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Abstract

Despite tremendous efforts to search novel drugs and treatments, cancer continues to be a major health hazard.
Modulation of cellular responses to platinating agents has important clinical implications as they are still heavily
prescribed against various cancers. First line chemotherapeutic drug used for treating solid tumors, displays dose
limiting nephrotoxicity. Natural products are being sought in order to improve the anticancer efficacy of cisplatin.
Pectin, a plant polysaccharide have reported strong anti-oxidant and anti-cancer properties. In our study, Pectin-
Cisplatin nanoconjugates in size range of (200 + 20 nm) were synthesized and assessed for their anti-cancer and
renoprotective role. The cytotoxicity of Pec-cis nanoconjugates and cis per se was assessed and co-related with the
Glutathione-s-transferase level in both, in-vitro (B-16/F-10 mouse melanoma cell line) and in-vivo models (C57BL6
mice) in time (24 hours, 48 hours) and dose dependent (30 ug/ml and 60 pg/ml) manner. Our findings revealed that
pectin-cisplatinnanoconjugates exhibited cytotoxicity similar to the cisplatin solution at 1/10th of the cisplatin content,
which indicates a possible synergism between the activity of the cisplatin and pectin. MDA and histological findings
were corraborated for altered renal function in tumor bearing mice. Enhanced GST level was reported post pectin-
cisplatin nanoconjugates administration which confirmed that pectin-cisplatin treatment ameliorated both functional
and histopathologic damage. This was further verified by lowered MDA levels when compared to cisplatinper se.
Therefore, our results confirmed that Pectin-cisplatin nanoconjugates exhibited anti-tumor properties and rendered
partial protection against cisplatin induced nephrotoxicity thereby proving the biocompatibility of pectin-cisplatin

nanoconjugates for therapeutic purposes.

Keywords: Pectin-Cisplatin nanoconjugates; Cytotoxicity; Glutathi-
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Introduction

Cisplatin (Cis), is still one of the most heavily prescribed
chemotherapeutic drug for the treatment of a variety of malignancies
that include ovarian, testicular and lung cancer [1] but has extremely low
patient compliance owing to the induced nephrotoxicity. Acute kidney
injury occurs after high-dose Cis chemotherapy in approximately 20%
of patients [2] and it remains a significant cause of increased morbidity
and mortality among patients, particularly in critical care units. Several
therapeutic strategies are being used to prevent this condition mainly
by vigorous hydration with normal saline is prevalent [3]. Inflammation
and oxidative stress play a key role in Cis induced renal dysfunction [4].
Cis has been reported to enhance tumor necrosis factor-alpha (TNF-R)
levels [5] superoxideanions [6], peroxynitrite anions [7], hydrogen
peroxide [8], and hydroxyl radicals via mobilization of iron fromrenal
cortical mitochondria [9,10].

Cell death by cis is primarily initiated through the formation of
intrastrand crosslinks, the majority of which involve neighbouring
purine bases [11]. Accumulation of these adducts can inhibit DNA
replication and transcription, triggering cell cycle arrest and apoptosis
[12-14]. The severity of toxicity associated with this drug potentiates
the development of newer approaches to combat cancer. Various
studies demonstrated the protective effect of anti-inflammatory agents
and antioxidants against Cis-induced inflammation and oxidative stress
in experimental nephrotoxicity [15,16]. Cis-induced nephrotoxicity is
closely associated with an increase of lipid peroxidation in the kidney
tissues [17-19]. Furthermore, Cis induced glutathione depletion
is a determinant step in oxidative stress in kidney tissue that leads
to nephrotoxicity [20]. Cis chemotherapy induces a fall in plasma
antioxidant levels, which may reflect a failure of the antioxidant defense
mechanism against oxidative damage induced by commonly used
antitumor drugs [21]. Renewed interest has been observed in recent

years on the multiple activities of natural molecules. A large number
of natural products and dietary components have been evaluated as
potential chemoprotective agents. Natural compounds represent an
important source of new “leads” with potent chemotherapeutic or
chemopreventive activity [22].

Pectins (Pec) are complex plant polysaccharides present primarily
in cell walls as an intercellular cementing material. Polysaccharides are
preferred due to their unique and multifunctional attributes such as
non-toxic, bio-compatible, biodegradable with adherence properties
[23]. Pectin has been extensively investigated as matrix tablets for oral
delivery to target the colon [24] and as microspheres [25-27].

Pectin per se (pec) and pH or heat-modified pectin have
demonstrated chemopreventive and antitumoral activities against
some aggressive and recurrent cancers [22]. It has been reported
that polysaccharides in general have strong antioxidant activities and
can be explored as novel potential antioxidants [28]. Due to their
antioxidant activity, polysaccharides extracted from fungal, bacterial
and plant sources have been proposed as therapeutic agents [29]. It has
been recently reported that pectins and pectic acids have antioxidant
activity that may be related to free radical scavenging activity of these
molecules [30,31]. We have earlier communicated in depth physical
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characterization of pec-cisplatin(pec-cis) nanoconjugates and their
therapeutic efficacy in a tumor model [32].

Reduced glutathione-GSH and GSTs are two primary lines of
defense against both acute and chronic toxicities of electrophiles and
reactive oxygen/nitrogen species. GSH confers cellular protection
either directly, or by enzymatic reduction of free radicals, generation
of reactive oxygen species (ROS), and conjugating endogenous
and exogenous electrophiles. GSTs (cytosolic, mitochondrial and
microsomal GSTs) are a family of Phase II detoxification enzymes that
detoxify both ROS and toxic xenobiotics, including alkylating and
platinating agents, primarily by catalyzing GSH-dependent conjugation
and redox reactions. Overexpression of GST leads to an accelerated
detoxification of drug substrates. The GSTs play a central role in the
cellular metabolism of cytotoxic and carcinogenic compounds [33-35].
Distribution of GST family of enzymes in hepatic and extrahepatic
tissues and other major organs is similar in humans and rodents [36].
Therefore, these animals make a good model for the study of GST-
catalyzed metabolism of anticancer drugs and toxins.

Our findings on the altered biodistribution of cis by pectin-
cisplatinnanoconjugates (pec-cis) [32] warranted further understanding
of the molecular and biochemical mechanism that played a key role in
the cellular metabolism of cytotoxic and carcinogenic compounds. In
the present study, cisper se and pec-cisnanoconjugates were evaluated
for their anticancer and renoprotective role in B-16/F-10 mouse
melanoma cell lines and C57BL/6 mice.

Materials and Methods
Materials

Analytical grade chemicals were purchased and used without
further purification. Cis-diamminedichloroplatinum (II), pure
pectin from citrus fruit having 87.6% Galacturonic acid residues
with 9% methoxylation, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] and Sephadex G-25, were obtained from
Sigma Chemicals St. Louis, U.S.A. The dialysis membrane Spectra/
Por-7; MWCO, (10 kD) was procured from Spectrum Laboratories Inc,
USA. (DMEM) (Gibco), Foetal Calf Serum (FCS) (Hi-media), HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic ~ acid), Na,HPO,
NaH,PO, and NaCl were procured from SRL Laboratories (India).
Inbred male C57BL/6 mice (6 weeks old) weighing 18-20 g each, were
obtained from the Institutional Small Animal Holding Facility. All the
experiments were carried out in accordance with the protocols approved
by IAEC under CPCSEA registration no.1666/PO/ac/12/CPCSEA.

Preparation and characterization of nanoconjugates

Pec-cisnanoconjugates were prepared as per our previously
published protocol [11]. Briefly, cis (1 mg/ml) was added dropwise in
a solution of temperature degraded pectin (5 mg/ml) with vigorous
stirring for 48 hours. The particle size measurements (hydrodynamic
radius, Rh) was estimated by dynamic Laser light scattering (DLS)
having excitation source of He-Ne Gas laser with a wavelength of 633
nm and a power of 4 mW in a linearly polarized single frequency mode
at 173 scattering angle, using Zeta nano-ZS, backscattered (Malvern
Instruments, USA). The electrophoretic mobility and surface charge
of nanoparticles was further measured by the frequency shift of the
scattered light at a 12° scattering angle using Zeta Nano-ZS, (Malvern
Instruments, UK) where a charged particle moves under the influence
of an electric field in between the electrodes.

The size was further visualized and analyzed by the Nanosight

Tracking Analysis (NTA) Model NS 300, Malvern UK equipped with
a sample chamber with a 640-nm laser and a Viton fluoro-elastomer
O-ring. Using sterile syringes, requisite amount of samples were
injected in the sample chamber till the liquid reached the tip of the
nozzle. All measurements were performed at room temperature. The
software used for capturing and analyzing the data was the NTA 2.0
Build 127. The samples were measured for 40 s with manual shutter
and gain adjustments. The “single shutter and gain mode” was used
to capture the Pec-Cis nanoconjugates. Measurements of the same
sample were performed in triplicates. The error bars displayed on the
NTA graphs were obtained by the standard deviation of the different
measurements of each sample. The mean size and SD values obtained
by the NTA software correspond to the arithmetic values calculated
with the sizes of all the particles analyzed by the software.

In-vitro cytotoxicity assays

The B16-F10 mouse melanoma cell line was maintained in RPMI
supplemented with 10% FCS in a CO, incubator (Thermo Electron
Corporation, Model BB-15) having 5% CO, and 95% humidity. A
standard MTT assay [37] for 24 and 48 hours was performed in vitro.
Briefly, B16-F10 cells were plated at a density of 5,000 cells/well in
DMEM supplemented with 10% FCS, 20 mM HEPES, penicillin (100
U/ml) and streptomycin (100 pg/ml) in a 96 well plate. MTT assay
is based on the reduction of the tetrazolium salt into a blue purple
formazon crystal, mainly by mitochondrial enzymes of living cells.
After the requisite time period, 20 ul of MTT solution (5 mg/ml) was
added to each well. Formazan crystals were clearly visible post 4 hours
of incubation. The formazan crystals formed by the cellular reduction
of MTT were further dissolved in 100 pl of DMSO. After mixing with
a mechanical plate mixer and the plates were read on an ELISA-reader
(SynergyHT, Biotek, USA) using a 570 nm filter. All measurements
were done in triplicates. The relative cell viability (%) related to control
wells without nanoconjugates was calculated by:

(Al /[A]

control test control

Percent cytotoxicity = {[A] } x 100
where, [A]

[A]

is absorbance of the test sample and

test

is the absorbance of the control sample.

control

The color developed due to formation of formazan crystals was
directly proportional to the viable population.

Glutathione-S-transferase (GST) assay

For GST activity, the cells were harvested 24 hrs post treatment
of cisper se, pectin and Pec-cisnanoconjugates. The GST activity of
the cell line and tissue homogenate was done by using 1-chloro-2,4-
dinitrobenzene (CDNB) and GSH according to the modified protocol
of Habig et al, 1974 [38]. The rate of GST formation was monitored by
measuring absorbance at 340 nm using UV /visible spectrophotometer
(SynergyHT, Biotek, USA). Enzyme activity was calculated after
normalizing for the non-enzymatic function.

Lipid peroxidation measurement (Malionaldehyde)

The free-radical modulation activity of Pec-Cis was determined
using a lipid peroxidation assay. Kidneys were isolated post 7" day
and 14™ day treatment with PBS, Pec-Cis, Cis, Pec and 10% tissue
homogenate was prepared. The samples were incubated at 37°C for 1
hour in a dark incubator. The reaction was inhibited by adding an equal
volume of stop solution [0.25 M HCI, 1.5% (wt/vol) trichloroacetic
acid, and 0.375% (wt/vol) thiobarbituric acid]. These reaction mixtures
were boiled for 15 minutes, cooled, and then centrifuged at 12,000 rpm
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for 15 minutes. The absorbance of the resulting solution was measured
at 532 nm [39].

Histopathology

The mice were sacrificed post 14 days of daily injections and the
kidneys were aseptically removed and tissues were washed with PBS.
The kidney slices were fixed in neutral buffered formalin for 3 hours
and gradient dehydration was done by 50%, 70%, 80%, 90% and
absolute ethanol. The tissue was further embedded in paraffin wax and
sections of 3-5 pm thickness were taken and stained with Haemotoxylin
and Eosin using the standard protocol [40].

Statistical analysis

The results were expressed as mean + SD. Comparison among
groups were analyzed by One-way Anova and means were separated by
Tukey’s test using Prism (5.0) software (Prism Software Inc. CA). Levels
of significance were accepted at <0.05.

Results

The nanoconjugates were formed by the spontaneous folding
caused by the coordination bond between the platinum atom and
the carboxylic group in galacturonate of pectin [37]. In our earlier
communication, we have verified the complex and reported a detailed
physical characterization and release profile in plasma [41].

The NanoSight NS300 nanoparticle tracking analysis system
(NTA) enables sample visualization and provides approximate
particle concentrations in suspension, without affecting quality or
functionality, all of which are very extremely useful features for particle
characterizations. The size of pec-cisnanoconjugates was measured by
DLS, and was in the range of 200 + 20 nm with a PDI of 0.35. Zeta
potential, being a useful indicator of surface charge property that confers
stability to the nanoconjugate was observed to be -25.7 mV (Figure 1).

In our previous study it was observed that pec-cisnanoconjugates
were stable and exhibited slow and a sustained release system with no
burst effect. The measurement of the pectin-cisplatin conjugate depicts
that the highly polyanionic pectin chains get shielded, ~ 7 times, on
addition of cisplatin that may help in enhancing its interaction with
cell membranes and prevents intra-molecular aggregation of the
nanoconjugates [32].

The cytotoxicity was evaluated in a dose and time dependent
manner at two time points i.e. 24, 48 hours and with two doses i.e.
200 uM (60 ug/ml) and 100 uM (30 pg/ml). The percent cytotoxicity
of cisper se, pec-cis and pec at concentration of 60 pg/ml was reported
to be 68.6 + 3.8%, 57.6 + 2.77%, 3.3 + 0.7 whereas at a concentration
of 30 pg/ml, 75.7 £ 2.1%, 65.4 + 3.5%, 3.3 £ 0.7% cytotoxicty was
observed post 24 hours of treatment. Post 48 hours of treatment, cis
per se, pec-cis and pec at concentration of 60 pg/ml exhibited 74.1 +
4.0%, 68.1 £ 3.3%, 3.2 £ 1.7% cytotoxicity whereas at concentration of
30 pug/ml, 80.8 +2.1%, 70.6 + 2.8%, 4 + 0.9% cytotoxicity was reported.
In our study, we evaluated the correlation of cytotoxicity with the
glutathione-S-transferase activity. The GST levels were evaluated at
two time points i.e. in dose (60 pg/ml and 30 pg/ml) and time (24
hours and 48 hours) dependent manner. At a concentration of 60 pg/
ml, GST level post cis per se, pec-cis and pec treatment was reported
tobe 3 = 1.1 nm/mg, 18.6 £ 2.1""* nM/mg, 19.1 + 0.5 nM/mg whereas
at a concentration of 30 ug/ml, 5.2 + 1.1 nM/mg, 10.7 + 1.6* nM/mg,
11.2 + 0.5 nM/mg GST levels were reported post 24 hours of treatment.
Post 48 hours of treatment, cisper se, pec-cis and pec at concentration
of 60 pg/ml exhibited 2.1 + 0.6 nM/mg, 23.2 + 1.6"*nM/mg, 25 £ 1.2
nM/mg GST levels whereas at concentration of 30 pg/ml, The reported
GST levels were 5.1 + 0.8 nM/mg, 14.8 + 2.8"*nM/mg, 15.7 + 1.0 nM/
mg respectively. From our results, it was found that in B16-F10 mouse
melanoma cell line, cytotoxicity was inversely proportional to the GST
levels (Figure 2 and Table 1).

Size Distribution by Intensity

14 400000g== s =mrassansansanmansnnnannimngnn
£300000t

1) 2 + :
_ :)2()0000......_........ RN AREE RN
S o4 £ | R
T 100000} _
Z st 0 ;
= -100 0

1 10

Size (r.nm)

P

Figure 1: Dynamic Light Scattering measurement of pec-cisnanoconjugate at room temperature. The Z-Average diameter of the nanoconjugate is 214.14 nm
+ 18.68 with a 0.351 polydispersity index. The overall charge was -25.7 mV + 3.78. The electrophoretic mobility of the particle was -2.016 ymcm/Vs. Pec-Cis
nanoconjugate measured with Nanosight Tracking Analysis [NTA]. The size distribution (middle panels) with the corresponding NTA video frame (left panels)

and 3D graph (size vs. intensity vs. concentration; right panels) are shown.
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The pec-cis nanoconjugate have a drug loading of 49%. Therefore,
at a concentration of 60 pg/ml and 30 ug/ml, the pec-cisnanoconjugate
are capable of producing a maximal cis per se concentration of 5.88 pg/
ml and 2.94 pg/ml respectively. Comparing these concentrations with
that of the cis per se solution tested 60 pug/ml and 30 pg/ml, we observed
that the pec-cis nanoconjugates are capable of bringing about the same
effect as that of the free cis at very low pec-cis dosage (Table 2). This
confirms the synergistic effect of pec-cis conjugation. Results from the
MTT cytotoxicity assay, high IC_ value (Table 2) of pec validate the
excellent biocompatibility of the pec-cis nanoconjugates.

GSTs catalyze the nucleophilic attack of the sulfur atom of GSH
on the electrophilic group of numerous types of xenobiotics and
could also detoxify anticancer drugs not only by acting directly on the
molecules but rather on a metabolite [42]. This drastically reduces the
reactivity of these compounds and makes them more water soluble,
so as to enable their elimination. As a result, the GST catalytic activity
may play a key role in the detoxification of a variety of anticancer
drugs such as, Cis, melphalan, chlorambucil, cyclophosphamide, bis-
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Figure 2: The comparative graph of GST activity vs. cytotoxicity at 30 pug/ml
and 60 pg/ml of cis in B16-F10 mouse melanoma cell line. *indicates significant
difference between Cis. And pec-cis (% cell cytotoxicity). + indicates significant
difference between Cis. And pec-cis (GST level). ***P<0.005, **P<0.05, *P<0.5.

% Cytotoxicity

Samples Concentration
24 Hours
Pectin 23+0.6
X 30 pg/ml
Cis 68.6 + 3.8
Pec-cis 30 pg/ml (2.94 pg/micis) 57.6+£2.7"
Pectin 3.3+£0.7
. 60 pg/ml
Cis 75.7+21
Pec-cis 60 ug/ml (5.88 pg/micis) 65.4+3.5"

“Significant difference between cis. andpec-cis (% cell cytotoxicity).
*Significant difference between cis. andpec-cis (GST level).
""P<0.005, "P<0.05, 'P<0.5.

chloroethylnitrosourea (BCNU), mitoxantrone and thiotepa [43].
Microsomal GST is a membrane protein that has been extensively
expressed in most tissues. Experimentally, the highest expression
was observed in the liver i.e 285.49 + 4.64 nM/mg protein. Results
presented in this study are in support with studies demonstrating that
highest levels of Glutathione family enzymes in mice are in the liver
[44]. This confirmed that the liver is the major organ responsible for
the detoxification of various exogenous and endogenous toxicants.
Likewise, kidneys, lungs and brain that are also exposed to toxicants
also possess their own GSH, GST activity [45]. The proof of concept
studies clearly indicated the upregulation of GST in all tissues that
are primarily responsible for detoxifying the cells. Hence, it was only
natural that the study progressed from in-vitro to in-vivo. The tumor
bearing mice were treated with Pectin, Pec-cis nanoconjugate and
cisper se, and the levels of GST evaluated. Kidney exhibited a maximum
increase (99.74 £+ 2.35 nm™) (p < 0.005) of GST activity while in liver,
spleen and tumor, the GST levels were also significantly enhanced (p
<0.005) i.e. 134.59 + 2.89"™, 74.98 + 2.96™, 70.49 + 2.23™" respectively
post 7 days of treatment (Figure 3). However, 14 days post treatment,
the GST activity in spleen and kidney was relatively reduced when
compared to liver. But, in all the organs, pec-cis enhanced the GST level
which shows its protective effect.

" indicates significant difference between cis. Andpec-cis, "'P <
0.005, "P < 0.05, P < 0.5

Decrease in the activities of renal Glutathione enzymes are proof of
the oxidative stress caused by Cis treatment and have been previously
reported in a number of previous studies [46-48]. These observations
support the mechanism that nephrotoxicity induced by Cis in mice
was partially related to the depletion of renal antioxidant system. As
GST [49] is one of the components of the antioxidant defense system of
the cells, the increase caused by Pectin conjugation could be one of the
mechanisms by which Pectin acts as a protective agent in the kidneys
of mice.

To highlight ROS production, we performed lipid peroxidation
experiments. The oxidation of fatty acids leads to the generation of
lipid peroxides, thereby initiating a chain reaction that results in the

GST (nM/mg protein)

Table 1: Comparative analysis of % Cytotoxicity and GST level on B-16/F-10 mouse melanoma cells.

Samples Concentration
Pectin
Cis 30 pg/mi
Pec-cis 30 pg/ml (2.94 pg/micis)
Pectin
Cis 60 pg/ml
Pec-cis 60 pg/ml (5.88 pg/micis)

48 Hours 24 Hours 48 Hours
32+17 11.2+0.5 15.7+1.0
741+4.0 52+1.1 51+0.8
68.1+3.3 10.7 £ 1.6* 14.8 £ 2.8*
4+09 19.1+05 25+1.2
80.8+2.1 3+1.1 21+0.6
70.6+2.8 18.6 £ 2.1+ 23.2+1.6*
IC,, values (ug/ml)
24 Hours 48 Hours
652 468.75
21.86 20.24
2.55 2.14
909.09 750
39.63 37.12
4.49 4.164

Table 2: Assessment of IC, values (ug/ml) post cis per se, pec-cis, pec treatment (24 hours and 48 hours).
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Figure 3: The GST activity 7 and 14 days post treatment. * indicates significant
difference between cis. and pec-cis, ***P<0.005, **P<0.05, *P<0.5.

disruption of the plasma and organelle membranes and subsequent
cell death [50]. Malondialdehyde (MDA), a degradation product from
lipid hydroperoxide, provides an index of the peroxidation of lipids in
biological tissue. It is well documented that cis causes lipid peroxidation
in thekidneys via ROS generation [51]. In this study, Pec-cis significantly
attenuated lipid peroxidation in C57/BL6 mice, providing convincing
evidence for the involvement of ROS in cis-induced lipid peroxidation.

Lipid peroxidation was enhanced post treatment with Cisper se
i.e 11.48 + 1.443 nM/mg protein when compared to PBS but when
pec-cis was administered a downregulation in the level of MDA was
observed i.e 7.528 + 0.087 nM/mg when compared to cis per se post 7
day treatment. Parallel results were obtained post 14 days of treatment
indicating the potential of pectin in ameliorating the excess production
of free radicals leading to reduced nephrotoxicity post pec-cis treatment
as compared to cis treatment.

Although, it has now been postulated that severe nephrotoxicity can
be prevented by employing aggressive hydration [52], renal function
impairment after treatment of cis is being regularly encountered among
patients. Furthermore, the exact mechanism how nephrotoxicity is
produced has not been established. The renal toxicity induced by cis
is primarily tubular dysfunction, hence it was necessary to study the
histopathology of kidney to assess the damage caused by daily injections
of cis and pec-cisnanoconjugates post 7 days and 14 days (dose: 1 mg/
ml) of treatment.

Kidney slices from cis (30 pg/ml) pre-treated C56BL/6 mice
exhibited morphological changes consistent with acute nephrosis in the
convoluted tubules within the cortex and at the junction between the
cortex and the outer margin of the medulla. The nephrosis was reduced
in the pec-cis treated mice as evident by swelling and vacuolation, loss of
normal histologic architecture, and multifocal areas of tubular epithelial
cell degeneration and necrosis. The severity of the nephrosis was time
dependent with the earliest lesions observed within 7 days (Figure 4).
It was observed that the extent of swelling and necrosis progressed and
involved all parts of the convoluted tubules in the tissues of mice post
14 days of cisper se and pec-cis administration.

The high doses ofcisis known to cause hepatocellular injury,
therefore, it was imperative to assess the liver glutathione levels. Kidney
being the filtering unit, was unable to retain the nanoconjugates and
there was negligible damage to the kidney glomeruli, but there was
significant damage by cis per se (Figure 5).

Cisis the preferredchemotherapeutic agentowing to its efficacyand

the small size that enables it toaccumulate within cells by passive
diffusion [53]. Accumulation of Cis in kidney could be explained as
free Cl of cis moleculesinteract with kidney cells while performing
electrolyte homeostasis. But as pec-cisnanoconjugates, the Cl-atom was
conjugated with carboxylic group (-COOH) of pectin chain, and hence
it was cleared from kidney leading to reduced nephrotoxicity [32].

We have earlier reported an altered bio-distribution of cis with
pec-cis nanoconjugates [41]. Our earlier reports have clearly indicated
a three-fold tumor regression with the pec-cis conjugates when
compared to cis per se [32]. The key factor that severely limits the
cis cytotoxic efficacy in several human tumors may be the activity of
cellular glutathione (GSH)-related detoxification system.

To further understand the mechanism of cellular detoxification,
the role of glutathione-S-transferase was assessed. Formation of
GSH-Cis metabolite is a major route for cellular elimination of Cis
[45]. Literature suggest a strong link between overexpression of GST
and development of nephrotoxicity from both in vivo studies and cell
culture Cis metabolites are toxic through a GSH-conjugate intermediate
mimicking the halogenated alkenes. Platinum-GSH conjugates may be
formed in either the liver or the kidney. Studies with 195mPt-labeled
Cis showed that following injection, the highest levels of platinum are
found in the liver and kidney [54,55]. In mice, systemic inhibition
of GSTs with ketoprofen reduced Cis nephrotoxicity [56]. Above
data clearly demonstrates the enzymatic activation of to a metabolite
(diglutathionyl platinum) that is more toxic than the parent compound.

But for the first time, we have verified the involvement of GST
and MDA levels in the protective activity of pectin in renal injury.
Although, many studies have reported the elevated level of GST with
enhanced toxicity, few have been reported to enhance GST levels
coupled with amelioration of cytotoxicity by lowered MDA with Pec-
cis administration culminating into reduced oxidative stress. This data
may appear to contradict the above hypothesis but there have been
reports in the literature that suggest the role of oxidative stresses in Cis-
induced nephrotoxicity [8]. Evidences suggest that cisadministration
caused remarkable deterioration in antioxidant defense as evidenced
by decreased antioxidant enzymes and increased thiobarbituric acid
reactive substances (TBARS) in renal tissues. The oxidative stress mainly
results from formation of Cis-GSH conjugation [57]. The conjugation
contributes to GSH depletion and alteration of redox state in kidney and
consequently leads to an increase in generation of superoxide and other
free radicals [58]. It is obvious that the nephrotoxicity of Cis involves

Lipid Peroxidation Assay
80
Day 7 Day 14
70 PBS 7.07341.003  18.648+0.984
-5 60 Pec 552:0.8349  15.660£0.923
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S 50 Cis 1148351443 67.91945.999 s
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" e H m [
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Figure 4: Graph depicting lipid peroxidation in Liver and Kidney (n = 5) [Bars
represent mean of 5 values]. * indicates significant difference between cis. and
pec-cis. *** P<0.005, **P<0.05, *P<0.5.
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reactive radicals. Thus the reasonable cellular protective agents against
Cis toxicity involve antioxidant mechanisms to prevent GSH depletion
and/or scavenge the intracellular reactive oxygen species.

Free Radical Scavenging activity and enhanced antioxidant
potential of pectin has already been reported [30,31]. On conjugation
of pec with cis, diglutathionylplatinum compound is not formed
due to which GST activity is enhanced providing better antioxidant
potential therefore imparting reduced nephrotoxicity. Therefore, we
have tried to elucidate the possible mechanism involved in the cellular
uptake of Pec-cis nanoconjugates. Cis being a low molecular weight,
passively enters the tumor cells by crossing the plasma membrane, but
the polymer-drug conjugates are internalized possibly by receptor-
mediated endocytosis [59,60] high concentration of pec per se,
has the ability to induce apoptotis in tumor cells [61]. The plasma
membrane copper transporter-1 (CTR-1), a member of SLC family
helps in the transport of Cis and its analogues across the cell [62]. Cis
is released from the conjugate by hydrolysis, that possibly undergoes
a second hydrolysis inside the cells. Once internalized, cis undergoes
aquation to become a potent electrophile that reacts with a number of
targets including a variety of endogenous nucleophiles (glutathione,
metallothionein), nucleic acids and sulthydryl group of proteins [63].
But studies have reported, the major intracellular metabolite of cis is
diglutathionyl platinum [45], we tried to examine the formation of this
toxic compound by assessing the MDA levels in kidney of mice as This
compounds leads to elevated lipid peroxidation. The cis binds to the
antioxidant molecule GSH, a reaction catalyzed by GST leading to the
formation of diglutathionyl platinum which are effluxed out from the
tumor cell via the ATP-dependent copper transporters ATP-7A and
ATP-7B and the glutathione-conjugated efflux pump (MRP).

The pec-cis nanoconjugates are internalized into the cell and enter
the endosome where they undergo distortion in their self-folding
ability. The action of pectinolytic enzymes on the pec-cis nanoconjugate
may also lead to the leaching of pectin and formation of pores for drug
release [64-67]. Reports suggest that only 1% of Cis reacts with genomic
DNA, whereas most part of the drug interacts with proteins, RNA, and
small thiol compounds [68,69].

DNA is the primary target of the internalized cis as the platinum
atom of cis binds to the N-7 position on the purine bases mainly
forming 1,2-intrastand crosslinks [53,63]. Due to the formation of Pt-
DNA adducts, conformational changes in the DNA occur impeding the
separation of both strands of DNA leading to the inhibition of DNA
replication. The DNA damage response is transduced mainly via p53,
c-abl and PKC. Intercalation of cis into DNA activates recognition
proteins that send the DNA damage signals to downstream effectors.
The outcome of the Cis exposure depends on the relative intensity of
the signal generated and the crosstalk among these pathways (Figure
6) [63,70].

Haemotoxylin and Eosin stained sections of the kidney were
assessed for the evidence of renal damage. The proximal tubules in the
control mice showed no damage in the cortico-medullary region post 7
and 14 days treatment. Cellular debris was observed in cis treated mice
with distinct damage to the tubules and glomeruli. The renal damage
caused by pectin nanoconjugates was negligible and the architecture was
similar to the control mice. Histopathological studies also corroborated
the effects of elevated levels of GST in pectin nanoconjugate treated
mice as evidenced by the negligible damage to the renal architecture
when compared to cis per se.

Conclusion

Cis toxicity is multi-factorial, with several different mechanisms
occurring simultaneously. Cis-induced nephrotoxicity was confirmed
by assessing the anti-oxidant mechanisms. We found that Pec-cis
nanoconjugates are more effective for the treatment of solid tumors
and in ameliorating cis induced nephrotoxicity as pectin that is a
known free radical quencher. In addition, nano-conjugation resulted
in improved bioavailability, enhanced efficacy and renoprotection.
The microsomal concentration of GST was inversely proportional to
cytotoxicity. We conclude that GST in pec-cis treated cell (in-vitro) was
higher than the cis treated cells that indicated nanoconjugates were
less toxic and a better delivery system that may augment the activity
of cis. GST activity in tissues (in-vivo) had a similar pattern as in-vitro.
Pec-cis nanoconjugates have therapeutic potential for effective anti-
cancer molecule that will pave the way for reducing mortality caused

Cis (14 Days)

Figure 5: Morphology of mice kidney (Control 7 days and 14 days), Magnification is 40x.
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