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A B S T R A C T

We attempted a preclinical study using DMH-induced CRC rat model to evaluate the antitumor potential of our
recently synthesized 1,3,4-thiadiazoles. The molecular insights were confirmed through ELISA, qRT-PCR and
western blot analyses. The CRC condition was produced in response to COX-2 and IL-6 induced activation of
JAK2/STAT3 which, in turn, was due to the enhanced phosphorylation of JAK2 and STAT3. The treatment with
1,3,4-thiadiazole derivatives (VR24 and VR27) caused the significant blockade of this signaling pathway. The
behavior of STAT3 populations in response to IL-6 and COX-2 stimulations was further confirmed through data-
based mathematical modeling using the quantitative western blot data. Finally, VR24 and VR27 restored the
perturbed metabolites associated to DMH-induced CRC as evidenced through 1H NMR based serum metabo-
lomics. The tumor protecting ability of VR24 and VR27 was found comparable or to some degree better than the
marketed chemotherapeutics, 5-flurouracil.

1. Introduction

Colorectal cancer (CRC) is one of the most lethal cancer and causes
high incidence of mortality worldwide [1]. According to American
Cancer Society of the United States, about 6,00,000 cancer-related
deaths and 1.7 million new cases occurred in 2015 [2]. While vast
promising advancement has been accomplished for the diagnosis and
treatment of colorectal cancer (CRC), it remains a foremost public
health problem. There are several inflammatory targets including cy-
clooxygenase 2 (COX-2), interleukins (ILs) and associated intracellular
signaling molecules responsible for CRC development [3–5]. 1,3,4-
Thiadiazole ring has been incorporated into numerous diuretic and
anticancer drugs, including acetazolamide, methazolamide and
megazol. The pharmacological responses of these drugs are probably
due to carbonic anhydrase enzyme inhibition properties [6–8]. How-
ever, the risk of associated side effects like blurred vision (acet-
azolamide and methazolamide) and genotoxicity (megazol) can reduce

a patient's motivation to take their medications consistently [9]. In
addition, 1,3,4-thiadiazoles exhibited promising in vitro cytotoxic ef-
fects against various cancer types including breast, lungs, colon and
rectum [8].

Recent investigation suggested that 1,3,4-thiadiazoles are the in-
hibitors of COX-2 and ILs that can lead to deactivation of associated
signaling molecules, including janus kinases (JAKs) and signal trans-
ducer and activator of transcriptions (STATs). Growing evidence sug-
gested that the growth of CRC can be prevented through the down-
regulation of both COX-2 and IL-6 expressions at CRC site [10–13]. In
view of this, recently we designed and synthesized novel 1,3,4-thia-
diazole derivatives and screened them for anticancer activity against
HT-29 human colon cancer cell lines. Two compounds, VR24 and V27
(Fig. 1) showed their strong potential to inhibit the growth of CRC cells
in vitro. In addition, they also inhibited both IL-6 and COX-2 enzymes in
vitro during enzyme-linked immunosorbent assay (ELISA) [14]. Now, it
was speculative whether these compounds have anti-CRC potential in
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the experimental in vivo model with a similar mechanism described in
our previous in vitro study. Prior to performing in vivo antiproliferative
study, an acute toxicity study was conducted in albino Wistar rats to
determine the safe dose of both compounds. The study revealed that no
significant toxicity was produced up to a dose of 25mg/kg. Later, the
pharmacokinetic studies of both compounds demonstrated an optimal
degree of oral absorption, distribution and renal clearance [15].

In this context, we performed in vivo experiment to evaluate the
anti-CRC action of VR24 and VR27 in DMH-induced CRC rat model and
to confirm the molecular mechanism underlying their action. As pre-
liminary investigation, various physiological, enzymatic, oxidative
stress parameters, and morphological studies were conducted to assure
the protective effect of VR24 and VR27.

The tissue concentration of the important inflammatory mediators
(IL-2, IL-6) and enzyme (COX-2) were measured using ELISA. Further,
gene and protein expression studies were performed to explore the ef-
fects of these compounds on IL-6 and COX-2 mediated activation of
JAK2/STAT3. In addition, a data-based mathematical modeling was
applied using the data of quantitative western blot. For this purpose,
the quantitative western blot data were used into a system of differ-
ential equations formulated for individual steps of the IL-6 and COX-2
induced JAK2-STAT3 signaling pathway [16,17]. Applying the fitted
mathematical model, the quantitative behavior of different STAT3 po-
pulations could be determined that was not accessible to experimental
measurement. In addition, proton nuclear magnetic resonance (1H
NMR) based serum metabolomics study was performed to discover the
metabolic perturbations during CRC condition and there regulation
with VR24 and VR27 treatment.

2. Materials and methods

2.1. Drugs and reagents

1,3,4-Thiadiazole derivatives, VR24 and VR27, were already syn-
thesized by our research group [14]. Dimethylhydrazine (DMH) was
purchased from MP Biomedicals, Santa Ana, California, USA. GSH and
2,4-dinitrophenylhydrazine (DNPH) was purchased from Sigma-Al-
drich, Bangalore, India. All other chemicals were procured from Hi-
media, Mumbai, India. All the solvents and chemicals were of analytical
grades with 99% purity and in-house distilled water was used
throughout the experiment.

2.2. Animals

Male albino Wistar rats (aged 2–3months, weight 90–110 g) were
used in this experiment. The protocol was approved by the Institutional
Animal Ethical Committee (IAEC) before the initiation of the experi-
ment (Ref no. AEC/PHARM/1601/04/2016/R2). All methods were
followed in accordance with the relevant guidelines and regulations of
IAEC. Standard laboratory conditions (temperature 25 ± 5 °C and
light/dark cycle of 12 h) were maintained with free access to a com-
mercial pellet diet and water ad libitium. Animals were kept for one
week before starting the experiment.

2.3. Acute oral toxicity study

Acute toxicity study of VR24 and VR27 was performed orally at the

doses of 5, 10 and 25mg/kg as per the OECD guidelines for the testing
of chemicals [18] as shown in Supplementary material.

2.4. Experimental protocol

All animals were randomly divided into 7 groups with 8 animals in
each group (n=8). The groups were classified as follows: group 1:
0.25% CMC (2mL/kg normal control, NC), group 2: DMH (40mg/kg,
subcutaneously, carcinogen control, CC) [19,20], group 3: DMH+5-
fluorouracil (5-FU, 10mg/kg, intraperitoneally, positive control, PC)
[21], group 4: DMH+VR24 (10mg/kg, orally), group 5: DMH+VR24
(25mg/kg, orally), group 6: DMH+VR27 (10mg/kg, orally), and
group 7: DMH+VR27 (25mg/kg, orally). The procedure to induce
CRC was taken from previous literatures.

After initial one week of adaptive inhabitation, all rats of group 2–7
were administrated with DMH. DMH-induced CRC was produced by
40mg/kg subcutaneous (s.c.) injection, once a week for 4 weeks. After
28 days of DMH treatment, 5-FU, VR24 and VR27 were administrated
for 15 days in their respective groups as mentioned above. After the end
of dosing experiment, the blood samples were collected by retro-orbital
plexus in sterile centrifuge tubes and kept at 4 °C for 30min. The tubes
were centrifuged at 5000 rpm for 10min, the pale yellow color super-
natant was collected in another sterile microcentrifuge tube and kept at
−20 °C for further analysis. Animals were then sacrificed by cervical
decapitation, the colons were dissected out, unwrapped along the
longitudinal median axis, rinsed immediately in ice cold saline and the
inner surface was examined microscopically. Finally, it was stored at
−20 °C for further studies.

2.5. Determination of physiological parameters in colon tissues

The various physiological parameters were measured as preliminary
examination. The body weight of rats was measured at the initial and
final days of the experiment. Tumor incidence no. was counted for each
colon. The length (L), width (W) and height (H) of tumor were mea-
sured using a vernier caliper with 0.1mm graduations, and tumor vo-
lume (TV) was calculated (TV= l×W×H× π/6) [22]. The pH of
colonic content was measured using a pH meter. Total acidity was de-
termined by the titration method using 0.1 N sodium hydroxide with
phenolphthalein as an indicator in the similar experiment.

2.6. Determination of enzyme levels in serum

Serum aspartate aminotransferase (AST), alanine aminotransferase
(ALT), lactate dehydrogenase (LDH) and alkaline phosphatase (ALP)
were measured according to the commercially available kit from
Transia Biomedicals Ltd., Baddi, Himachal Pradesh, India. According to
the manufacturer’s protocol, 100 µL of serum samples were added in
1mL of working reagent and measured the absorbance at 340 nm on
regular intervals of 1min for 3min [23,24]. The calculated equation
was as followed: Activity of ALT or AST (U/mL)= (ΔA340/
min)× 1768. On the other hand, lactate dehydrogenase (LDH) and
alkaline phosphatase (ALP) were determined in the serum using a
commercially available kit acquired from Agappe Diagnostics Ltd.,
Kerala, India [22]. Activity of LDH (U/L)= (ΔA340/min)× 16030.

2.7. Determination of oxidative stress parameters

Oxidative stress parameters such as malonaldehyde (MDA) [thio-
barbituric acid reactive substances (TBARS)], protein carbonyl (ProC),
catalase (CAT), reduced glutathione (GSH), and superoxide dismutase
(SOD) [22] levels were measured in the colon tissue. The total protein
content of each sample was measured using the Bradford reagent and
bovine serum albumin (BSA) was used as a standard. The detailed in-
formation on these experimental assays is provided in Supplementary
materials.

Fig. 1. Chemical structures of VR24 and VR27 (1,3,4-thiadiazoles).
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2.8. Histopathology and scanning electron microscopy (SEM) analyses

Colon tissues from each group were assessed for their morphological
changes using eosin and hematoxylin staining. The tissues were kept in
10% formalin overnight. Subsequently, they were superseded by 70%
isopropanol overnight. Afterward, the tissues rinsed with isopropanol at
various concentrations (70, 90 and 100%) and dehydrated further by
100% xylene. The tissue samples were then fixed in beeswax and 5 μM
longitudinal sections were sliced using microtome. Finally, they were
fixed and stained by eosin and hematoxylin dyes and examined under
microscope (magnification 40 X).

For SEM analysis, 2–4mm colon tissue samples were collected and
fixed in 2.5% glutaraldehyde for 2–6 h at 4 °C for primary fixation. The
samples were then cleaned with 0.1 M phosphate buffer for 15min at
4 °C. Later, 1% osmium tetroxide was used as a post-fixation agent for
2 h at 4 °C. Again, the samples were washed in 0.1M phosphate buffer
for 3 times at 15min interval and kept at 4 °C. The washed samples
were dehydrated with acetone at various concentrations (30, 50, 70, 90,
95 and 100%). All specimens were air dried at room temperature and
critical point of drying (31.5 °C at 1100 psi). Finally, tissue samples
were mounted on to the aluminum stubs with adhesive tape and ob-
served for the morphological changes using a scanning electron mi-
croscope (JEOL JSM-6490LV).

2.9. ELISA (Enzyme-Linked immunosorbent Assay)

Interleukins (IL-2: RAB0288 and IL-6: RAB0311) were measured
using commercially available ELISA kit from Sigma-Aldrich, USA. COX-
2 ELISA Kit (BYEK1295) was obtained from Bioseps Technology Co.,
LTD, China.

2.10. Quantitative Real-time polymerase chain reaction (qRT-PCR)
analysis

Colorectal tissue sample (10mg) of each group was used and total
mRNA was isolated using TriaZol reagent. RNeasy mini kit was used to
purify the mRNA. The concentration of mRNA present in each sample
was estimated using the Nano Drop instrument at 260/280 nm. Further,
complementary deoxyribose nucleic acid (cDNA) was prepared ac-
cording to the manufacturer’s protocol for GeneSure first strand cDNA
synthesis kit (Genetix Biotech Asia Pvt. Ltd., New Delhi, India). Finally,
qRT-PCR was performed in Agilent Stratagene Mx3000P series (Applied
Biosystems, Foster City, USA) using Sybr® green PCR master mix. The
cDNA was denatured at 94 °C for 5min, annealed at 58 °C for 30 s and
further elongation was performed at 72 °C for 35 s. Forty times repeti-
tion of the cycle was set using qRT-PCR which helps in detection of
amplified DNA in real time. The mRNA was normalized with the
housekeeping control β-actin. ΔCt values were normalized with the
untreated control samples for all compounds (ΔCt=Ctgene of

interest− Cthousekeeping gene). Relative changes in the expression level of
one specific gene were calculated in terms of 2−ΔΔCt

(ΔΔCt= ΔCttest− ΔCtcontrol) [22]. The primer sequences were as fol-
lows: IL-6, 5′-GCCCTTCAGGAACAGCTATGA-3′ (forward) 5′-TGTCAAC
AACATCAGTCCC AAGA-3′ (reverse) [25]; COX-2, 5′ ATCAGAACCGC
ATTGCCTCT-3′ (forward), 5′-GCCAGCAATCTGTCTGGTGA-3′ (reverse)
[26]; JAK2, 5′-TTTGAAGACAGGGACCCTACACAG-3′ (Forward)
5′-TCATAGCGGCACATCTCCACA-3′ (Reverse); STAT3, 5′-TTTGAAGAC
AGGGACCCTACACAG-3′ (Forward) 5′-TCATAGCGGCACATCTCC
ACA-3′ (Reverse) [27]; and β-actin, 5′-AAGTCCCTCACCCTCCCAA
AAG-3′ (forward) 5′- AAGCAATGCTGTCACCTTCCC-3′ (reverse) [28].

2.11. Western blot analysis

Protein expression levels of IL-6, JAK-2, p-JAK-2, STAT-3, p-STAT3
and β-actin were assessed by immunoblotting. All antibodies were
purchased from Thermo Fisher Scientific, Waltham, MA, USA. Cells

were lysed in radioimmunoprecipitation assay (RIPA) buffer, cen-
trifuged at 10,000 rpm for 15min at 4 °C and protein amounts were
determined using Bradford reagent. Proteins (50 µg) were electro-
phoresed on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and
immediately transferred to polyvinylidene fluoride membrane. The
membranes were blocked in 5% skimmed milk containing phosphate
buffered saline (PBS) with 0.1% tween-20 (PBS-T) for 3 h at 4 °C and
probed with primary antibodies diluted in PBS-T: IL-6, JAK-2, p-JAK-2,
STAT-3, p-STAT3 and β-actin mouse monoclonal antibody (1:500 di-
lution of each) overnight at 4 °C. Next day, the membranes were washed
with tris-buffered saline containing tween-20 (TBS-T) three times and
incubated with anti-rabbit secondary antibodies linked to horse-radish
peroxidase at a 1:3000 dilution at room temperature for 3 h. The film
was washed three times with TBST, the membrane was developed with
enhanced chemiluminescence ECL (Pierce™ ECL Western Blotting
Substrate) and images were obtained using Chemidoc (Clinx Scientific
Instruments, China) [29,30].

2.12. Mathematical modeling

The ordinary differential equation (ODE)-based model was used and
calibrated using the MATLAB software. The dynamical parameters were
taken from the previous literature [16]. The behavior of STAT3 phos-
phorylation was displayed by plotting the graphs of STAT3 and p-
STAT3 versus time, using different values of IL-6 and COX-2 (obtained
by quantitative western blot) for different studied groups. In addition,
we studied the variation in behavior of STAT3, p-STAT3, dimer p-
STAT3 in cytoplasm and the nuclear translocation of dimer p-STAT3
with time.

2.13. 1H NMR based metabolomics spectroscopy

2.13.1. Sample preparation
All samples were thawed at room temperature, mixed well via

vortex mixer and centrifuged at 10,000 rpm for 10min to remove any
excess precipitates. Serum (250 µL) were mixed with 250 µL of 0.9%
saline sodium-phosphate buffer (50mM, pH 7.4) in 100% D2O (deu-
terium oxide) to minimize the variation in pH [22]. The supernatant
(400 µL) was placed in 5mm NMR tubes (Wilmad Glass, USA) for data
acquisition with a co-axial insert containing 0.1% TSP (Sodium salt of
3-trimethylsilyl-(2,2,3,3-d4)-propionic acid) as an external standard to
aid metabolite quantification by 1H NMR. The sodium salt TSP and D2O
were used as a co-solvent and provided a deuterium field/frequency
lock. Both were purchased from Sigma-Aldrich, Rhode Island, USA.

2.13.2. 1H NMR processing
NMR spectra were recorded at 298 K using Bruker Biospin Avance-

III 800MHz NMR spectrometer (equipped with Cryoprobe), set at a
proton frequency of 800.21MHz. The NMR instrument was equipped
with the shielded maximum gradient-strength output of 53 G/cm. The
400 µL of serum sample was filled in 5mm NMR sealed tube and a
sealed capillary tube containing the known concentration of TSP was
inserted separately for the purpose of locking and chemical shift re-
ferencing. For each serum sample, transverse relaxation-edited CPMG
(Carr–Purcell–Meiboom–Gill) NMR spectra were acquired using the
standard Bruker’s pulse program library sequence (CPMGPR1D) with
pre-saturation of the water peak by irradiating it continuously during
the recycle delay (RD) of 5 s. Each spectrum consisted of the accumu-
lation of 128 scans and lasted for approximately 15min. A total
spin–spin relaxation time of 60ms (n=300 and 2τ=200δs) was ap-
plied to remove the broad signals of triglycerides, proteins, cholesterols,
and phospholipids. Each free induction decay (FID) was filled to zero
and Fourier-transform (FT) was adjusted to 64 K data points. All these
data were analyzed using Bruker NMR data processing software
Topspin-V3.0 and following manual phase and baseline was corrected
through this software. A line broadening factor of 0.3 Hz and a sine–bell
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apodization function was employed to FIDs before FT. After FT, the
reference peak was adjusted internally to the methyl peak of lactate
(δ=1.33 ppm). The spectra were recorded using sine shaped gradient
pulses of strength 30% and a duration of 1.5 ms followed by a delay of
200 μs to allow for the decay of eddy current. The relaxation delay was
4 s and water peak irradiation was applied during the recycle delay and
the delay after the first Bloembergen-Purcell-Pound (BPP). A line
broadening factor of 1 Hz was applied to FIDs before FT again. The FIDs
were processed using exponential line broadening of 1.0 Hz; spectra
were recorded with 128 scans and zero-filled to 64 K points before
Fourier transformation. The raw NMR data were acquired on Topspin-
V2.1 (Bruker NMR data processing software). All recorded spectra
were, visually monitored for acceptability and subjected to multivariate
statistical analysis to discriminate the altered metabolic patterns.

2.13.3. Spectral assignment
For the assignment of various peaks in the 1D 1H-CPMG NMR

spectra, chemical shifts were identified and assigned by comparing the
chemical shifts using the database library of Chenomx 8.1 software
NMR suite (Chenomx Inc., Edmonton, Canada). The remaining peaks in
the CPMG 1H NMR spectra were assigned by adopting the previously
reported NMR spectra of metabolites, data obtained from HMDB
(Human Metabolome Database) [31] and BMRB database (Biological
Magnetic Resonance Data Bank) [32].

2.13.4. Multivariate statistical analysis
The multivariate data analysis was carried out using 1H-CPMG.

Before the data analysis, all the 1H NMR spectra were manually phased
and baseline corrected using TopSpin3.0 (Bruker NMR data Processing
Software). For multivariate analysis, the CPMG (δ 8.5–0.5) ppm spectra
were binned and integrated automatically using AMIX package (Version
3.8.7, Bruker, BioSpin). It is notable that the CPMG NMR is frequently
used to suppress the wide peaks to assist the quantification of small
molecular weight metabolites. 1H-CPMG spectra have signals both from
low molecular weight (MW) metabolites and lipid metabolites. The
quantitative difference of lipid signals may minimize the biased sig-
nificance of metabolites present in less abundant; the analysis allows
better quantitative comparison of low MW metabolites and surmounts
their discriminatory significance as well. Therefore, the lipid signals
from the data matrix has been excluded to investigate the metabolic
alterations for the metabolites other than lipids/fatty acids. Finally, the
selected regions were reduced to spectral bins of (δ 0.01) ppm for
CPMG spectra and each spectral bin is further normalized using the
total spectral intensity to abolish the dilution effect among samples and
to give the same total integration value for each spectrum.

The binned data from CPMG experiments was subjected to chemo-
metrics data analysis using the web-based tools server MetaboAnalyst
Version 3 [33,34] (http://www.metaboanalyst.ca) for statistical data
modeling and analysis. The Data filtering was carried out to identify
and remove variables that are unlikely to be of use when modeling the
data. After the filtration of variables, interquartile range (IQR) was
assigned for normalizing the each variant. After the normalization of
data set, NMR variables were Pareto scaled and subsequently, subjected
to unsupervised principal component analysis (PCA) for an initial
overview of the grouping trend, which showed the internal structure of
datasets in an unbiased way and diminishes the dimensionality of data
(i.e. intrinsic clustering) and outliers within the data set. The data were
further modeled with the supervised method of Partial Least Squares
Discriminant Analysis (PLS-DA) to expose class separations between the
groups and to identify the metabolites responsible for class separation.
The validation of the PLS-DA models were measured by a permutation
analysis (100 times), and the resulting cross-validation parameters R2

and Q2 were used to assess the quality of the PLS-DA models i.e. the
goodness of prediction parameter by Q2 (or the predictive capability of
the model) and the goodness-of-fit parameter by R2 (also referred to as
explained variance). The PLS-DA model was further used to identify the

metabolites responsible for the discrimination based on their higher
values of variable significance on projection scores (i.e. VIPs) and
showing statistical significance as estimated based on 0.05 level of
probability i.e. p-value<0.05 (calculated using Mann-Whitney test for
pairwise comparisons). The VIP score represents a weighted sum of
squares of the PLS loadings and acquires the amount of elucidated Y-
variation in each dimension to measure the impact of each metabolite
in the model. Usually, metabolites with high-impact have VIP values
higher than 1. In this study, the VIP score cut-off value ≥1 for CPMG
was used for discriminatory significance. Orthogonal projection to the
latent structure with discriminant analysis (OPLS-DA) was employed
for combined and pairwise analysis of spectral data. Next, the data were
modeled with the supervised method, OPLS-DA to reveal class separa-
tions between the groups and S-plot to identify the metabolites of dis-
criminatory relevance responsible for class separation. The cluster
analysis has also been performed by using Hierarchical clusterings such
as dendrogram for the measurement of similarities and average linkage
into each variable.

The box plot representation and area under the curve (AUC) were
measured by univariate analysis. This was related to visualizing the
variation in the levels of significantly altered and discriminatory ability
of metabolites as showed the potential biomarker, respectively with
values close to 1 as a better classification. Moreover, T-test univariate
analysis was employed to determine the significance biomarker of the
variable (p-value) along with up and down regulation of metabolites.

2.13.5. Pathway analysis
The pathway analysis was performed using the pathways library of

metaboanalyst server for mammals [Rattus norvegicus]. The metabolites
significantly altered in the treated samples compared to the CC, which
identified through PLS-DA analysis with a good VIP scores and de-
termined the affected metabolic pathways using pathway analysis
module. This is a combination of enrichment analysis and pathway
topology analysis inbuilt in the MetaboAnalyst. The membrane and
lipid metabolites like as LDL, VLDL, HDL, lipids, NAG, OAG were not
recognized by the program; thus were excluded in this analysis. The
final list of altered metabolites was uploaded and analyzed by Over-
Representation analysis (ORA) in Metabo Analyst. The rat (Rattus
norvegicus) pathway library, the out-degree centrality algorithms, and
the hypergeometric test were employed for pathway enrichment and
pathway topology analysis. The pathway analysis module provided a fit
coefficient (p) from pathway enrichment analysis and an impact factor
from pathway topology analysis for each analyzed pathway. All mat-
ched pathways are shown according to their p-values from the pathway
enrichment analysis (vertical axis or y-axis, the intensity of color) and
pathway impact values from pathway topology analysis (horizontal axis
or x-axis, the size of circle), with the most impacted pathways colored
in red [35,36].

2.13.6. Statistical data analysis
Statistical data analysis was carried out using the software

GraphPad Prism 5.0 (San Diago, CA, USA). The results were expressed
as mean ± standard deviation (SD) (n=8). The statistical data was
analyzed by one-way ANOVA (analysis of variance) followed by
Bonferroni’s multiple comparison test. Statistically significant differ-
ences were observed between carcinogen control (CC) and test groups
[one way-ANOVA followed by Bonferroni multiple comparison test
(*p < 0.1, **p < 0.01, ***p < 0.001)].

3. Results

3.1. Evaluation of physiological and biochemical parameters in colon and
various enzyme levels in serum

The physiological parameters including body weight, tumor in-
cidence number, tumor volume, pH and total acidity were measured
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after oral administration of VR24 and VR27. The body weight variation
was more prominent for DMH treated rats, which successfully nor-
malized by the treatment with VR24 and VR27 (Supplementary Fig.
S3). A similar observation was measured for tumor incidence number
and volume after treatment with both compounds. The test compounds
and 5-FU significantly reduced (p < 0.001) the DMH-induced tumor
volume up to three folds, compared to the CC group (Fig. 2A and B). On
the other hand, Fig. 2C and D demonstrated pH and total acidity of
colonic content in cancerous condition. After the DMH administration,
we observed a significant decrease in colonic pH and increase in total
acidity in DMH treated CC rats, as compared to the NC group. However,
treatment with test compounds and 5-FU normalized these parameters
and the effects were almost similar for both compounds and 5-FU
(Fig. 2C and D).

The enzyme levels of AST, ALT, LDH, and ALP in the serum were
measured in the similar experiment (Fig. 2E). All enzyme levels were
increased in CC rats, compared to the NC. It was noted that the level of
these enzymes was significantly (p < 0.001) attenuated after oral ad-
ministration of VR24 and VR27 at both doses, compared to the CC rats.

3.2. Determination of oxidative stress parameters

Both compounds exhibited antioxidant effects in the CC rats
(Table 1). Various oxidative stress parameters, including MDA, SOD,
CAT, GSH and ProC in the colonic tissue were evaluated. There was a

dramatic reduction for SOD in the CC group (∼0.05) compared to the
NC group (∼0.17). Improvement in SOD level was observed up to
30–35% after treatment with VR24 and VR27. Again, we observed a
reduction in GSH concentration in the CC group (∼2.01 µM) with re-
spect to the NC group (∼3.10 µM). GSH level was improved after
treatments with VR24 and VR27 (∼3.0 µM) and this activity was al-
most similar to 5-FU. A similar trend was noted in CAT level with ap-
proximately 30% attenuation in the CC rats. The treatment with VR24
and VR27 significantly normalized the CAT level as showed in Table 1.

In addition, the formation of MDA and ProC were measured to
evaluate the oxidative stress during CRC. The MDA formation was
double in the CC rats (∼0.17 nM), compared to the NC group
(∼0.09 nM). However, treatment with VR24 (∼0.10 nM) and VR27
(∼0.12 nM) at different doses attenuated the MDA formation. A similar
observation was noted for ProC where the level of ProC was increased
40% in the CC rats and normalized after treatments.

3.3. Histopathology and SEM analysis of colon tissue

A number of lesions, epithelial stratifications, more vacuolated and
damaged cells, goblet depletion, nuclear disparity and structural ab-
normality were observed in the colon tissue of CC rats after DMH
treatment. Both VR24 and VR27 treatments repaired these structural
abnormalities, shown in Fig. 3.

Further, SEM analysis showed similar trend where lesions of colon
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Fig. 2. Effects of VR24 and VR27 on (A) tumor incidence no., (B) tumor volume, (C) pH and (D) total acidity in colon (E) liver marker enzymes: aspartate transferase (AST), alanine
transferase (ALT), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) in plasma, after 10 and 25mg/kg doses for 15 days. Data represented as mean ± SD (n= 8). Statistically
significant differences were observed between carcinogen control (CC) and test groups [one way-ANOVA followed by Bonferroni multiple comparison test (*p < 0.1, **p < 0.01,
***p < 0.001)]. NC (Normal control), DMH (Carcinogen control: CC), DMH+5-FU (Positive control: PC), DMH+VR24(10) (Treatment A10), DMH+VR24(25) (Treatment A25),
DMH+VR27(10) (Treatment B10), and DMH+VR27(25) (Treatment B25).
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tissue were more prominent in the CC rats, however, oral administra-
tion of VR24 and VR27 restored to normal architecture of colonic tissue
(Fig. 3). The effects of VR24 and VR27 were found almost similar to
that of the standard chemotherapeutics, 5-FU.

3.4. Effects of VR24 and V27 on IL-2, IL-6, COX-2 levels in the colonic
tissue

Both compounds showed favorable effects on CRC-related

inflammatory mediators in colon tissue. The normal concentrations of
IL-2, IL-6 and COX-2 in rat colonic tissue increased up to 0.41, 2.03 and
1.52 folds, respectively, after DMH treatment in the CC rats (Table 2).
VR24 and VR27 showed their ability to restore the concentrations of
these mediators towards normal value.

Table 1
Effects of VR24 and VR27 after oral administration (10 and 25mg/kg doses) on oxidative stress parameters in colon carcinogenic tissue for 15 days, respectively.

Groups SOD (U/mg of Protein) CAT mM H2O2 decomposed/min/mg of
protein

GSH (μM/mg of Protein) TBARS (nM of MDA/mg of
protein)

ProC (μg/mg of protein)

NC 0.17 ± 0.04 11.32 ± 0.94 3.10 ± 0.42 0.09 ± 0.02 0.68 ± 0.15
CC (DMH) 0.05 ± 0.02 4.70 ± 2.62 2.01 ± 0.28 0.17 ± 0.02 1.10 ± 0.32
PC (DMH+5-FU) 0.18 ± 0.01* 9.70 ± 0.77** 3.21 ± 0.74** 0.10 ± 0.01** 0.85 ± 0.30*

DMH+VR24 (10) 0.16 ± 0.03 8.68 ± 2.93* 3.12 ± 0.42* 0.11 ± 0.05** 0.88 ± 0.13*

DMH+VR24 (25) 0.20 ± 0.14* 9.23 ± 1.58** 3.05 ± 0.34* 0.08 ± 0.01*** 0.89 ± 0.26
DMH+VR27 (10) 0.17 ± 0.01 9.03 ± 2.35* 3.12 ± 0.30* 0.10 ± 0.04** 0.85 ± 0.20*

DMH+VR27 (25) 0.18 ± 0.02* 9.54 ± 1.31** 3.19 ± 0.76** 0.08 ± 0.01*** 0.88 ± 0.43*

Data represented as mean ± SD (n= 8). Statistically significant differences were observed between carcinogen control and test groups [one way-ANOVA followed by Bonferroni
multiple comparison test. NC (Normal control), DMH (Carcinogen control: CC), DMH+5-FU (Positive control: PC), DMH+VR24(10) (Treatment A10), DMH+VR24(25) (Treatment
A25), DMH+VR27(10) (Treatment B10), and DMH+VR27(25) (Treatment B25).

* p < 0.05.
** p < 0.01.
*** p < 0.001.

Fig. 3. The colonic pathological changes in DMH-induced CC rats (scale bar 50 μm) with 40X. Tumoral vacuoles were prominent in DMH group which was absent after 5-FU, VR24 and
VR27 administration. (Cr – Crypts, NE – Normal epithelium, CL – Colon lumen, Tm – mucinous adenocarcinoma, GA – Goblet cell adinoma, Ly – Lymphatics (lined by endothelium), TS –
Tumor stroma). (A) Normal control (NC), (B) DMH (CC), (C) DMH+5-FU (PC), (D) DMH+VR24 (10), (E) DMH+VR24 (25), (F) DMH+VR27 (10) and (G) DMH+VR27 (25) groups.
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3.5. mRNA expression of the effector cytokine IL-6, COX-2, JAK2 and
STAT3 during DMH-induced CRC

To confirm gene expression levels of IL-6, COX-2, JAK2 and STAT3,
we performed qRT-PCR analysis. The analysis showed the over-
expression of these genes in DMH treated group, compared to the NC
group. However, 5-FU, VR24 and VR27 administration normalized the
overexpressed levels of these genes. The potency of VR24 and VR27 at
25mg/kg was comparable to market available chemotherapeutics, 5-
FU, without any significant difference (Fig. 4A).

3.6. Western blot analysis

The quantitative western blot analysis was employed to measure the
protein expression levels of IL-6, COX-2, JAK2, p-JAK2, STAT3 and p-
STAT3. The levels of IL-6 and COX-2 proteins were overexpressed in
DMH induced carcinogen control group. It was observed that this
overexpreesion was successfully inhibited after the treatment with
VR24 and VR27. The protein levels of JAK2 and STAT3 were not sig-
nificantly altered among different groups. However, the levels of p-
JAK2 and p-STAT3 were dramatically over-expressed in DMH induced
carcinogen control group and further suppressed after treatment with
VR24 and VR27. The potency of VR24 and VR27 were found compar-
able or to some degree better than that of 5-FU (Fig. 4B).

3.7. Mathematical modeling of IL-6, COX-2 induced JAK2-STAT3 signaling
pathway

The possible mechanism of VR24 and VR27 action towards the IL-6
and COX-2 mediated JAK2/STAT3 signaling blockade to protect tumor
invasion is represented in Fig. 4C. Here, we made an attempt to for-
mulate the dynamics of signal transduction pathway using a nonlinear
mathematical model employing ordinary differential equations (ODEs).
We started with a mathematical model of the JAK-STAT core module
reflecting the sequential information transfer from cell membrane to
nucleus and monitored activation/phosphorylation of STAT3 in re-
sponse to dual stimulation of IL-6 and COX-2. The individual steps of
the core module (Fig. 4C) were represented by a system of differential
equations, each describing the dynamics of the different stages of
STAT3 populations over time. In view of this, the basic feed forward
model under consideration is,
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where [IL-6] and [COX-2] represent the amount of induced IL-6 and
COX-2 respectively (obtained by quantitative western blot analysis) for

different studied groups, x1represents the amount of unphosphorylated
STAT3 in cytoplasm, x2is the amount of monomeric p-STAT3 in cyto-
plasm, x3is amount of dimeric p-STAT3 in cytoplasm and x4is the
amount of dimeric p-STAT3 in the nucleus. k1, k2and k3are the rate
constants. Further, it was assumed that the individual reaction steps
formulated by the ODEs in system (1) follow mass-action kinetics. Al-
though this holds for the dimerization process, it represents an ap-
proximation for STAT3 phosphorylation and nuclear translocation.
Moreover, it assumed that the tyrosine kinase, phosphorylating STAT3
monomers, and the nuclear transportation machinery are not rate
limiting.

Typically, chemical reactions are reversible to some degree. To
study the effect of the reversible nature of the chemical reaction from
the dimer to the monomer, the second and third equations of system (1)
are replaced by
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Thus, incorporating the reversible nature of chemical reaction,
mathematical model represented by system of equations (1) is modified
to
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where k4is the backward reaction rate constant. To determine the
quantitative behavior of STAT3 populations with time, ODEs given by
(2) were integrated by 4th order Runge–Kutta method [37] using
MATLAB software and the graphs were plotted (Fig. 5A–C). The nu-
merical simulation was accomplished using the values of dynamical
parameters k1, k2, k3and k4from the previous literature [16].

It is observed from Fig. 5A that the total amount of STAT3 in the
cytoplasm exhibits a declining behavior in response to IL-6 and COX-2
stimulation. Further, it was observed that the declination was more
rapid in carcinogen control group than those of the normal and treat-
ment groups. Moreover, Fig. 5B revealed the behavior of STAT3 phos-
phorylation in cytoplasm, demonstrating that p-STAT3 in cytoplasm
initially increased rapidly in response to dual stimulation of IL-6 and
COX-2 but decreased again after prolonged times. The increase in the
phosphorylation of STAT3 was found to be more pronounced in the
carcinogen control group as compared to the normal and treatment
groups. In addition, Fig. 5C manifests the quantitative behavior of all
the STAT3 populations in response to the dual stimulation IL-6 and
COX-2.

Table 2
Effects of VR24 and VR27 on IL-2, IL-6, and COX-2 in colon carcinogenic tissue after oral administration of 10 and 25mg/kg for 15 days, respectively.

Groups COX-2 (pg/mL) IL-2 (pg/mL) IL-6 (pg/mL)

NC 706.30 ± 23.31 11.32 ± 0.94 485.14 ± 75.59
CC (DMH) 1076.21 ± 69.47 25.70 ± 1.62 989.0 ± 70.90
PC (DMH+5-FU) 763.70 ± 55.65*** 14.70 ± 0.77*** 542.98 ± 73.42***

DMH+VR24 (10) 919.39 ± 63.22*** 16.68 ± 2.93*** 847.14 ± 76.00*

DMH+VR24 (25) 824.15 ± 13.96*** 14.23 ± 1.58*** 791.16 ± 91.01**

DMH+VR27 (10) 941.93 ± 69.70** 15.03 ± 2.35*** 877.00 ± 71.32
DMH+VR27 (25) 887.82 ± 26.41*** 13.54 ± 1.31*** 834.08 ± 48.80*

Data represented as mean ± SD (n= 8). Statistically significant differences were observed between carcinogen control and test groups [one way-ANOVA followed by
Bonferroni multiple comparison test.

* p < 0.05.
** p < 0.01.
*** p < 0.001.
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Fig. 4. (A) Gene expression levels of IL-6, COX-2, JAK2 and STAT3 after treatments with VR24 and VR27 (determined by qRT-PCR analysis). Data represented as mean ± SD (n=8).
Statistically significant differences were observed between CC and test groups [Paired T-test, (***p < 0.001)]. (B) The protein expression levels of COX-2, IL-6, JAK-2, p-JAK2, STAT3
and p-STAT3 in colon tissue after treatment with VR24 and VR27 (determined by quantitative western blot analysis). (C) The core module of the IL-6 and COX-2 induced JAK2/STAT3
pathway: Firstly, IL-6 secreted by cells of the innate or adaptive immune system binds to soluble IL6R. IL-6 binding to IL-6R results in tyrosine phosphorylation (P) of JAK2.
Phosphotyrosine residues in the IL-6R mediate recruitment of monomeric STAT3 (x1). Upon receptor recruitment, monomeric STAT3 is tyrosine phosphorylated (x2) to form phos-
phorylated/activated STAT3. The activated p-STAT3 forms the dimers (x3), which translocate to nucleus (x4), bind to DNA and transcript several oncogenes to accelerate the tumor
progression. Similarly, COX-2 catalyzed the production of prostaglandin E2 (PGE2) from arachidonic acid (AA), which binds to the epidermal growth factor receptor (EP-R) on the cell
membrane and activates the JAK2, followed by the phosphorylation of STAT3. VR24 and VR27 could exert dual inhibitory effects on COX-2 and IL-6 mediated JAK2/STAT3 signaling
pathways.
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Feed-forward model Nucleo-cytoplasmic cycle model (A) (a) 

(B) (b) 

(C) (c) 

Fig. 5. Feed-forward model is represented by (A) (B) and (C) whereas Nucleo-cytoplasmic cycle model is shown by (a) (b) and (c). All of these graphs were generated through MATLAB
software using the derived mathematical model based on the steps involved in the pathway. Graphs (A) and (a) show the quantitative behavior of total STAT3 in cytoplasm due to dual
stimulation of IL-6 and COX-2. Similarly, Graphs (B) and (b) show the quantitative patterns of tyrosine phosphorylated STAT3 whereas graphs (C) and (c) show the quantitative behavior
of all the STAT3 populations in response to dual stimulation of IL-6 and COX-2.
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Previous literature suggests that the active role of STAT3 might not
end in the nucleus. It could follow a feedback mechanism by reentering
to the cytoplasm after dedimerization and dephosphorylation and
thereby involved into another round of activation. Thus, considering
the nucleo-cytoplasm cyclic nature of the pathway and reversibility of
chemical reaction, we further modified system (2) as follows:
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where k5is rate at which a dimer STAT3 reverts to the stage of
monomer STAT3 in cytoplasm after its dedimerization and deactivation
in nucleus. To study the dynamical behavior of STAT3 in different
stages incorporating the nucleo-cytoplasm cyclic pathway, system (3)
was again integrated through MATLAB software and graphs were
plotted. The declining behaviour of STAT3 and elevating behavior of p-
STAT3 over time in both the systems (2) and (3) were found similar
initially. However, nucleo-cytoplasmic model attained a steady state
after some time in contrary of the feed forward model. Further, it was
observed that the behavior of STAT3 and p-STAT3 in both the systems
demonstrated parallelism among all the groups. The pattern of varia-
tions in different STAT3 populations in system (2) and (3) within cel-
lular environment over time is shown in Fig. 5(C) and (c), respectively
in response to dual stimulation of IL-6 and COX-2.

3.8. 1H NMR-based metabolomics to access the biochemical impact of
VR24 and VR27

3.8.1. Spectral assignment
The 1D 1H-CPMG NMR spectra acquired from serum samples of

different control and treated rats, individually with the assigned re-
sonances are shown in Fig. 6. The 1D 1H-CPMG NMR spectra re-
sonances of metabolites were assigned by comparing them with those of
the reported data from HMDB [38] and BMRB database [32]. The 1H
NMR spectra showed signals mainly from lipids/lipoproteins i.e. low-
density lipoprotein (LDL), high-density lipoprotein (HDL), very low-
density lipoprotein (VLDL) and amino acids such as alanine, arginine,
valine, leucine, isoleucine, histidine, tyrosine and glutamine. Other
identified metabolites were glucose, glycerol, choline, creatine/

creatinine, acetone, pyruvate, acetate, citrate, lactate, betaine, myoi-
nositol, malonate, N-acetyl glutamate (NAG), N-acetyl aspartate (NAA),
4-OH butyrate methionine etc.

3.8.2. Serum metabolic profiling using 1D 1H NMR
Univariate and chemometrics statistical analysis were employed to

investigate the DMH-induced metabolic alterations in CRC condition
and reveal the protective effect of both VR24 and VR27 on this.
Chemometrics analysis was performed using PCA to construct the score
plots of each rat for an initial overview of the data set and identifying
the outlier samples. There was no any outlier variant in each group. The
combined and pairwise PCA score plots of all variants are shown in
Fig. 7A and B. These results showed a clear trend of clustering in dif-
ferent groups. OPLS-DA model analysis of this subject was further
carried out to minimize the feasible contribution of intergroup varia-
bility and to improve the better separation between each group. The
individual score plot was measured between two groups, compared to
the CC group (Fig. 7C). The results of OPLS-DA model analysis showed
that both VR24 and VR27 exhibited a clear separation, compared to the
CC group. The quality of these models showed a significantly higher
quality of fit and predictability such as R2Y > 0.8, Q2 > 0.2. Fur-
thermore, the OPLS-DA model was validated on the basis of permuta-
tion statistics using 100 permutations as shown in Supplementary Fig.
S4. The model parameters for explaining variation (R2Y) and the pre-
dictive capability (Q2) were significantly high (displayed in their re-
spective OPLS-DA score-plots, Supplementary Fig. S4) in each case,
demonstrating that the pairwise OPLS-DA models assembled from
CPMG spectra exhibited satisfactory fit with good discriminatory
power. The careful assessment of combined OPLS-DA score plot also
exposed that VR24 and VR27 treatments exerted the impact on DMH-
induced CRC as deduced by the shift of the VR24 and VR27 treatment
groups back towards getting closer to the NC group. The visual as-
sessment of the pairwise score plots exhibited a clear separation be-
tween treated and CC groups, which showed significant metabolic al-
teration in DMH treatment. The variable metabolites were carefully
selected when the statistically major threshold of variable influence on
projection (VIP) values determined from the OPLS-DA model were
larger than 1 as shown in Supplementary Table S2. These VIP scores of
metabolites expressed a weighted sum of squares of the PLS loadings
and took into account the amount of explained Y-variation in each di-
mension showing the effects of each metabolite in the model.

Further, the OPLS-DA loadings S-plot was derived from pairwise

Fig. 6. Stack plot of representative 1D 1H CPMG NMR spectra of rat serum obtained from different groups. 1H NMR [(CDCl3, 800MHz). NC (Normal control), DMH (Carcinogen control:
CC), DMH+5-FU (Positive control: PC), DMH+VR24(10) (Treatment A10), DMH+VR24(25) (Treatment A25), DMH+VR27(10) (Treatment B10), and DMH+VR27(25) (Treatment
B25). The peaks annotated in the figure show the assignments of serum metabolites. The abbreviations used are: LDL/VLDL: Low/very-low density lipoproteins; HDL: high density
lipoproteins; NAG: N-acetylglucosamine, His: Histidine.
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analysis that represents the combined score plots comprising of all the
groups are shown in Supplementary Fig S5. The top region of resonance
represents the up-regulation of discriminated metabolites besides the
bottom of S-plot expressed the down-regulation of particular metabo-
lites. The up and down-regulated metabolites of 5-FU, VR24, and VR27
treated groups, compared to the CC group, were quantitatively assessed
using the box-cum-whisker plots from the OPLS-DA loadings S-plot
(Fig. 8). In the box plots, the boxes denote interquartile ranges where
horizontal line inside the box denotes the median, and bottom and top
boundaries of boxes are 25th and 75th percentiles, respectively. Lower
and upper whiskers are 5th and 95th percentiles, respectively. The re-
sults of quantitatively assessed metabolites study suggested that the
myoinositol and glycine level up-regulated (approximately 30–40%) in
the CC group. Besides, sarcosine, tryptophan and glucose showed the
down-regulation (approximately 10–40%) in the CC group that were
normalized after treatment with 5-FU, VR24 and VR27. Next, cluster
analysis was performed to identify the intrinsic similarities in group
where, it was observed that the number of variants in the particular
groups showed the intrinsic similarities as illustrated in Supplementary
Fig S6. Further, univariate analysis was performed to reduce a possibly
bulky number of measured analytes. Each variable in the data having
two groups (e.g. test and CC) was analyzed using student's T-test at
three significant levels (p≤ 0.05, p≤ 0.01, and p≤ 0.001). All groups

were compared with the CC rats as shown in Supplementary Table S2.
Biomarker analysis was performed using classical univariate ROC curve
analyses for individual biomarker identification. These models were
validated by diagnostic parameters such as the number of cross-vali-
dated explained variation Q2, misclassifications, and the AUC of a re-
ceiver operating characteristic (ROC) analysis. Overall, we identified 35
metabolic markers extensively perturbed in NC, 5-FU, VR24 and VR27
treated rats, compared to the CC rats. These metabolic markers entities
along with their chemical shifts, AUC, ROC, their levels (up or down
levels) and students T-test at three significant levels (p≤ 0.05,
p≤ 0.01, and p≤ 0.001) are listed in Supplementary Table S2. A sig-
nificant increase in lipids, myoinositol, betaine and glycerol was no-
ticed in the sera of CC rats, compared to the NC group. On the other
side, there was a significant decrease in the levels of glucose, isoleucine,
leucine, ethanol, VLDL, NAA, NAG, citrate, citrulline, malonate, choline
and amino acids (glutamate, and glutamine) was observed in the CC
group. The levels of all these metabolites restored to normal after VR24
and V27 administration, which showed the potential of these com-
pounds towards metabolites regulation.

3.8.3. Pathways analysis
To understand the cellular process of these metabolites, it is es-

sential to provide the insights into the metabolic pathways involving

Fig. 7. Combined and pair-wise OPLS-DA ana-
lysis: (A) The 2D OPLS-DA analysis of 1D 1H
CPMG NMR spectra score plot derived from
combined analysis comprising of all the groups:
Normal control [NC] (G0), DMH+5-FU [PC]
(G1), DMH [CC] (G6), DMH+VR24 [10] (G2),
DMH+VR24 [25] (G3), DMH+VR27 [10] (G4)
and DMH+VR27 [25] (G5), pair-wise analysis.
(B) The potential discriminatory metabolite enti-
ties identified from VIP scores derived from PLS-
DA modeling of complete data matrix and re-
sulted VIP scores for top 15 metabolite entities are
shown in increasing order of VIP score values to
highlight their discriminatory potential. (C) Re-
presents the Combined score plots compromising
of all the groups and CC score plots comprising
with treatments group.
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these metabolites. After the identification of potential metabolites
biomarkers, the particular pathways were constructed using databases
such as KEGG, HMDB and the literatures related to pathway analysis of
certain metabolites and cancer disease.

The major metabolic changes were identified during PLS-DA ana-
lysis using student T-test, which have the better VIP scores as shown in
Supplementary Table S2. More significant metabolites were further
subjected to determine the influenced metabolic pathways using
pathway analysis module, a pathway topology analysis and the com-
bination of enrichment analysis inbuilt in the MetaboAnalyst. The lipid
and membrane metabolites such as VLDL, lipids, NAG and OAG were
excluded in this pathways analysis.

The final list of more significantly altered metabolites was analyzed
by Over-Representation Analysis (ORA) in MetaboAnalyst. The rat
(Rattus norvegicus) pathway library, the out-degree centrality algo-
rithms, and the hypergeometric test were used for pathway topology
analysis and pathway enrichment analysis. The pathway analysis
module afforded a fit coefficient (p) from pathway enrichment analysis
with an impact factor from pathway topology analysis for each ana-
lyzed pathway. All matched pathways are expressed as per their p-va-
lues from the pathway enrichment analysis (vertical axis or y-axis, the
intensity of color) and pathway impact values from pathway topology
analysis (horizontal axis or x-axis, the size of circle), with the major
impacted pathways colored in red. These impacts of pathway suggested
the cellular function and possibilities of metabolites in the cellular
process according to privileged pathways (Supplementary Fig. S7). The
output of impact showing in pathway analysis helped to make a plau-
sible metabolic pathway. In the proposed pathways, the red color
showed the significant up-regulation of metabolites and green color
represented the down-regulation of particular metabolites in the car-
cinogen control groups, compared to the NC group (Fig. 9). The results
of these pathways indicated the role of enzymes which controls the
levels of metabolites biomarker in the cell cycle and plays a critical role
in the CRC development. Thus, these metabolites which are regulated
by an enzyme in the cellular pathways might be helpful to understand
the impact upon the cellular pathways and to explore the mechanisms
associated to the CRC.

4. Discussion

CRC is the third most common cause of cancer deaths throughout
the world [39]. The clinical outcome of CRC treatment remains limited
due to severe adverse effects and tumor resistance towards marketed
chemotherapeutics [40,41]. Thus, the major intension of our research
group is to contribute new lead molecules for developing cancer ther-
apeutics that could have greater effectiveness and prominent se-
lectivity. In view of this, recently we rationally designed and synthe-
sized novel 1,3,4-thiadiazole derivatives with prominent in vitro
cytotoxicity against HT-29 human CRC cell line. Molecular docking
study revealed that two compounds (VR24 and VR27) showed re-
markable binding affinity and good stability of ligand-protein complex
with various CRC-related pro-inflammatory targets IL-2, IL-6 and COX-
2 [14].

In the present context, we performed acute toxicity studies of our
newly synthesized compounds at 5, 10 and 25mg/kg for 15 days in
albino Wistar rats. Both compounds were found safe in experimental in
vivo rat model up to a dose of 25mg/kg dose. Pharmacokinetic para-
meters described in our previous literature showed optimal levels of
oral absorption, plasma distribution and renal clearance of VR24 and
VR27 [15]. In the present context, CRC condition was developed by the
administration of DMH in albino Wistar rats. The DMH-exposure al-
tered various physiological parameters, including increase in body
weight, tumor volume, incidence number and decreased in pH. These
altered parameters were restored after administration of VR24 and
VR27 at 10 and 25mg/kg and standard chemotherapeutics, 5FU, at
10mg/kg for 15 days, showing anti-proliferative effects of these com-
pounds on this model. Simultaneously, DMH-exposure showed its
ability to damage liver during CRC condition as evidenced through the
increased concentration of various liver function enzymes ALT, AST,
LDH and ALP in serum [42,43]. Treatment with VR24 and VR27 re-
duced these hepatic enzyme levels near to normalcy, showing their
protective action. Anti-CRC action was further evaluated via measure-
ment of oxidative stress parameters in colonic tissue. It is well estab-
lished that GSH acts as a free radical scavenger and protects against the
oxidative damage [44,45]. Decrease in GSH level showed oxidative

Fig. 8. Metabolic effects of VR24 and VR27 treatment: The box-cum-whisker plots are showing relative variations in quantitative profiles of serum metabolites relevant in the context of
the pathophysiology of CRC. In the box plots, the boxes denote interquartile ranges, horizontal line inside the box denote the median, and bottom and top boundaries of boxes are 25th
and 75th percentiles, respectively. Lower and upper whiskers are 5th and 95th percentiles, respectively. Normal control (NC) [G0], DMH (Carcinogen control: CC) [G6], DMH+5-FU
(Positive control: PC) [G1], DMH+VR24(10) (A10) [G2], DMH+VR24(25) (A25) [G3], DMH+VR27(10) (B10) [G4], and DMH+VR27(25) (B25) [G5].
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damage of colonic tissue during CRC condition. The treatment with
VR24 and VR27 restored the decreased level of GSH to normal. In ad-
dition, SOD and CAT are the antioxidant enzyme that neutralize su-
peroxide’s free radicals and convert hydrogen peroxide into water and
oxygen, respectively [22]. Treatment with 5-FU and both compounds
increased CAT and SOD levels in colonic tissue. The increase in the
concentrations of these antioxidant markers in the treatment groups
showed the antioxidant effect of both compounds during CRC condi-
tions. Oxidation of protein and lipid to corresponding MDA and ProC is
another important aspect to be measured during CRC condition. This
study corroborated well with previous report [22] that showed an
elevation in both MDA and ProC level in DMH-treated rats. These
concentrations were decreased after administration of V24 and V27 in
the CRC tissue, showing potential anti-oxidant effects in CRC. Alto-
gether, it might be concluded that both V24 and V27 exhibited the
ability to reduce oxidative stress induced damage during CRC.

Furthermore, the histopathological examination and SEM analysis
confirmed the protective effects of both compounds against CRC. In
CRC condition, histopathology and SEM analyses revealed the forma-
tion of tumoral vacuoles and tumoral stroma in the colonic tissue of
DMH-treated rats [22]. Both VR24 and VR27 abolished tumoral va-
cuoles in CRC tissue and showed normal architecture of tissue, in-
dicating the antiproliferative effect of these compounds. SEM analysis
again confirmed the protective actions of both compounds where da-
mage in colonic tissue was restored to normal after treatment.

To explore the molecular insights into the mechanism of anti-CRC
action of these compounds, we focused our attention on various CRC-
related pro-inflammatory targets. It has been observed that various
proinflammatory cytokines such as IL-2, IL-6 or COX-2 are over-
expressed at inflammatory sites of CRC [12,46]. Several studies have
suggested that the overexpression of cytokines can mediate the cascade
amplification of inflammation responsible for the initiation and pro-
gression of CRC [4]. Consequently, we measured the concentration of

these proinflammatory markers by ELISA assay. Data obtained from
ELISA corroborated well with previous observation where IL-2, IL-6 and
COX-2 concentrations were elevated in DMH treated rats [14]. These
elevations restored near to normal values after treatment with VR24
and VR27. A lesser reduction in IL-6 level was observed in VR24 and
VR27 treated groups when compared to 5-FU treated group. However,
the effects of treatment with VR24 and VR27 on IL-6 level were noted in
a dose dependent manner. Further, qRT-PCR analysis substantiated the
previous findings where the mRNA levels of IL-6, COX-2, JAK2 and
STAT3 were over-expressed at tumorigenic sites. Treatment with VR24
and VR27 inhibited this overexpression that rendered their ability to
show the suppressive action of these genes at molecular level.

Moreover, it is well documented that IL-6 and COX-2 serves as a
JAK2/STAT3 activator [4] and thereby CRC progression. IL-6 stimula-
tion is mediated through various oncogenic agents that leads to the
activation of JAK2 followed by phosphorylation/activation of STAT3
[47,48]. This activated STAT3 undergoes homo/hetero dimerization
followed by nuclear translocation, DNA binding, and transcription of
various oncogenes [47,48]. Consequent with this information, western
blot assay showed over-expression of IL-6, COX-2, p-JAK2 and p-STAT3
proteins in DMH-treated CRC group indicating CRC pathogenesis. The
overexpression in the levels of these proteins was successfully down-
regulated after treatment with VR24 and VR27, particularly at 25mg/
kg dose. However, there were not any significant changes observed in
the levels of JAK2 and STAT3 proteins. This observation indicated that
the IL-6 and COX-2 mediated activation of JAK2/STAT3 was due to the
enhanced phosphorylation of JAK2/STAT3. The result from western
blot analysis explained that the anti-CRC effects of VR24 and VR27 was
probably due to the inhibition of IL-6 and COX-2 mediated activation/
phosphorylation of JAK2/STAT3.

Mathematical modeling is another approach in the field of mole-
cular biology. Interestingly, it constitutes a system of differential
equations formulated for the natural phenomenon occurring in a

Fig. 9. Major interlinking metabolic pathways (glycolysis, TCA cycle, inositol metabolomics, amino-acids and D-glucuronic acid pathways), which consist of the major metabolites
perturbated in CRC condition and restored after treatments with VR24 and VR27. Green color: decrease in particular metabolites concentration in carcinogen control group that was
restored after VR24 and VR27 treatments. Red color: increase in particular metabolites concentration in carcinogen control group that was restored after VR24 and VR27 treatments.
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particular pathway [49]. In view of this, we employed the approach of
mathematical modeling and formulated four ODEs describing the nat-
ural process of IL-6 and COX-2 induced JAK2-STAT3 pathway. Now, we
used the quantitative values of IL-6 and COX-2 for different studied
groups into the system of ODEs. Further, the dynamic behavior of
phosphorylation, dimerization and nuclear translocation of STAT3 over
a definite time course were identified using MATLAB software. It was
observed that the equilibrium level of p-STAT3 is greater in carcinogen
control group as compared to those of the normal and treatment groups.
This implies that the enhanced phosphorylation of STAT3 causes the
development of CRC condition which, in turn, can be treated with VR24
and VR27 administrations. Through mathematical modeling, it has also
been observed that the phosphorylation of STAT3 is mediated by the
dual stimulation of IL-6 and COX-2 in our experiment. Importantly, the
mathematical modeling provided following additional information; (1)
mathematical modeling provided the authenticity of our experimental
findings by showing the similarity in the patterns of STAT3 phosphor-
ylation, (2) applying the fitted models, we predicted the quantitative
behavior of different STAT3 populations (monomer STAT3, p-STAT3,
dimer p-STAT3 in the cytoplasm and dimer p-STAT3 in the nucleus)
over a time course that is not directly accessible to western blot ana-
lysis, (3) dynamic model of IL-6 and COX-2 mediated JAK/STAT sig-
naling pathway can promote a functional understanding at the system
level. Thus, the combined approach of quantitative western blot ana-
lysis and data-based mathematical modeling provided a deep under-
standing of this pathway. This also revealed the molecular basis of
VR24 and VR27 action through the dual inhibition of IL-6 and COX-2
mediated phosphorylation/activation of JAK2/STAT3. Altogether, this
observation clearly explained that these compounds showed capacity to
block IL-6 and COX-2 mediated JAK2/STAT3 molecular pathway.

1H NMR-based metabolomics analysis provides the more dis-
criminable signature and quantitative information of metabolites in
CRC condition and after treatments [50]. The identification and char-
acterization of perturbed metabolites in CRC may play a significant role
in the early diagnosis and therapy. It helps to make the possible map for
the drug action into metabolomic pathways in CRC condition [51]. To
the best of our knowledge, we are reporting the impact of 1,3,4-thia-
diazole derivatives in CRC using 1H NMR-based serum metabolomics
for the first time. This study coupled with multivariate statistical data
analysis to investigate the DMH-induced metabolic alterations and to
assess the ameliorative effects of VR24 and VR27 treatment on these
alterations. The CRC associated metabolic pathway involves amino
acids, ketone body, choline metabolism, glycolysis, TCA cycle, phos-
phatidylinositol, and neoglucogenesis [52,53]. We observed a sig-
nificant decrease in glucose level in the CC group, compared to the NC
group, indicating enhanced glycolytic pathway and more glucose up-
take by CRC tissue for cellular proliferation. These findings were fully
corroborated with previous observations explaining War-burg effect
and may be linked to lower amount of glucose utilization by cancerous
tissues [54].

In addition, myoinositol is also a constituent of cell membranes
which releases phosphate ions in serum and thereby increases the
adenosine triphosphate (ATP) formation and cell cycle [55,56]. Treat-
ment with VR24 and VR27 normalized the altered level of myoinositol,
signifying their antiproliferative potential. Glycerol is the major by-
product of lipid metabolism which is raised in the body during CRC
condition [52,53]. We found the higher amount of glycerol in the serum
of CRC rats, demonstrating increased lipid metabolism in cancerous
condition [52,53]. Treatment with 5-FU, VR24 and VR27 decreased the
level of glycerol in serum, indicating the ability of these compounds to
enhance the glycerol metabolism.

In addition, betaine was upregulated in serum and over production
of betaine causes tumor progression [57]. Treatment with both com-
pounds normalized betaine concentration that indicated their protec-
tive effects in CRC. NAG has anti-inflammatory effect that is generally
down-regulated in CRC condition [58,59]. Treatment with VR24 and

VR27 restored the altered level of NAG to normal, signifying the cap-
ability of these compounds to inhibit inflammatory conditions during
CRC. Furthermore, glutamate is the byproduct of glutamine, a precursor
of GSH synthesis. GSH serves as natural antioxidant and free radical
scavenger in oxidative degradation of cells [60,61]. Concentration of
glutamine was decreased in the CRC rats during oxidative damage and
recovered after treatment with VR24 and VR27 perhaps due to the
antioxidant effects of these compounds. Lastly, choline and O-acetyl
choline are the important constituent of cell membrane formation
[60,61]. The levels of these metabolites were increased in the CRC rats,
indicating higher rate of cell membrane formation with enhanced in-
tegrity. Both VR24 and VR27 normalized the concentration of these
metabolites that exhibit the protective action of both compound during
CRC.

Consequently, according to VIP scores of significant metabolites, the
map of metabolomic pathways was constructed. The correlation be-
tween metabolites and amino acids was developed with respect to the
CC groups. The DMH treated group showed higher rates of aerobic
glycolysis, fatty acid synthesis, and tricarboxylic acid (TCA) cycle. This
indicated high energy and biomass demands along with altered enzyme
activities involved in tumor growth. Treatment with VR24 and VR27
significantly normalized the concentrations of almost all the metabo-
lites, lipids and amino acids associated to these specific pathways.
These metabolites modulation indicated perturbed energy metabolism
of tumor cell and normalized after treatment with VR24 and VR27.
Altogether, NMR-based metabolomics suggested the potential of these
compounds to balance the abnormal metabolic pathways linked to fast
growing tumor cells in CRC.

Conclusion

Although the mortality of CRC patients has been decreased by ad-
vances in colonoscopy, it remains the fourth leading cause of cancer-
related death worldwide due to metastasis to other organs. As per the
current demand in structural modification in 1,3,4-thiadiazoles, we
recently synthesized novel 1,3,4-thiadiazole derivatives and discovered
herein the cellular functioning of these compounds towards the CRC
treatment at molecular level. Current study supported a clear link
among biochemical, pathophysiological, molecular and metabolic
parameters after treatment with VR24 and VR27. The molecular in-
sights observed in this study could explain the role of these compounds
in CRC treatment through the suppression of IL-6 and COX-2 mediated
JAK2/STAT3 signals. The combined approach of quantitative western
blot and mathematical modeling revealed that VR24 and VR27 have
potential to inhibit the IL-6 and COX-2 mediated phosphorylation/ac-
tivation of STAT3. Interestingly, the data-based mathematical modeling
predicted the quantitative behavior of different STAT3 populations
(cytoplasmic STAT3, cytoplasmic p-STAT3, cytoplasmic dimer p-STAT3
and their nuclear translocation) in response to IL-6 and COX-2 stimu-
lations over a time course in both feed-forward as well as nucleo-cy-
toplasmic model. These quantitative behaviors can not be accessible
through western blot analysis alone. Further, the in vivo findings of the
present study confirm our recently reported in vitro findings. Finally,
using a metabolomic approach in experimental in vivo model, we dis-
covered herein the advance mechanistic understanding of their meta-
bolic regulation that can prove the evidence of their cellular func-
tioning. Therefore, we may conclude that VR24 and VR27 exhibited
anti-CRC effect via the blockade of IL-6 and COX-2 mediated JAK2 and
STAT3 signaling pathway.
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