contained only harmonic while
experimental have both harmonic and anharmonic effect; and (3) basis set discrepancies.
However, the pattern and trend of spectra were quite similar in both cases, which validate
the proposed structures for complexes.
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Figure 2. DFT optimized structures of complex (A) 1 and (B) 2. Only coordinated donor atoms are labeled. Hydrogen atoms
are omitted for clarity.

Table 1. Selected bond distances (A) for complexes 1 and 2.

Bonds 1 2 1 2 References
(Calculated) (Calculated) (Experimental) (Experimental)
Cu(1)-N(2)/Zn(1)-N(2) 1.99 2.136 ~1.981-2.015 ~2.000-2.280 [31,33-35]
Cu(1)-N(3)/Zn(1)-N(3) 2.346 2.134
Cu(1)-N(5)/Zn(1)-N(5) 2.116 2.161
Cu(1)-O(2)/Zn(1)-O(2) 1.984 2.061 ~1.952-2.325 ~1.990-2.089 [31,33,34,36]
Cu(1)-O(3)/Zn(1)-O(3) 1.958 2.069

Table 2. Some selected experimental and calculated frequencies (cm~!) of complexes 1 and 2.

. . Complex 1 Complex 1 Complex 2 Complex 2
Vibrational Band (Experimental) (Calculated) (Experimental) (Calculated)
v(N-H) stretching 3418 3509 3412 3502

v(N=CH) stretching 1601 1610 1597 1609
v(-O-C=0) stretching 1627 1656 1629 1653

Moreover, we have also calculated the UV-vis spectra to support further the complexes’
calculated geometry (Figure S7, Supplementary Materials). The TDDFT (time-dependent
density functional theory) calculations have been performed with the DMSO as a solvation
effect for both the complexes. The significant features of the calculated UV-vis spectra
are in good match with experimental spectra. Interestingly, the experimentally observed
band at ~670 nm range also observed in TDDFT calculated spectrum, which is absent in
the complex 2, alternatively validated the complexes’ proposed molecular geometry.

Literature reveals that the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) energy parameters could be related to the molecules’
biological activities. A small energy gap (AE) between the HOMO and LUMO indicates
more polarizable molecule behavior and acts as a soft molecule with higher chemical and
biological activity. However, molecules with a more significant energy gap offer more
excellent stability and lower activity than those with smaller HOMO-LUMO energy gaps.
The HOMO of complex 1 was mainly localized on the ‘Schiff base ligand” moiety while
the LUMO on the ‘Hnor’ ligand. Whereas HOMO of complex 2 is found primarily on the
‘Hnor’ ligand and LUMO delocalized on the whole molecule. Interestingly, the HOMO-
LUMO energy gap of complex 1 (1.28 eV) is larger than the complex 2 (0.40 eV), suggested
that complex 2 could show more significant biological activity as compared to complex 1
(Figure 3).
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Figure 3. Frontier molecular orbitals of complexes 1 and 2 and their HOMO-LUMO energy gaps.

2.3. In-Vitro Anticancer Activity
2.3.1. MTT Assay

The cytotoxicity of the synthesized complexes 1 and 2 were studied by treating against
the human cancer cell lines, MCF7 (breast) and HepG2 (hepatocellular), and compared with
HEK293 (non-tumorigenic cells). The MTT assay was performed to obtained ICs values
for complexes 1 and 2. The significance of the ICsy value of complexes 1 and 2 were
compared with the standard drug, cisplatin, copper, zinc nitrate salts, and the previously
reported compound to study the structure-activity relationship. The results exhibited
significantly good activity of complex 1 against MCF7 cancer cells compared to previously
reported complexes of copper derived from tryptophan, and diamine with non-Schift’s
base, Schiff’s base and reduced Schiff base (Table 3).

2.3.2. Morphology of the MCF7 Cancer Cells

One of the preliminary investigations is studying the morphology of the cancer
cells before and after treatment. Thus, we examined the changes in MCF7 cancer cells’
morphology upon treatment with complex 1 and 2 at a concentration of 10 M. The results
displayed a significant reduction in the cell adhesion capacity, a loss of its characteristic
feature compared to when treated with 2, and the untreated (control) (Figure 4). This
loss to the cell’s adhesion capacity may be associated with the penetration of 1 into the
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cells and enable interaction with key biomolecules inside, such as DNA and HSA (human
serum albumin). This motivated us to study complex 1 more in detail, and we have
explored other parameters, viz., changes in the level of glutathione, lipid peroxidation, and
ROS generation.

Table 3. Cell viability assay (MTT assay) gives the ICsq values (uM) to treat two human cancer cell lines (HepG2 and MCF7)
and a non-tumorigenic cell (HEK293).

Complex HepG2 MCE7 HEK293 References
(uM) (uM) (uM)

[Cu(L)(Hnor),] (1) 21.7 £ 0.9 784+04 >100 This work

[Zn(L)(Hnor),] (2) 50 + 1.5 55+ 1.9 >200 This work
[Cu(tryp) (Hnor),] 270+ 1.1 10+1.3 >100 [37]
[Zn(tryp)(Hnor), ] 88 +19 24 +1.7 >150 [37]
[Cu(Sal-Trp)(dppz)] ND 32.56 + 3.05 ND [31]
[Cu(Sal-Trp)(nip)] ND 20.33 + 5.50 ND [31]

Cisplatin 7.63 + 1.6 38 +1.23 >50 [38,39]

Cu(NO3), >200 >200 >200 [37]
Zn(NO3), >200 >200 >200 [37]

Hnor >200 >200 >200 This work

L >200 >200 >200 This work

MCF 7 Cancercells

Figure 4. Morphology of the human breast cancer (MCF7) cells, untreated (control) and treated with Cu(Il) (1) and

Zn(II) (2) complexes.

2.3.3. Assessment of the Oxidative Stress against MCF7 Cells

The mechanism of action cytotoxicity of complex 1 against MCF cells was assessed
by studying the oxidative stress via examining the levels of GSH (Glutathione), LPO
(Lipid peroxidation), and visualizing ROS generation. GSH is one of the plentiful thiol
compounds in the human body [40-42]. The disulfide bridged GSH molecules viz., GSSH
(oxidized GSH), and GSH (free) exist in equilibrium. When the ratio of GSH/GSSH > 10,
this depletion is often associated with cancer via affection regulation of cell cycle, DNA
synthesis, mutations, etc. [43,44]. It is also well established that the concentration of GSH
is higher in cancer cells than in normal cells [43,45]. The GSH reduced or oxidized form
is known to form adducts with Cu(Il)/(I) and exhibits an antioxidant and superoxide
dismutation property [37]. Therefore, we evaluated the impact of 1 on the intracellular
level of GSH in MCF7 cancer cells. The results revealed in MCF7 cells treating with
complex 1 decreases the level of GSH in a concentration dependent manner. At 5 uM
(lower than ICs) of complex 1, the depletion is ~15%, whereas, at ~ICsy value ~7.5 uM, it
showed a significant reduction of 32% and above ICsp, 10 pM is ~49% (Figure 5a).
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Figure 5. (a) Glutathione level in MCF7 cell line after the exposure of complex 1 for 24 h at 5, 7.5, and 10 uM concentrations.
(b) Induction in LPO level in MCF?7 cell line after the exposure of complex 1 for 24 h at 5, 7.5, and 10 uM concentrations.
(c) ROS generation in MCF?7 cells exposed to complex 1 for 24 h at 7.5 pM concentration. * indicates statistically different
from the control.

The integrity of the cell membranes and the organelles are known to get disturbed by
LPO caused by lipids oxidative damage. It is kinetically and thermodynamically driven,
i.e., peroxyl (HOe)/superoxide (O,e7) radicals swiftly react with lipid/lipid radicals,
respectively. Hence the assessment of the LPO is one of the vital parameters. The results of
1 against MCEF?7 cells LPO level exhibited a significant elevation of ~44% at ~ICs( value. The
sub-ICgy values of 5 uM demonstrated ~22%, and above ICsg, 10 uM showed an increase
of ~59% (Figure 5b).

The production of ROS generation was also visualized as it well established that
copper-based potential cancer chemotherapeutics give rise to OHe, 1Oye, and O, rad-
icals. The ROS production is associated with copper irrespective of the oxidation state
+2/+1 inside cells.

Cu(I) reduces H,O, generate OHe, Cu(Il) reduced to Cu(l) by O,e~ /GSH [46,47].
The presence of surplus intracellular ROS causes DNA damage and may trigger apoptotic
p53 gene with other genes. Thus, it is interesting to explore the ROS generation in MCF
cancer cells by treating it with complex 1. The results upon treatment of MCF7 with 1
displayed the significant ROS generation. Cells images are presented in Figure 5¢, indicating
green fluorescent cells ascertaining the substantial ROS generation compared to control
(untreated). The elevation of ROS, LPO level, and depletion of GSH level in the MCF7
cancer cell, upon treatment with complex 1 ascertains the oxidative DNA damage as a
possible mode of action. These results are in accordance with the literature reported [37,48].
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2.4. In Vivo Studies

In vivo study was conducted to investigate if any serious toxic issues are associated
with the novel complexes in reference to an established toxicant, CCly (carbon tetrachloride),
in vivo. For this, we assessed the liver and kidney function markers in the serum samples.
The involvement of free radicals mediated oxidative stress observed in vitro study on
cell lines was also checked in vivo by measuring the reduced glutathione (GSH) and
MDA (malondialdehyde) levels in the liver tissue samples. Furthermore, these biochemical
parameters were confirmed by histological analysis and comet assay of the liver samples
from the treated groups.

2.4.1. Effect on Liver Function Markers

Alanine aminotransferase (ALT):

Group II exhibited a rise in its activity by 121.92% compared to the control, group
I confirming extensive live damage. However, group III and IV showed decreased liver
markers by 41.96% and 39.59% concerning group II (Figure 6A).

Alanine Aminotransferase (ALT) Aspartate Aminotransferase (AST)
201 201 Hkk
dekeosk —_—
j Kk d *
S 151 *% = 15
- HitH 5 s Hit#
2 Hit# b,
%5 104 —— s 10+ -1
£ | - > | ==
§ 5_ e E 5_ o -.- o
e o R
R g :
0 . . 0--KEE . .
\ N Q N S N Q
Treatment groups Treatment groups
(A) Moderate elevation in ALT (B) Moderate elevation in AST

Figure 6. Showing bars of liver function markers (ALT (A) and AST (B)) and of the indicated groups. All the data has been
expressed in mean & SEM for each group. * indicates statistically different from the control (group I) at p < 0.05. Also **
indicate p < 0.005 while *** and ### indicate p < 0.001.

Aspartate aminotransferase (AST):

Group Il demonstrated an increase in its activity by 148.49% regarding group I whereas,
group III and IV exhibited a decrease in its activity by 48.21% and 44.65% compared to
group II (Figure 6B).

2.4.2. Effect on Renal Function Markers

Urea and creatinine are chosen for the assessment of toxic insults on kidney function
in the present study.
Urea:

A similar pattern was observed in the urea level in the treated groups. Group II
showed enhancement in its level by 127.40%, while group IIl and IV exhibited a decline in
its level by 40.80% and 38.04% concerning group II (Figure 7A).
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Figure 7. Showing bars of renal function markers (Urea (A) and Creatinine (B)) of the indicated groups. All the data has
been expressed in mean £ SEM for each group. * indicates statistically different from the control (group I) at p < 0.05. Also
*** and ### indicate p < 0.001.

Creatinine:

In the present study, the level of creatinine was elevated by 91.38% in group II com-
pared to the control (group I). However, group III and IV showed a decline in its level
by 31.01% and 24.72%, respectively, compared to group II (Figure 7B). It is evident from
the pattern of the liver and renal function markers that both complexes induce a certain
extent of damage in the liver and kidney of the treated animals. Yet, their toxicity is sig-
nificantly less as compared to CCly. Our results are in accordance with the previously
reported [49-51]. This indicates that the proposed complexes are suitable for in vivo ad-
ministration in moderation. However, it is noteworthy that complex 1 was less toxic than
complex 2 in vivo.

2.4.3. Effect on Key Antioxidant Parameters

After evaluation of toxicity of the complexes, we wanted to investigate if free-radicals
mediated oxidative stress is triggered post administration of the complexes in vivo. To
confirm, the level of GSH and MDA was estimated in the target organ-liver tissue samples.

Reduced glutathione level (GSH):

It is considered one of the most antioxidant markers to assess the burden of oxidative
stress in vivo. Group II showed almost 84% of the decline in its level compared to group I,
while group III and IV also exhibited an increase by 231.77% and 333.38% compared to
group II (Figure 8A).

Malondialdehyde (MDA):

It is assumed to be also a very reliable marker to assess the extent of LPO following
oxidative insult in vivo. Group Il showed a staggeringly enhanced MDA level by 180.14%,
while group III and IV demonstrated a decrease in its level by 45.06% and 40.75% with
respect to group II (Figure 8B).

The present study shows that both the complexes improve the antioxidant status
in vivo as the GSH level is enhanced, and a marked decline in MDA in CCl4 challenged
rats after treating complexes. It is evitable that both Cu and Zn increase the Cu-Zn SOD
activity and assist in the absorption and digestion of the food in the treated animals [52].
The results imply that both the complexes perturb the redox balance in the target organ
compared to the control. It is surprising to see that complex 2, despite generating a higher
amount of MDA, replenishes more GSH concerning complex 1.
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Figure 8. Showing bars of oxidative stress markers (GSH Urea (A) and MDA Urea (B) levels) of the indicated groups. All
the data has been expressed in mean £ SEM for each group. ** indicate p < 0.005 while *** and ### indicate p < 0.001.

2.4.4. Comet Assay

This is a susceptible technique to assess nuclear damage following any chemical/
compound treatment in the animals. In the present investigation, group II (CCly treated)
demonstrated an increase in comet tail-length by 156.40% in the liver samples than group I,
as previously reported [50]. The genotoxicity of CCly is well established by comet as-
say [49,53]. However, group III and IV showed decreased tail-length by 42.68% and 39.08%
concerning group II (Figure 9). Hence, both the complexes show the protective efficacy
against the toxicant-induced damage in the target tissues’ nuclear DNA. It is noteworthy
that complex 1 showed marginally better protective efficacy as compared to complex 2.

2.5. Histopathological Evaluation in the Liver Samples

The histomicrographs of Group II demonstrated vivid features of acute toxicity in
the form of inflammation and extensive tissue damage (Figure 9). The sinusoids were
abruptly disturbed, showing that tissue fibrosis and nuclear damage were in most of the
hepatocytes, as previously documented [51,54]. The sections from this group demonstrated
typical liver injury evidenced by noticeable macrosteatosis, ballooning of several hepato-
cytes, loss of cytoplasm, and pushing of nuclei towards one side, depicting the cellular
necrosis. Group Il and IV showed mild toxic insults with mostly hepatocytes maintain
their microstructure in the sections; however, moderate inflammation features and tissue
haemorrhage were observed. These features were less in group III than IV, entailing that
the complex 1 elicited less toxic insults in the target organs. The in vivo study was aimed
to investigate the suitability of usage of the novel Cu(Il) (1) and Zn(II) (2) complexes to
be exploited as a drug or drug adjuvant in vivo. CCly is an established hepatotoxicant to
assess comparative toxicity in animal-based studies in many previous investigations [51,55].
In vivo results of this study show that CCly caused severe toxicity in the treated animals’
liver. Both complexes were well tolerated in the animals as data for the studied parameters
were comparable to the CN~. The investigation also reveals that the complexes affect the
liver more than the kidneys in the treated rodents. Complex 1 was more suitable as a drug
or drug adjuvant in vivo than complex 2.
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Figure 9. Average histological photomicrographs and Comet assay performed on the indicated groups. Group I shows the

control without any treatment, while group II is control positive treated with CCly. Group III and IV are complex 1 and

2 respectively.

3. Materials and Methods
3.1. Chemicals and Instrumentation

All chemicals and solvents were purchased from commercial sources like Sigma-Aldrich
and Fluka (Taufkirchen, Germany) and were used as received. Instruments utilized Perkin-Elmer
2400 Series I CHNS/O elemental analyzer for analyses (Ohio, USA), Shimadzu IR-Affinity
spectrophotometer for FTIR (4000-400 cm 1), CARY 100 Bio VARIAN UV-vis spectrophotome-
ter, JEOL-ECP-400 spectrometer (NMR), Melting points were determined on a BUCHI Melting
point B-540, Sherwood Scientific Magnetic Balance MSB Auto. The kits from QCA and Linear
diagnostic kits (Spain) are utilized for biochemical analysis.
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3.2. Synthesis
3.2.1. Synthesis of [Cu(L)(Hnor);] Complex (1)

The copper complex was prepared by the addition of tryptophan (200 mg, 1.0 mmol),
NaOH (40 mg, 1.0 mmol), salicylaldehyde (0.125 mL, 1.0 mmol) in a 1:1:1 ratio in dry
methanol as reported earlier [31]. After completing the reaction monitored with the thin
layer chromatography (TLC), the Cu(NO3),-6H,0 (241 mg, 1.0 mmol) was added. The
norharmane ‘Hnor’ (336 mg, 2.0 mmol) was added dropwise for 20 min to the above
reaction mixture. Then, stirred at 70 °C for 4 h. Then the solution mixture was cooled
to room temperature and filtered, and left for slow evaporation. The dark green color
crystalline product was then isolated. Yield: 74%. Anal. Calcd for C4oH3zyNgO3Cu (%): C,
68.03; H, 4.28; N, 11.90. Found: C, 67.97; H, 4.26; N, 11.89. FT-IR (KBr pellet, cm~1): 3418,
3044, 1627, 1601, 1536, 1496, 1448, 1350, 1244, 1147, 1087, 1047, 730, 565, 552, 477, 444, 425.
ESI-MS (DMSO): m/z for C49H3z0NgO3Cu+H": 706.2 [M + H]*. pegr (298K): 1.80 uB.

3.2.2. Synthesis of [Zn(L)(Hnor),;] Complex (2)

The zinc complex was synthesized by using the above protocol using the Zn(NOs),-6H,O
(297 mg, 1.0 mmol). Yield: 72%. Anal. Calcd for C4oH30NgO3Cu (%): C, 67.85; H, 4.27; N,
11.87. Found: C, 67.82; H, 4.27; N, 11.84. FT-IR (KBr pellet, em~1): 3412, 3052, 1629, 1597, 1540,
1500, 1448, 1331, 1247, 1147, 1082, 10,444, 733, 633, 532, 470, 424. ESI-MS (DMSO) m/z for
CaoHzNgO3Zn+2H*: 710.0 [M + H]*. 'H NMR (400MHz, DMSO-d;, 5, ppm): 11.96 (s, 2NH,
Hnor), 10.85 (s,1NH, tryptophan), 8.98 (s, 2CH, Hnor), 8.37 (s, 2CH, Hnor), 8.23-8.10 (m, 3H,
2H-Hnor, 1H-H-C=N), 7.63-7.51 (m, 4H, 2H-Hnor, 1H-tryptophan, 1H-aldehyde), 7.29-7.21 (m,
5H, 4H-Hnor, 1H-Aldehyde), 7.04-6.90 (m, 5H, 2H-Hnor, 2H-tryptophan, 1H-aldehyde), 6.62 (s,
1H, tryptophan), 6.46 (s, 1H, tryptophan), 6.20 (s, 1H, aldehyde), 3.32 (m, 1H-tryptophan),
(2.06 (m, 1H-tryptophan), 1.77 (m,1H-tryptophan).

3.3. Computational Methodology

The full geometry optimization, single point energy, vibrational frequency analysis
and the TDDEFT (time-dependent density functional theory) calculations have been car-
ried out at DFT level of theory using the B3LYP functional [56-58] with the help of the
Gaussian-09 program package [59]. The calculations were performed using 6-31G* basis
sets [60,61] for C, H, N, O, S atoms and typical effective core potential (ECP) basis LanL.2DZ
(Los Alamos National Laboratory 2 double () as extra basis set [62] for copper and zinc
atoms. All the DFT calculations were performed without counter ions by employing the
polarizable continuum model, CPCM (DMSO as solvent) [63-65]. No symmetry restric-
tions have been applied during geometry optimization. The Hessian matrix was calculated
analytically for the optimized structures in order to prove the location of correct minima
(no imaginary frequencies). The Cartesian atomic coordinates of the calculated optimized
structures in DMSO are given in Table S1 (Supplementary Materials).

3.4. In Vitro Cytotoxicity

All the experiments were carried out using standard protocols [43,45,47,66-72] and
slight modification adopted by us [73-81]. Cell culture of HepG2 and MCF7 cancer cell
lines were grown in DMEM and maintained at 37 °C. MTT assay was carried out and
read at 550 nm, and the ICs value was evaluated. Morphological images were taken on
a phase-contrast microscope at 20 x magnification. The generation of ROS was assessed
by DCFH-DA (2/,7'-Dichlorofluorescin diacetate) dye as per the protocol, and images
were taken using a fluorescence microscope. The Chandra et al. protocol carried out
the intracellular GSH depletion and read the absorbance at 412 nm [76]. The LPO assay
was performed using TBARS (thiobarbituric acid reactive substances) protocol, and the
absorbance of the supernatant was read at 550 nm.

3.5. In Vivo Toxicity Profiling

After confirming the antineoplastic efficacy of the complexes in the cell lines, we
desired to check if they are suitable for administration in the animals and how much
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toxicity they can elicit in vivo in reference of the established toxicant, CCly. In this section,
we tried to explore the effects of the complexes on the liver and kidney as both are the
key organs of xenobiotic metabolism, i.e., to assess the toxicity of any new chemical or
substance in vivo.

3.5.1. Animal Treatment and Sample Preparation

Thirty-six adult Swiss albino rats (120-140 g, 6-8 weeks old) were purchased from the
central animal house, Department of Pharmacy, King Saud University, Riyadh, KSA. They
were housed and taken care of as previously done in the departmental animal house in the
controlled conditions [82]. All the animals were randomly divided into four groups (1 = 6)
as follows:

Group I: Control normal without any treatment.

Group II (Control positive): Rats treated with CCly with a single dose of 1 mL/kg in
liquid paraffin in the ratio of 1:1 by volume.

Group III: Rats were injected with the synthetic Complexes 1 once a week at the dose
of 1 mg/kg body weight for one month.

Group IV: Rats were injected with the synthetic Complexes 2 once a week at the dose
of 1 mg/kg body weight for one month.

All the animals were injected these test chemicals intraperitoneally with 1 mL syringe
(BD Science, USA). Both the complexes were chosen to assess their efficacy against CCly
induced hepatotoxicity in vivo [51]. This in vivo study was aimed to investigate if the
complexes cause any substantial toxicity in the animals after their repeated dose [83]. Their
serum and liver were stored for basic biochemical analysis that were further confirmed by
histopathology and comet assay.

All the animal-based experiments were conducted in accordance with the stan-
dards set forth under the guidelines for the care and use of experimental animals by
the Committee for the Purpose of Control and Supervision of Experiments on Animals
and the National Institutes of Health. The treatment method and study protocol (care and
handling of experimental animals) were approved by the Animal Ethics Committee of
the Zoology Department in the College of Science at King Saud University, Riyadh (KSA).
The liver and serum samples were prepared for biochemical analysis as previously men-
tioned [84].

3.5.2. Estimation of Aspartate Aminotransferase (AST) and Alanine Aminotransferase
(ALT) as Liver Function Markers

For assessment of toxicity of the complexes on the functionality of the organ, the
established markers (AST and ALT) were estimated in the serum sample by commercially
available estimation kits (QCA, Spain) under the manufacturer’s procedural instructions.

3.5.3. Measurement of Reduced Glutathione (GSH) and Malondialdehyde (MDA)

For the assessment of involvement of free radicals after administration of the com-
plexes, level of GSH, and lipid peroxidation (LPO or MDA) were measured in the liver
tissue samples. The level of reduced glutathione (GSH) was estimated by the method of
Jollow et al. (1974) [84], while the measurement of total malondialdehyde (MDA) was
estimated by the method of Beuge and Aust (1978) [77].

3.5.4. Comet Assay

Furthermore, we were interested to know if the complexes affect the integrity of the
nuclear DNA in the treated animals. We executed a comet assay of the liver cell suspension
as per the previously established method with slight modifications [85,86].

3.5.5. Histopathological Assessment of Liver Tissues

All the biochemical findings were cross-checked with the histological evaluation of
the liver tissues. The processing of the tissue, staining, and snapping were conducted as
previously done [52].
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3.5.6. Statistical Analysis

The data generated during the present work was evaluated by one-way ANOVA,
followed by post-hoc analysis by Tukey’s method using Graph Pad Prism 5 software. All
the data has been expressed in mean &+ SEM for each group. * indicates statistically different
from the control (group I) at p < 0.05 while # indicates statistically different control positive
(group II). ** and ## indicate p < 0.005 while *** and ### indicate p < 0.001.

4. Conclusions

New biocompatible ternary Cu(ll) 1 and Zn(II) 2 complexes bearing (3-carboline and
tryptophan were synthesized and characterized. The validation of the structures of the
complexes 1 and 2 was performed by a computational method using TD-DFT calculation of
IR and UV-vis absorption. These complexes were tested for cytotoxicity against two cancer
cell lines, MCF7, HepG2, and a non-tumorigenic cell line, HEK293. The results exhibited
significantly good activity of 1 against MCF7 cells. Then, complex 1 was studied for
cytotoxicity mechanistic pathway in vitro, in which the level of GSH reduced and LPO get
elevated to a significant level and gave rise to ROS generation.

Furthermore, in vivo experiments also ascertained the ROS generation. Comet assay
performed showed the oxidative damage of DNA, which is consistent with the above results.
The liver and kidney function marker studied approves the in vivo administration (in
moderation) of the complexes and confirmed the low toxicity of complex 1. Thus, complex 1
exhibits the potential to act as an anticancer drug and warrants further investigations.

Supplementary Materials: The following are available online. Absorbance spectra of complexes 1
and 2, Figure S2: IR spectra of complexes 1 and 2, Figure S3: 'H NMR of Zn complex, 2, Figure S4:
'"H NMR of Zn complex, 2 (aromatic region), Figure S5: Fluorescence spectra of complexes 1 and 2,
Figure S6: DFT calculated vibrational spectra of complex 1 (blue) and 2 (red), Figure S7: TDDFT
calculated electronic absorption spectra of complex 1 (red) and 2 (blue). Table S1: The Cartesian
atomic coordinates of the calculated optimized structures 1 and 2 in DMSO.
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