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ABSTRACT
Objectives: Dysregulation of proteolysis underlies diseases likescan inhibitors (PIs) regulate many

Materials and Methods: PIs extracted from few plan i al samples were screened for their PI activity
against trypsin. The PI from the most promisin, i y, T. cordifolia stem, was partially purified
using Ammonium sulfate precipitation followe . The PI activity of partially purified inhibitor was

d the cytotoxic effect of the PI was checked on

assay. LC-MS/MS based proteomic s performed on HepG2 cells to understand the signaling
pathways affected by the PI in thedi i
Results: Among the samples t i
(72%) against trypsin alon, 0t0x1c1 y to HepGZ cells After partlal purlﬁcatlon by 80% ammomum
sulfate precipitation the P,
(47%) to HepG2 cells. Pro i is of the PI treated HepG2 cells revealed that BAG2 and FAT10
signaling pathway: which might be causing inhibition of cancer cell proliferation.

li stem has promising anticancer potential and hence can be taken up for further
ation studies towards cancer drug development.

monium sulfate, trypsin, Protease Inhibitor, anticancer, BAG2 signaling.

iogenesis, wound healing, transcription, translation, immune responses, differentiation, senescence,
ly regulated mechanism known as proteolysis. Dysregulation in the mechanism of proteolysis

functioning of proteases is being investigated for more than 3 decades for their potential role in cancer
velopment. Protease inhibitors (PIs) inhibit specific classes of proteases by their ability to form a strong
rotease-PI complex, thereby maintaining the homeostatic balance necessary for preventing life-threatening
diseases like cancer. With over 100 proteases already linked to various elements of tumor formation and its
progression, there is a strong motive to utilize PIs in oncology.?

Surgery, chemotherapy, and radiotherapy are the three main cancer treatment techniques. Though these
treatment modalities play an important role in controlling cancer to a certain extent, the associated side effects
decrease the quality of life among patients.* As a result, scientists are attempting to identify alternative
therapeutic strategies capable of suppressing cancer without causing additional morbidity.



The use of alternative cancer therapies from medicinal plants is gaining greater significance due to the existence
of a variety of anti-tumor compounds in plants such as Tinospora cordifolia (Willd.) Hook. f. and Thoms.® T.
cordifolia, belonging to family Menispermaceae, can be found all over tropical regions like India and China,
growing at altitudes up to 300 metres. It is also referred to as Guduchi or Giloy and was called ‘Amritha’ or
‘heavenly elixir’ in Hindu Vedic times. Guduchi is a veterinary folk medicine and Ayurvedic staple. Its stems
and roots are anciently used as therapeutics due to their antispasmodic, general tonic, anti-arthritic, anti-diabetic,
anti-inflammatory, anti-allergic, and anti-inflammatory properties.®

Not only plants but also some microorganisms have similar effects among natural resources. Recently,
actinobacteria have also been identified as producers of enzyme inhibitors. A cysteine protease inhibitor (CPI-
2081) from Streptomyces sp. 2081 exhibited potent inhibition against papain along with significant inhibitio
tumor cell migration.” Thus, studies about the protease landscape connected to cancer have resulted in the
emergence of better clinical technologies for diagnosis and therapy that use pathologic patterns of proteol
activity.

Though much work has been carried out in the area of PIs for HIV and other viral diseases, their

and screening them for their PI activity against trypsin and chymotrypsin, along with check
cytotoxicity on the HepG2 (liver cancer) cell line.

MATERIALS AND METHODS

T. cordifolia stem and leaves, Cascabela thevetia stem and leaves and methi seed

Research officer, Central Council for Research in Ayurvedic Sciences,
specimens were kept at the herbarium of Jain University (with speciment
thevetia- JUH97; Trigonella foenum-graecum -JUH98). Pure culture
Streptomyces sp., maintained in our lab were used in the study. Che
chymotrypsin, collagenase, phosphate buffer saline (PBS), casciaga ) sulfate, TCA, sodium

>

Extraction of the PI
All plant materials were separately dried at room tem|
ground using a blender. 10 g of stem/leaf/seed p
and incubated at room temperature for 30 min.
material at 6000% g at 4°C for 10 min. The cleag supernatant was stored at 4°C for further analysis.

Microorganisms were cultured in Nutrig entrifuged at 6000 x g at 4°C for 10 min. The clear
y’ Pl activity was determined for all these supernatants using

e, leaves and seeds were separately
in 100 mL of PBS (0.1 M) having a pH of 7.2,

Assay of PI activity

As per the methodology giv unitz w inor modifications, the PI activity against the proteases, trypsin,
chymotrypsin and collage essed.® Casein was used as the substrate, whose hydrolysis produces
amino acids like tyrosine. e of the amino acids released was measured at 280 nm. The inhibitory
activity was assessed h ual proteolytic activity in the presence of the inhibitor and expressed as a

of the uninhibited control.” One unit of enzyme activity is the amount of
ole/min/mL of tyrosine under the assay conditions. One unit of PI activity unit
tity of inhibitor that reduced the absorbance (at 280 nm) by one unit of TCA

percentage of the
the enzyme that r
(PIU) was define

of tyrosine was prepared at a final concentration of 200 pg/mL, which was used to quantify
liberated by the proteases.
, temperature, and metal ions on the PI activity of 7. cordifolia

extracted in buffers of various pH (pH 3, pH 5, pH 7, pH 9, and pH 11). All these extracts were analyzed on
sin for PI activity. The samples extracted with distilled water (DW) and PBS were diluted using DW and

S respectively (in the ratio 1:5 and 1:10). To check the effect of temperature, the extracts were incubated at
different temperatures (25°,50°,75°, and 37°C) for 30 minutes before performing the PI activity assay.
To check the effect of the metal ions on PI activity, 10 metal salts (barium chloride, manganous chloride, lead
chloride, nickel chloride, mercuric sulfate, chromium chloride, cadmium chloride, cupric sulfate, and ferric
chloride) were taken in 5 mM and 10 mM concentrations and added to | mL of 7. cordifolia stem PBS extract
and incubated at 37°C for 30 min before performing the PI activity assay.
Purification of PI by Ammonium sulfate precipitation



Tinospora cordifolia was sourced from Lalbagh Botanical Garden nursery. The stem was weighed and 80 g was
ground with 400 mL of 0.1 M PBS of 7.2 pH. The resulting mixture was filtered using a muslin cloth, and then
the filtered sample was centrifuged at 10000% g at 4°C for 10 min, to remove any insoluble plant material. The
supernatant was collected and measured. The amount of extract was 380 mL which was divided equally into 2
conical flasks. For 40% and 80% saturation, 46.67 g and 107.73 g of ammonium sulfate was added respectively,
at 4°C and kept under constant stirring for about 12 hours. The solution was centrifuged at 6000x g at 4°C for
30 min to separate the precipitate and the supernatant. The precipitate was dissolved in 0.1 M PBS of 7.2 pH and
further processed.

Dialysis

The PI precipitated by ammonium sulfate was dialyzed in PBS (0.01M) with a pH of 7.2 to remove ammoni
sulfate from it. !! The dialysis membrane used was from HIMEDIA (LA 401-1 mt). The samples after dialy,
were pipetted out and stored in vials at 4°C for further analysis. The PI activity against trypsin was analyse
mentioned earlier.

MTT ([3-(4, S-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide])-assay

To assess the cytotoxicity of the PI on MCF-7 and HepG2 cancer cell lines, MTT assay was ¢
according to the standard methodology.'? The cancer cell lines (1x10* cells/mL) were seede
96-well microtiter plates, after trypsinization. The crude extract and ammonium sulfate pre
80%) PIs were added (10 pl) after 24 h at varying concentrations (1:1, 1:10, 1:25 and

The viability percentage was calculated as given below:
Percentage viability = OD of sample (s409) X 100

OD of control (s40)
Assessment of cytotoxicity by lactate dehydrogenase (LDH) activit
The degree of toxicity of the PI in the treated cancer cells was analyzg
the cytosol.!* The increase in the LDH enzyme in the treated cells re ber of lysed cells. The assay
was carried out based on the instructions provided in the kit m:
Relative protein quantification using ESI-nanoLC-MS/
Protein extraction
Confluent cancer cell lines (70%) were cultured in s fre diuma for 12 h, and later lysed using 2% SDS
in 50 mM triethyl ammonium bicarbonate [TEABC] ySl. , followed by sonication. The
concentration of protein in this sample was dete dard methods.
Trypsin digestion
The samples were reduced using 100 mM 1, 4-
iodoacetamide (Sigma Aldrich), and di
1:25 (1 pg of trypsin to 25 pg of prot e,samples were injected in duplicate (2 injections per sample).
The injection volume was 1.0 pl. i
Liquid chromatography condi
Liquid chromatography sys
Manchester, UK) was us
column: Symmetry® 180
1.8 pm, (waters), S te: 300 nL/min, Column temperature being 35°C, Reverse phase

trument): nanoACQUITY UPLC® chromatographic system (Waters,
ics study with MassLynx4.1 SCN781 software for acquisition, Trap

s (Sample 1), T. cordifolia stem (Sample 2), C. thevetia leaves (Sample 3), C. thevetia stem
. vinetianus (Sample 5), and Streptomyces sp. (sample 6). The positive control was the uninhibited
in, i.e., trypsin untreated with any plant extract. According to the results of this investigation, 7. cordifolia
ract at 1:5 dilution had the highest inhibition of trypsin activity (62.87%), followed by the same extract
1:10 dilution (Fig 1a). At any of the tested concentrations, the leaves of 7. cordifolia, the leaves and stem of
evetia did not exhibit any inhibitory effects on the protease enzyme trypsin, which resulted in enhanced
nzyme activities (with negative values for protease inhibition —43.64%, —52% and — 106% respectively).
Additionally, at all the investigated concentrations, microbial isolates of 4. vinetianus and Streptomyces sp. did
not show any inhibitory effects on trypsin with negative values as shown in Fig 1a.
T. cordifolia stem buffer (PBS) extract was serially diluted before the protease inhibition assay was conducted
(the OD was measured at 280 nm), and as per the formula protease inhibitory activity was calculated and
presented graphically (Fig 1b). The T. cordifolia stem extract has good PI activity with 70.97% inhibition at 1:2
dilution (highest PI activity), followed by the undiluted stock sample with 60.2%.
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Effect of temperat 0
Phosphate buffer istilled water (TD) extracts of the stem of T. cordifolia were checked at varying

temperatures of 25°C, 37°C}50°C, and 75°C for their effect on PI activity (Fig 1¢). According to the findings, at

extract at 75°C, at a dilution of 1:10 with 70.10% inhibition.
1 activity of 7. cordifolia stem extract
ffer extract was analysed for protease activity (trypsin) and PI activity in relation to pH.

protease inhibition with 67.1%, followed by pH 9 (1:10 dilution) with 63.79%, and again the pH 9
at 1:5 dilution with 52.85% (Fig 1d).

ns effect on the PI activity of 7. cordifolia

rdifolia stem extract was incubated with 10 different metal ions at 5- and 10-mM concentrations for
alyzing their effect on PI activity. As per the results, it was seen that all metal ions had significantly inhibited
he PI activity of T. cordifolia stem extract (Fig 2a).
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activity of the crude and partially purified PI from 7. cordifo

Partial purification of the PI by salting out
For partial purification ammonium sulphate precipitatio as used. The T. cordifolia stem extract was
added with ammonium sulfate to 40% and 80% i e precipitated inhibitor was used to perform
the PI activity assay. Fig 2b displays the study’' i i e 80% sample at 1:30 dilution had the highest
ple at 1:5 dilution with 78.54% inhibition. PI
activity was maximum in the 80% a cipitate, and was also noticeable in the 40%
precipitate.

PD’s ability to inhibit Chymotry,
Due to the high PI activity of t
proteases like chymotrypsi
the 40% ammonium sulf:
78.3% inhibition, and slig
Whereas the collagg i

enase enzymes
inhibitor from 7. cordifolia stem, it was tested on other

ity was observed with the crude PI with 45.3% inhibition (Fig 2c).
potential was exhibited only by the 80% sample (53.8% inhibition), and both
le were not able to inhibit the activity of collagenase (Fig 2d).

2 liver cancer cell line

ed on to the liver cancer HepG2 cell line to assess their potential anticancer activity.
ings, after 48 hours of incubation, ethanol extract exhibited 17.31% cytotoxicity, whereas

maximum cytotoxicity was 35% (Fig 3b). The highest cytotoxicity was displayed by the PI (80% sample)
2 hours of incubation and at 1:20 dilution. The treated liver cancer cells had a viability of 53.2% with a
ytotoxicity of 46.8% (Fig 3c¢), and other dilutions also demonstrated considerable cytotoxicity after a 72-hour
incubation period. The viability was 93.5% at 24 hours, 79.6% at 48 hours, and 69.82% at 72 hours of
incubation by the 1:5 diluted PI.
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LDH activity assay

As per LDH assay results

observed 16% cytot g pG2 cells and 13% cytotoxicity on MCF-7 (breast cancer) cells (Fig 3d).
¢ cells treated with PI from 7. cordifolia stem

with the PI were subjected to mass spectrometry based proteomic analysis, the

maltered proteins were observed (Fig 4a). This proteomics data was deposrted to the
nsortium with the dataset identifier PXD037511. 15 A fold change cutoff of 1.5-fold and p

4) expression was 3.48 folds upregulated in treated HepG2 cells as compared to the controls.
s have opposing functions in cancer, which is well documented.'® In our data, PEBP1 protein

A, DNA'8 and proteins.!® Overexpression of ubiquitin-conjugating enzyme E2 L3 (UBE2L3), were

rted in non-small-cell lung cancer (NSCLC) tissues. Correlation was found between high expression of
E2L3 and advanced tumor stage and negative outcomes, while UBE2L3 knockdown was reported as to
inhibit NSCLC cell growth.?® In our current study results, UBE2L3 was downregulated 5.4 folds in the treated
HepG?2 cells in comparison with the control untreated cells. Mitogen-activated protein kinase kinase kinase 21
(MAP3K21) was observed to be 2.5 folds upregulated in treated HepG2 cells than controls as per our results.
To understand the protein-protein interactions among the dysregulated proteins, using the STRING database !
network analysis was carried out. As shown in the results of network analysis, mitochondrial and nuclear
transport proteins, chaperon proteins, ribosomal proteins, proteasome proteins, translation initiation factors,



spliceosomal proteins, glucose metabolism proteins, and mitochondrial inner membrane proteins were majorly
affected by the PI from T. cordifolia on HepG2 cells (Fig 4b).
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ated proteins in HepG2 cells treated with 7. cordifolia ammonium sulfate (80%)
as compared to the controls, b) STRING analysis of interaction of proteins in HepG2
ordifolia extract showing distinct molecular alterations, c) Altered canonical pathways in

I treatment affects BAG2, FAT10 signaling pathways in HepG2
ing to canonical pathway analysis, EIF2 signaling, BAG2 signaling and FAT10 signaling pathways were
nd to be majorly altered in the PI treated HepG2 cells (Fig 4¢). Among these, we considered BAG2 and
10 signaling pathways due to higher percentage of overlap (21.4 and 26.8% respectively) than EIF2
gnaling, which has 17.2% overlap.
In our data, SQSTM1 and Cathepsin B (CTSB) proteins were seen as upregulated, and upregulation of
Cathepsins increases formation of autophagosomes.???* Further in our Ingenuity Pathway analysis, 26s
Proteasome proteins were found as downregulated (Fig S). In nuclei, 26s Proteasome complex increases
inhibition of ubiquitinated p53 protein. As per our results, cathepsin B (CTSB) protein was found to be
upregulated (Fig 5).



Hsp70 is one the important proteins and studied for possible effects on energy metabolism. In our data Hsp70 is
downregulated and it is known that downregulation of Hsp70 leads to mitochondrial dysfunction. It can be
inferred from our results that downregulation of Hsp70, induced by the PI in HepG2 cells, leads to
mitochondrial dysfunction and cell death.
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Fig S: T. cordifolia partially purified PI treatm n Hep@G2 cells affects BAG2, FAT10 signaling pathways.

Ingenuity Pathway analysis of proteins n gulated (p < 0.05) in treated HepG2/ control HepG2
cells. The signaling network of BAG 10 pathways based on differential expression of molecules in
the HepG?2 cells.

DISCUSSION

as th st important metabolic process involved in protein turnover and

ved in the degradation of stored or unwanted proteins, and these are essential for
ifferentiation and programmed cell death. Dysregulated proteolysis leads to
ence PlIs have great therapeutic potential in controlling protease-mediated
are major sources of PIs. Hence in our current research, many plants, plant parts,

Proteolysis can be consi

1 (T. foenum-graecum) seeds (sprouted), along with the microbes A4. vinetianus and
e chosen for our PI activity study. All these samples were tested for protease inhibitory
stem extract showed the highest PI activity against trypsin. As per our study results, 7.

the basic pH of 11 had positive effects on the PI activity of 7. cordifolia, with 67.1% inhibition of trypsin
tivity. In comparison to this observation, it was reported that plant-based PIs have a broad pH range (from 2 to
0), with the highest activity at pH 7.5, and that the plant PIs are unstable at highly acidic pH. ?* For the PI from
T. cordifolia, in temperature studies, we observed the highest percentage of PI at 50°C (71.08%), followed by
75°C for the PBS extracted PI (70.10%). Most plant PIs are active at temperatures as high as 50°C. As far as the
metal ions are concerned, 7. cordifolia P1 was inhibited by all tested metals at 5- and 10-mM concentrations. In
a study it was reported that 1 mM Mg?" addition increased the PI activity, whereas all other divalent metal ions
decreased the activity. 24



As the PI from T. cordifolia had the highest activity, it was chosen for further purification studies by salting out
using ammonium sulfate. Among the partially purified PI (by 40% and 80% ammonium sulphate precipitation),
the highest protease inhibition was observed in the 80% precipitated sample. Even the 40% precipitated PI
sample had considerable protease inhibitory activity. Our results have shown that the PI from 7. cordifolia has
potent cytotoxic and anticancer potential against the liver cancer (HepG2) cell line. In a previous study
conducted on different cancer cell lines, it was reported that 7. cordifolia showed 52-59% of protease
inhibition.*> As compared to this report, in our current study, the 40% ammonium sulfate precipitated PI from 7.
cordifolia exhibited highest trypsin inhibition (78%) with the best cytotoxic activity (34.62%), whereas the PI
sample by 80% ammonium sulfate precipitation exhibited 83% trypsin inhibition along with highest cytotoxic
activity against HepG2 liver cancer cells (46.8%). Besides this, 96% inhibition of chymotrypsin and 53.8%
inhibition of collagenase were also demonstrated by the partially purified PI of 7. cordifolia in our study,
substantiates its anticancer potential. As per previous reports, berberine, palmatine, tembetarine, and
magnoflorine have been isolated from 7. cordifolia stem.* Though anticancer properties of 7. cordifoli
reported by earlier workers,?6*"-282 P activity and cytotoxicity of the PI from 7. cordifolia are beifig
for the first time through this current study.
When HepG?2 cells treated with the partially purified PI were subjected to proteomic studie
signaling proteins involved in cancer to be dysregulated, such as EIF2 signaling, BAG2 sig
signaling pathways. In our data, SQSTM1 and CTSB were observed to be upregulatedsan
proteins enhances formation of autophagosomes. Autophagy has both roles as a tu
growth promoter. 2% In tumor suppressor mechanisms, autophagy prevents the a
proteins and organelles, which can promote tumor survival.>
In FAT10 signaling pathway, the inhibition of fat10ylated active SQS i due to 26s
proteasome in the cytoplasm, and in our data 26s proteasome proteins a ) S
nuclei, 26s proteasome complex increases inhibition of ubiquitinated
the PI, we could predict p53 protein as upregulated, due to the downr 26s proteasome.*? This
upregulated p53 in the HepG2 cells might be one of the reason; )
current study.
Caspases are enzymes primarily involved in mediati
protease, is needed for specific breakdown of severa
be upregulated, and according to reports, mature CT es activation of caspase 3 protein.®
Hsp70 is one the important proteins studied for energy metabolism. In our data Hsp70 is
downregulated and downregulation leads to mi i nction through inhibition of oxidative
phosphorylation and ROS generation.>* As mlt ondrla e prlmarlly involved in cell apoptosis, we can
assume that the Hsp70 mediated mitoche
with the PI in our current study. There @ es,and reports about the anti-HIV and anti- SARS-COV-19

2 clirre dy is the first report of anticancer activity of the PI from 7.
oncluded from the outcomes of the proteomic studies,

pase-3, the usually activated death
our data, CTSB protein was found to

cordifolia to the best of our kn
STRING analysis, Ingenuit ,
its anticancer activity by ing the signaling pathways of BAG2, EIF2 and FAT10 molecules.

Conclusion
It can be conclude
liver cancer cell 1

S carchers on HIV and SARS-COV proteases, the anticancer potential of thls T.
analyzed and reported for the first time through the current study. The current study opens
plete characterization of this PI and the validation of its anticancer activity through in vivo
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