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ABSTRACT: There is no approved antiviral for the management of the Chikungunya @
virus (CHIKV). To develop an antiviral drug that can manage both CHIKV and arthritis -

induced by it, an ester conjugate of telmisartan (TM) and salicylic acid (SA) was ¥
synthesized (DDABT1). It showed higher potency (ICs, of 14.53 uM) and a good
selectivity index [(SI = CCs/ICs,) > 33]. On post-treatment of DDABT1, CHIKV / \

infection was inhibited significantly by reducing CPE, viral titer, viral RNA, and viral '»i A

proteins. Further, the time of addition experiment revealed >95% inhibition up to 4hpi ,gp2 anagz * *" *CHIKV

indicating its interference predominantly in the early stages of infection. However, the late synthesis and CHIKV induced inflammation
stages were also affected. This conjugate of SA and TM was found to increase the antiviral ™ctn

efficacy, and this might be partly attributed to modulating angiotensin II (Ang II) receptor

type 1 (AT1). However, DDABT1 might have other modes of action that need further investigation. In addition, the in vivo
experiments showed an LDy, of 5000 mg/kg in rats and was found to be more effective than TM, SA, or their combination against
acute, subacute, and chronic inflammation/arthritis in vivo. In conclusion, DDABT1 showed remarkable anti-CHIKV properties and
the ability to reduce inflammation and arthritis, making it a very good potential drug candidate that needs further experimental
validation.

1. INTRODUCTION not clear. Nonetheless, salicylates are known to reduce
arthritis, which is the major symptom of CHIKV. Thus, a
conjugate of TM and SA may reduce CHIKV infection and
manage arthritis. Hence, in the current investigation, an ester
conjugate (DDABT1) of TM with SA was developed and
evaluated against CHIKV infection in vitro as well as assessed
to control inflammation/arthritis in vivo.

Infection by CHIKV is characterized by fever, myalgia, and
polyarthralgia in the acute phase. The acute symptoms subside
gradually, but the symptoms of polyarthritis prolong to the
postacute phases and may last for 90 days."” It is also
associated with chronic comorbidities including tenosynovitis,
tendinitis, and neuritis.”” Since it has gradually become a
global pathogen® and is no longer tropical, it cannot be 2. MATERIALS AND METHODS
neglected. However, there is no specific antiviral for it. Efforts
to develop a new antiviral strategy for CHIKV have made very
little progress because of many issues including lack of in vivo
efficacy and poor selectivity.’

Viral inflammations are usually mediated by activation of
angiotensin II (Ang II) receptor type 1(AT1) for Western
equine encephalitis virus, neuroadapted Sindbis virus,” Dengue
virus,’ and Influenza A (H7N9) virus.® Recently, its
involvement was demonstrated in CHIKV infection/inflam-
mation,” where AT1-blocker [Telmisartan (TM)] was found
to reduce CHIKYV infection through modulation of the AT1/
PPAR-y/MAPKs pathways as well as targeting CHIKV-nsP2
(protease) in vitro.”"? Salicylic acid (SA) is known to activate
multiple antiviral defense mechanisms in plants."' However,
the antiviral properties of SA in humans are not known.
Nevertheless, its prodrug (acetylsalicylic acid) has been shown
to be effective against RNA viruses including influenza A and
HIN1."” The effect of these salicylates on CHIKV infection is

2.1. Chemicals, Drugs, Cells, Viruses, and Antibodies.
Benzyl alcohol, carbon tetrachloride, sodium bicarbonate,
N,N’-dicyclohexylcarbodiimide (DCC), and Complete
Freund’s adjuvant (CFA) were purchased from Sigma
Chemicals Company, St. Louis, USA. Magnesium sulfate,
ethyl acetate, dichloromethane, ethanol, and methanol were
procured from Merck Chemicals, Mumbai (India), and
carrageenan was purchased from Hi-media laboratories
(Nashik, India). Pure TM was obtained as a gift (Torrent
Research Center, Gandhinagar, India). Odisha Drugs and
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Chemical Ltd., Bhubaneswar, India, gifted pure diclofenac and
salicylic acid for this study. Other consumables were procured
from local vendors. Binary gradient HPLC (Shimadzu, Japan
with LC-20AD pump, SPD-M20A prominence diode array
detector and 20 uL sample injection loop), Nylon-66
membrane filter (0.22 ym), Hamilton SYR 25 uL syringe
(Alabama, USA), and Unisphere Aqua C18 (4.6 X 150 mm, 3
um) analytical column (Agela Technologies, CA, USA) were
used for chromatographic analysis. The sophisticated analytical
instrument facility (SAIF) of CDRI, Lucknow, India, was
availed for mass spectroscopy (Agilent 6520 Q-TOF ESI-
HRMS & APCI-HRMS, CA.USA) and NMR spectroscopy
(ADVANCE — 400 MHz, Bruker, Fillanden, Switzerland).
The FT/IR-6000 spectrometer (Jasco, Tokyo, Japan) was used
to record the IR spectrum.

CHIKV prototype strain (PS, accession no. AF369024.2)
and CHIKV-E2 monoclonal antibody were gifted by Dr. M. M.
Parida, DRDE, Gwalior, India. Dulbecco’s modified Eagle’s
medium (DMEM; PAN Biotech, Aidenbach, Germany)
supplemented with 5% fetal bovine serum (FBS, PAN Biotech,
Aidenbach, Germany), gentamycin, penicillin, and streptomy-
cin (PAN Biotech, Aidenbach, Germany) was used to maintain
the Vero cell line (NCCS, Pune). The reagent [ValS]-
angiotensin II acetate salt hydrate (Sigma-Aldrich, MO, US)
was defined as AG. The anti-CHIKV-nsP2 monoclonal
antibody was developed by us,"> ATl from Santa Cruz
Biotech (TX, US), and GAPDH from Abgenex India Pvt. Ltd.
(Bhubaneswar, India). Antibodies were procured from differ-
ent companies.

2.2. Synthesis and Characterization of 2-((4'-((1,7'-
Dimethyl-2’-propyl-1H,3’'H-[2,5'-bibenzoimidazol]-3'-
yl)methyl)-[1,1’-biphenyl]-2-carbonyl)oxy)benzoic Acid
(DDABT1). In the first step, benzyl salicylate was prepared
following the reported protocol.'* The ester conjugate was
prepared by reaction of benzyl salicylate with TM following a
little modification of methods (Figure S1)."° Following
purification, in column chromatography (n-hexane: ethyl
acetate, 4:6 v/v), the purity (96.5%) of (Figure S2) was
ascertained by HPLC with methanol as mobile phase at a flow
rate of 0.5 mL/min. This was then characterized as follows.
Yield 66%, whitish in color, melting point 140 °C. FTIR
(cm™): 3468.92 (OH-str), 2858.91 (CH-str), 1663.19 (C=
O-str), 124124 (CO-str.)." H NMR (5, ppm): 1.159 (d,
CH,), 1.686 (m, CH,), 2.816 (m, CH,), 3.768 (s, CH,), 7.861
(m, Ar). 3C NMR (8, ppm): 26.1 (CH,), 26.6 (CH;), 34.7
(CH,), 48.78 (CH,), 48.907 (CH,), 49.515 (CH,), 173.64
(C=0), 163.299 (C=0), 136.7 (C=N), 131.659 (Ar—C—
0), 131.374 (Ar), 120.182 (Ar), 118.246 (Ar), 113.98 (Ar).
Mass (m/z): [M] calcd. for C,0H3N,O, 634.7 g/mol; found,
634.5; [M — 1*] calcd 633.7 g/mol, found 633.5.

2.3. CHIKV Infection. Confluent Vero cells (90%
confluency) seeded in 35 mm cell culture dishes (TPP,
Trasachingen, Switzerland) were infected with CHIKV (PS
strain) with a multiplicity of infection (MOI 0.1).'®"” Infection
was performed for 90 min. Then the plates were washed thrice
with 1X PBS and fresh complete media (DMEM) was added.
Infected cells were examined under a microscope (magnifica-
tion, 10X) and bright-field images were taken at 18 hpi for the
detection of the cytopathic effect (CPE). The cells and
supernatants were harvested at 18 hpi to assess the expressions
of viral RNA by gRT-PCR and viral structural and non-
structural proteins by Western blot.

147

2.4. Cellular Cytotoxicity Assay. A 96-well plate
(Corning) was used to seed the Vero cells (Approximately,
30,000 Vero cells/well). At 90% confluency, the cells were
incubated with different concentrations (from 100 to 1000
uM) of DDABT1, TM, and SA (24 h at 37 °C in a CO,
incubator). The cellular cytotoxicity was assessed by the MTT
assay following the reported method."®

2.5. gRT-PCR. Vero cells were infected with CHIKV-PS
strain (MOI 0.1) as mentioned above, and 100 uM DDABT1
was added postinfection. DMSO was used as a reagent control.
The cells were harvested at 18 hpi and total RNA was extracted
using Trizol (Invitrogen, MA, US).” Next, cDNA synthesis was
carried out with an equal amount of RNA using the first strand
cDNA synthesis kit (Invitrogen, MA, US) and qRT-PCR was
performed using specific primers for the CHIKV-E1 and nsP2
genes (Table S3) as mentioned earlier GAPDH was taken as
an endogenous control.'” The qRT-PCR was performed as
described earlier.”

2.6. Western Blot. Briefly, virus-infected and drug treated
cells were lysed and proteins were separated on 10% SDS-
PAGE. Western blot was carried out as per the protocol
described earlier.” The blots were probed with the nsP2 and
E2 monoclonal antibodies as per earlier reports. The band
intensities were quantified using the Image]J software.”’

2.7. Plaque Assay. The plaque assays were performed
following the reported procedure to quantitate the infectious
viral titer.”" The bar diagram showing the number of plaques as
plaque forming unit/mL (PFU/mL) was generated using the
GraphPad Prism software.

2.8. Immunofluorescence Analysis. Vero cells were
grown on glass coverslips infected as described above and
processed for immunofluorescence as described before.”” At 18
hpi, the cells were fixed with freshly prepared 4%
paraformaldehyde (PFA) for 30 min at RT. The cells were
then permeabilized with 0.5% Triton X-100 for S min. After 3
washes, the cells were blocked with 3% Bovine serum albumin
(BSA; Sigma), and cells were incubated with anti-E2 mAb for
1h at RT. Next, the cells were incubated with AF-594
conjugated with antimouse antibody (1:750) for 45 min. Then,
coverslips were mounted with an antifade (Invitrogen).
Fluorescence microscopic images were acquired using the
Leica TCS SPS confocal microscope (Leica Microsystems,
Heidelberg, Germany) using a 20X objective, and images were
analyzed using the Leica application suite (LASX) software.'®

2.9. Time of Addition. DDABT1 (100 M) was added to
the Vero cells at 0, 2, 4, 6, 8, 10, and 12 hpi following infection
with CHIKV-PS (MOI 0.1). At 18 hpi, the supernatants were
collected for determination of viral titer by plaque assay
following the established procedure.”®

2.10. Effect of Drug Before, During, and After
Infection. To determine the effect of DDABT1 on the
CHIKV-PS replication cycle, Vero cells were infected at an
MOI of 0.1 for 90 min at 37 °C. DDABT1 was added 1 h
before (pretreatment) or with the virus to the cells (during
treatment) or 1.5 h after CHIKV-PS inoculation (posttreat-
ment). For the pretreatment assay, cells were first incubated
with DDABT1 at 37 °C for 1 h, followed by three washes with
1X PBS, and then infected with CHIKV-PS for 1.5 h. For the
during-treatment assay, cells were simultaneously incubated
with CHIKV-PS and DDABT1 for 1.5 h at 37 °C. Then, the
mixture was removed, and the cells were washed three times
with 1X PBS before fresh complete DMEM media was added
to the cells. The molecule was not added at any other time. For
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Figure 1. DDABTI inhibits CHIKV infection more efficiently than TM: (A) Vero cells were treated with different concentrations of DDABT1
(100—1000 uM) and an MTT assay was performed as mentioned above. Bar graph showing the percent cellular viability of Vero cells with
increasing concentration of DDABT1. (B) Morphological changes in cells induced during infection at 18 hpi as observed under microscope at 10X
magnification. (C) Vero cells were infected with the CHIKV-PS strain of CHIKV (MOI 0.1) 50 uM doses of the drugs [TM/SA/TM + SA/
DDABT1], which were added separately to the infected samples. DMSO was used as vehicle control. The supernatants were harvested at 18hpi and
plaque assay was carried out. Bar graph showing viral titers in drug-treated samples and control. (D) The Vero cells were infected with CHIKV-PS
and different concentrations of DDABT1 were added. The supernatants were collected at 18 hpi and virus titers were determined by the plaque
assay. The line diagram represents the IC50 value of DDABT1 in CHIKV-PS infected Vero cells, where the X-axis depicts the logarithmic value of
the different concentrations of DDABT1 and the Y-axis depicts the percentage of PFU/mL. The statistical analysis of the experimental data was
presented as mean + SD of three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001 were considered
statistically significant.

the post-treatment assay, cells were infected with CHIKV-PS Committee (1171/PO/Re/S/08CPCSEA) before use. Follow-
for 1.5 h, washed three times with 1X PBS, and then incubated ing the OECD-423 guidelines, a stepwise procedure (50, 300,

with DDABT1 containing DMEM medium. In all three cases, and 2000 mg/kg) with three female Wistar albino rats (8—10
the cells and supernatants were harvested at 18 hpi for weeks old; 120—150 g) was used. The animals were fasted for
assessing the expressions of viral RNA by qRT-PCR, viral approximately 15 to 16 h (with free access to water) before
structural and nonstructural proteins by Western blot, and viral oral administration of a single dose of DDABT1 in 1% CMC
titer by the plaque assay.'® with a dose volume of 10 mL/kg. Food was supplied
2.11. Determination of Oral Acute Toxicity of approximately 3 to 4 h after administration of DDABT1, and
DDABT1. The protocols for the oral acute toxicity study of the animals were kept under observation for toxicity/death.

DDABT1 were approved by the Institutional Animal Ethics The results are summarized in Table S1.
148 https://doi.org/10.1021/acsomega.3c00763
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Figure 2. Post-treatment of DDABT1 reduces CHIKV infection significantly. (A) Before infection, the virus was incubated with 100 M DDABT1
for 1 h [CHIKV + DDABT1]. Vero cells were then infected with CHIKV or preincubated CHIKV with 100 M DDABT1 as mentioned above and
supernatants were harvested at 18 hpi for estimating viral titers through the plaque assay. The bar graph shows the estimated viral titers in PFU/
mL. (B) The Vero cells were treated with the compound (100 ym) separately before infection (1 h), during infection (1.5 h), and after infection
(18 h). Pictures were taken with 10X magnification in a bright field microscope to show CPE. (C—E) Supernatants present in all three conditions
were collected at 18 hpi and were subjected to the plaque assay. The bar diagram shows the percentage of viral titers in different conditions. (F)
Cells were harvested at18 hpi and Western blot was performed using E2 and nsP2 specific mAb. GAPDH was taken as the loading control. (G, H)
Bar diagram showing the relative band intensities of CHIKV E2 and nsP2. The statistical analysis of the experimental data was presented as mean +
SD of three independent experiments. *, P < 0.05; **, P < 0.01; **%, P < 0.001; and ****, P < 0.0001 were considered statistically significant.

2.12. Anti-Inflammatory Properties of DDABT1. The
acute anti-inflammatory activity was evaluated using estab-
lished and approved protocols.”* The Wistar rats (180—220 g)
were used in this study. For this, six groups (n = 6) were
treated with vehicle, diclofenac (10 mg/kg or 0.033 mmol/kg),
SA (10 mg/kg or 0.724 mmol/kg po), TM (10 mg/kg or
0.0194 mmol/kg po), combination (SA 0.724 mmol/kg + TM
0.0194 mmol/kg p.o.), and DDABT1 (12 mg/kg or 0.0194

mmol/kg p.o.) 1 h prior to carrageenan injection (0.1 mL of
1% carrageenan solution) into the subplantar tissue of the left
hind paw of each rat. A water plethysmometer was used to
measure swellings of the paw at 1, 2, 3, and 4 h of injection.
Assuming that the increase in the volume of paws of the
control group of animals (no drug treatment) following
carrageenan injection was 100%, the percentage of inhibition
of paw-edema volume in test groups was determined.

https://doi.org/10.1021/acsomega.3c00763
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Figure 3. DDABT1 inhibits the CHIKV RNA and protein levels. (A) Vero cells were infected with CHIKV-PS (MOI 0.1) and DDABT1 (100 uM)
was added at 0, 2, 4, 6, 8, 10, and 18 hpi. The CHIKV supernatants of all the experimental samples were harvested at 18 hpi and plaque assay was
carried out. Bar graph depicting the viral titers in PFU/mL of all the drug-treated samples. DMSO was used as the vehicle control. The data
represent the mean + SD of three independent experiments. *p < 0.0S was considered to be statistically significant. Vero cells were infected with
CHIKV-PS (MOI 0.1) and treated with DDABT1 (100 uM or 25 uM and 100 zM). (B, C) The cells were harvested at 18 hpi and total cellular
RNA was isolated for amplifying the CHIKV E1 and nsP2 genes by qRT-PCR. (D) Cells were harvested and subsequently lysed in RIPA to
perform Western blot using E2 and nsP2 specific mAbs where GAPDH was taken as the loading control. (E, F) Bar diagram demonstrating the
relative band intensities of CHIKV E2 and nsP2, respectively. (G) The cells were fixed at 18 hpi and processed for the immunofluorescence assay
to assess the protein levels of E2 using specific mAbs. (H) Graph depicting the % of E2 positive cells. The statistical analysis of the experimental
data was presented as mean + SD of three independent experiments. *, P < 0.05; **, P < 0.01; *** P < 0.001; and **** P < 0.0001 were
considered statistically significant.

For evaluating the effect against subacute inflammation the received SA and TM in combination (0.724 + 0.0194 mmol/

cotton pellet-induced granuloma model in rats was used as per kg), and finally, the animal of test group-4 received DDABT1
the method of D’Arcy et al.”” Briefly, the region below the

axilla of the rats was shaved and cleaned with 70% ethanol.
Each sterile cotton pellet weighing 10 + 1 mg was implanted
subcutaneously (S.C.) in this region under light ether
anesthesia. The animals were divided into six groups (n = . o o )
6). A control group of animals received only a vehicle, while we%ght and ther.l dried in an oven at 60 °C until 2 constant
the standard group of animals received diclofenac (0.033 weight was obtained. The measure of exudate formation = wet
mmol/kg p.o.). Similarly, test group-1 and test group-2 of weight of pellet — dry weight of the pellet. The measure of
animals received SA and TM at a dose of 0.724 and 0.0194 granuloma tissue formation = dry weight — the initial dry
mmol/kg, respectively. Simultaneously, the test group-3 animal weight of the pellet (10 mg).

at a dose of 0.0194 mmol/kg. The drugs were given once daily
for 7 days. On the eighth day, the animals were anesthetized
with diethyl ether, and the pellets were removed carefully and
freed from extraneous tissues. The pellets were weighed for wet
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Figure 4. DDABT]1 retains the ability of TM to inhibit AT1. Vero cells were infected with the CHIKV-PS strain of CHIKV (MOI 0.1) and then
treated with DDABT1 (100 uM) along with AG (20 4M) after 90 min of infection. (A) Morphological changes in cells induced during infection at
18 hpi as observed under microscope at 10X magnification. (B) The bar graph shows the viral titer in PFU/ml. (C) Vero cells were treated with S0
UM doses of the compounds [SA/TM/SA+TM/DDABT1]. Cells were harvested at 18 hpi and Western blot was performed using AT1-specific
mAb and GAPDH was taken as the loading control. (D) Bar graph showing the relative intensity of AT1 in different conditions of treatment. (E)
Vero cells were infected with CHIKV-PS (MOI 0.1) for 90 min. The cells were then washed thrice with 1X PBS and 50 M doses of the
compounds [SA/TM/TM+SA/DDABT1] were added separately to the samples. Cells were harvested at 18 hpi, and Western blots were performed
using AT1, nsP2 specific mAb, and GAPDH was taken as the loading control (F, G). Bar graph showing the relative intensity of AT1 and nsP2 in
different conditions of infection and treatment. The statistical analysis of the experimental data was presented as mean + SD of three independent
experiments. *, P < 0.05; **, P < 0.01; **%, P < 0.001; and **** P < 0.0001 were considered statistically significant.

The effect against chronic inflammation or arthritis was software. The Bonferroni test was used for multiple
studied in the CFA- 1nduced arthritis model in rats following comparisons. The P value of <0.05 was considered statistically
established protocols.”® Briefly, animals were grouped (n = 6) significant.

and pretreated with standard and test compounds as described
earlier. Intraplantar injection of CFA (0.1 mL) in the left hind 3. RESULTS

paw of the animals was used to induce arthritis. A vernier . o
caliper (Mitutoyo, Japan) was used to measure the paw 3.1. Synthesis of DDABT1. The carboxylic acid group of

diameters at day O before CFA injections and thereafter on the SA was protected by benzylation before further reaction (I,
7th, 14th, 21st, and 28th days. The animals were treated with Figure S1). Subsequently, the benzyl salicylate was esterified
diclofenac, SA, SA+TM, and DDABT1 once daily during the with TM (I, Figure S1). Finally, the benzyl group was
observation periods. Blood samples (about 3 mL) were removed by hydrogenolysis to yield DDABT1 (III, Figure S1).

obtained by cardiac puncture on the 29th day and mixed This was purified by column chromatography (n-hexane: ethyl
with 3.8% sodium citrate solution in the proportion of four acetate, 4:6 v/v) and recrystallized from ethanol. The purity
parts of blood to one part of the citrate solution. The was assessed by the HPLC method (retention time of 2.942
erythrocyte sedxmentatlon rate (ESR) was measured by min with methanol as the mobile phase and 0.5 mL/min flow
Westergren’s method,”” whereas serum Rheumatoid Factor rate), (Figure S2a). The purity was calculated as a ratio of the
(RF) estimation was carried out by the turbidimetry method.*” area of the chromatogram to that of the total area and was
The arthritic limbs of the animals were maintained in 10% found to be 96.5%. Based on the physicochemical properties
formalin for radiographic analysis. (FTIR and NMR data), the structure of DDABTI was

2.13. Statistical Analysis. The data were presented as proposed (I1I, Figure S1). The mass spectra showed the M-1
mean + SD of three independent experiments and analyzed peak (Figure S2b) at 633.5 m/z, in confirmation of the

using the One-way ANOVA in the GraphPad Prism 5.0 proposed structure.
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3.2. DDABT1 Inhibits CHIKV Infection More Efficiently
than TM. The concentration of DDABT1 at which 50% of
Vero cells were viable (CCs,) was found to be greater than 700
uM (Figure 1A). Since >95% of cells were viable at 100 uM
concentration, DDABT1 was used at <100 yM in further
experiments. Vero cells infected with CHIKV at MOI 0.1 were
treated with the nontoxic concentrations of test compounds/
drugs (S0 uM of TM/SA/(TM+SA)/DDABT1) to assess the
anti-CHIKYV efficacy of DDABT1. The cells were observed for
CHIKV-induced CPE under a bright field microscope, and
supernatants were harvested at 18 hpi. It was observed that the
reduction in CPE was more in the case of DDABTI1 in
comparison to either TM or its combination with SA (Figure
1B). The plaque assay revealed that the reduction in CHIKV
progeny by DDABT1 (69%) was significantly higher than TM
(43%), SA (7%), and their combinations (56%) (Figure 1C).
Further, to estimate the concentration of DDABT1 that kills
50% of the virus (ICs,), Vero cells were infected with CHIKV
(0.1 and 0.01 MOI), and different concentrations of DDABT1
(10—100 uM) were added to the cells postinfection. The ICg,
of DDABT1 was found to be 21.07 and 14.59 uM for 0.1 and
0.01 MOI, respectively (Figure 1D). Hence, the result
indicates that DDABTI1 inhibits CHIKV infection more
efficiently than TM.'°

3.3. Post-Treatment of DDABT1 Reduces CHIKV
Infection Significantly. CHIKV particles were incubated
with DDABT1 for 30 min before infection to understand its
potential to bind to the virus particle to prevent their entry into
the host cells. The Vero cells were infected either with CHIKV
or CHIKV incubated with DDABT1 (100 uM) for 90 min.
Then, the cells were washed twice with 1X PBS before the
addition of complete media. The cells and supernatants were
harvested at 18 hpi. The plaque assay performed with the
supernatant revealed no significant difference in viral titers
between CHIKV and DDABT1 treated infected samples as
shown in Figure 2A,C. This is also evident from the CPE
results, as treatment before infection shows a CPE that is
comparable to that of infection control (Figure 2B). Thus, the
results indicate that DDABT1 does not inhibit CHIKV
attachment and entry to the host cells. Treatment of
DDABT1 during infection also failed to reduce CPE (Figure
2B) and viral titer (Figure 2D). However, postinfection
treatment showed a significant reduction in CPE (Figure 2B)
as well as in viral titer (75%) (Figure 2E). Further, the
reduction in the viral proteins (Figure 2F—H) also confirmed
the observation that post-treatment of DDABT1 can reduce
CHIKYV infection significantly.

3.4. Inhibition in CHIKV Progeny Release Even After
the Addition of DDABT1 at 12 hpi. To find out the
possible mechanism of action of DDABT1 on CHIKV
replication, a time of addition experiment was performed.
The Vero cells were infected with CHIKV-PS with MOI 0.1
and 100 uM of DDABT1 was added at 0, 2, 4, 6, 8, 10, and 12
hpi. The plaque assay showed >95% inhibition up to 4 hpi
(Figure 3A). About 58% of the infectious virus particle release
was abrogated, even after the addition of the drug at 12hpi.
This indicates that DDABT1 predominantly inhibits the early
stages of CHIKV infection; however, the late stages are also
regulated significantly. Further, there was a significant
reduction in CHIKV RNA (Figure 3B,C), and the viral
proteins were remarkably decreased (Figure 3D—F). The data
was further supported by an immunofluorescence assay where
the number of E2-positive cells was reduced significantly
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(Figure 3G,H). Thus, the result indicates that DDABT1
inhibits CHIKV RNA and protein levels significantly during
infection in vitro in postcondition.

3.5. DDABT1 Retains the Ability of TM to Inhibit AT1.
To understand whether DDABT1 retains the ability of TM to
reduce AT1, Vero cells were infected with CHIKV-PS (MOI
0.1) and treated with DDABT1 (100 zM) along with AG (20
uM)). AG is known to augment AT1 expression and CHIKV
infection that is antagonized by TM.” Like TM, DDABT1
reduced AG-mediated augmented CHIKV infection (Figure
4A,B) and AT1 expression (Figure 4C). Further, it also
reduced the level of CHIKV nsP2 (Figure 4C). These results
suggest that DDABT1 has the ability to inhibit CHIKV
infection like TM by modulating the AT1.

3.6. DDABT1 Does Not Have Acute Oral Toxicity. An
acute oral toxicity study revealed that there was no mortality
up to a dose of 2000 mg/kg (Table S1). So, S000 mg/kg was
considered as LDg, (dose at which 50% of subject death
occurs) according to the OECD-423 guideline. This revealed
the safety level of the DDABT1. Thus, less than 1/100th LDy,
(50 mg or 0.07 mmol/kg) was considered suitable for in vivo
studies.

3.7. DDABT1 Shows Anti-Inflammatory Effects in
Rats. The ability of test compounds to reduce edema/paw
volume was expressed as a percentage of that of the control
group. At the tested dose level (0.0194 mmol/kg), DDABT1
showed an 87.59% reduction in 4 h. This was higher than the
inflammation inhibition shown by diclofenac (74.3%), SA
(54.92%), or a combination of SA and TM (65.58%) (Figure
SA). This suggests that DDABT1 is capable of reducing acute
inflammation in rats significantly. Further, DDABT1 showed
62.86 and 68.24% reduction in the weights of exudates and
granuloma respectively in subacute inflammation studies
(Figure SB). This was comparable to that of diclofenac and
significantly higher (P < 0.01) than that of a combination of
TM and SA. In the CFA-induced arthritis model, diclofenac
and DDABT1 showed 79.9 and 87.14% reduction, respectively,
in paw edema on day 28. This was significantly (p < 0.01)
higher than that of combinations of SA and TM (Figure SC).
In addition, treatment with DDABT1 showed the lowest levels
of ESR (4.86 mm/h) and RF (10.83 IU/mL) (Figure SD,E).
The radiographic images of the affected limbs are shown in
Figure SF. The normal control (untreated) group of animals
showed the absence of soft tissue swelling and narrowing of
joint spaces. In CFA-induced arthritic rat, soft tissue swellings
along with narrowing of the joint spaces were observed, which
suggest bone destruction in arthritic conditions. The
diclofenac-treated groups prevented this. Both the SA and
TM-treated groups showed swelling of soft tissue and
narrowing of the joint spaces. Whereas, treatment with their
combination lowered this. DDABT1 minimized soft tissue
swelling and joint space narrowing in rats. Taken together,
these findings reveal that DDABT1 is effective against chronic
inflammation/arthritis as compared to SA, TM, or their
combination.

4. DISCUSSION

The DDABT1 was developed as an ester conjugate of TM and

SA. The carboxylic acid group of SA was protected by

benzylation (I, Figure S1) to avoid competition from the

esterification of SA. The benzyl salicylate was further esterified

to TM (II, Figure S1) by little modification of standard
15 )

procedures. > In the final step, the protecting group (benzyl
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Figure 5. DDABT1 reduces adjuvant-induced arthritis and inflam-
mation in rats. (A) Line diagram representing the acute anti-
inflammatory effect. The data in the Y-axis represent the percentage of
inhibition in paw edema induced by carrageenan injection in rat paws
(an increase in paw edema of the control group is considered as
100%). (B) Line diagram depicting the subacute anti-inflammatory
effect. Data in the Y-axis represent the weight of exudate in a cotton-
pellet implanted model in rats. (C) The line diagram represents the
effect against chronic inflammation. Data in the Y-axis represent the
change in paw volume of rats compared to control following
induction of arthritis and treatment. (D, E) The bar diagram shows
levels of ESR and RF in animals following chronic inflammation (on
the 29th day of induction of inflammation by CFA injection). (F)
Radiographic images of hind limbs of rats to assess soft tissue swelling
and bony destruction. The statistical analysis of the experimental data
was presented as mean + SD of six independent experiments. *, P <
0.05; **, P < 0.01; *** P < 0.001; and **** P < 0.0001 were
considered statistically significant

alcohol) was removed by reduction to yield the DDABT]1 (111,
Figure S1). The purity of the compound was assessed to be
96.5% (Figure S2) and the proposed structure was supported
by the physicochemical and spectral data.

The CCy, was found to be more than 700 yM and ICs, was
21.07 uM at 0.1 MOL At this MOI TM is reported with an
ICs, of 40.85."° Thus, conjugation to SA seems to have
increased the potency against CHIKV. Moreover, the
selectivity index of DDABT1 was found to be >33. In
agreement with earlier reports, TM treatment reduced the viral
titer.”'" The approved derivative of SA (acetyl salicylic) has
been reported with antiviral effects against RNA viruses like
human rhinovirus.”®> However, treatment with SA failed to
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affect the viral titer of CHIKV. While its addition to TM made
no significant difference in the viral titer, its conjugation to TM
(DDABT1) enhanced the anti-CHIKYV properties (Figure 1B).
This encouraged further investigations.

As evident from the viral titer in CHIKV-infected and
CHIKV + DDABT1 infected cells (Figure 2), it does not affect
the CHIKV attachment to the host cells. Unlike TM?, its
treatment before infection failed to reduce CHIKV titer,
whereas it was more effective in postinfection treatment.
Accordingly, in postinfection stages, it decreased the RNA
(nsP2 & El1) and protein expressions (nsP2 and E2)
significantly (Figure 3). Recent studies have demonstrated
that TM can bind to CHIKV-nsP2 and abrogate viral infection
in vitro.”'® While the reduction in RNA level (nsP2) was
comparable to that of TM, the reduction in the nsP2 protein
level was relatively less. Nevertheless, a 70% reduction in the
nsP2 level was observed by DDABT1. This can be attributed
to the structural features of TM in DDABT1 (Table S2C). The
time of addition experiment showed a significant reduction
(approximately 95%) in viral titer following treatment with
DDABTI1 in the early stages (up to 4 hpi) of postentry
infection. Compared to this, TM has been reported to be
relatively more effective in the late stages (6—12 hpi) of
infection (Table S2B). The variations in efficacy and stages of
interference compared to TM may be due to any alteration in
modes of action for DDABT1. Nonetheless, DDABT1 works
in a similar way to TM by inhibiting AT1. However, this alone
may not explain the mechanism of action of DDABT1, and
further studies are necessary to validate this.

CHIKV-induced arthritis mimics the arthritis of the joints
with a common pattern of inflammation® and drugs like
diclofenac are used to manage these symptoms.’’ Thus, the
results of a common model of inflammation and arthritis can
be used to suggest the potential to manage CHIKV-induced
arthritis. With this consideration, the anti-inflammatory effect
of DDABT1 was evaluated in established animal models. The
diclofenac, TM, and SA were used in human equivalent doses.
Since DDABTT is a conjugate of TM and SA, it was used at
TM equivalent dose (0.0194 mmol/kg or 12 mg/kg) which is
less than 1/100th of the LDy, dose (50 mg/kg). An increase in
paw volume by carrageenan-induced paw edema in rats is a
standard model of acute inflammation.”” As is evident from the
percentage reduction in paw edema (Figure SA), DDABTI
showed a higher capacity to reduce acute inflammation. The
cotton induced pellet-induced granuloma model in rats is used
to measure subacute inflammation.’® It represents the
proliferative phase of the inflammation characterized by
exudate production and formation of granulation tissue.”* A
60% reduction in exudates and granulomatous tissue correlates
well with the ability of DDABT1 to reduce inflammation.
Further, it showed higher efficacy to reduce chronic
inflammation compared to the diclofenac, SA, and TM as
well as the combination of SA and TM (Figure 5SD) in the
CFA-induced arthritis model.”> In support of these findings,
DDABT1 was found to significantly reduce arthritis parameters
including ESR and RF (Figure SE). Compared to the
combination of SA and TM, it was remarkably (p < 0.05)
more effective. The higher efficacy of DDABT1 was also
supported by the radiographic images (Figure SF) that showed
a reduction in soft tissue swelling and joint space narrowing.
Thus, the ability to manage acute, subacute, and chronic
inflammation suggests its potential to manage inflammation
and arthritis associated with CHIKV infection. Thus, the

https://doi.org/10.1021/acsomega.3c00763
ACS Omega 2024, 9, 146—156


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00763/suppl_file/ao3c00763_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00763/suppl_file/ao3c00763_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00763/suppl_file/ao3c00763_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00763/suppl_file/ao3c00763_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00763?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00763?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00763?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00763?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

enhanced efficacy of DDABT1 to reduce CHIKV infection and
arthritis compared to TM and SA justifies the hybridization of
these molecules

In conclusion, the ability to inhibit CHIKV in vitro and
inflammation/arthritis in vivo suggests the potential of
DDABT1 to manage both the cause and symptoms of
CHIKYV infection. The conjugation of SA to TM was found
to increase the efficacy. The anti-CHIKV property can be
partly attributed to the ability of DDABT1 to reduce ATI1.
However, considering the fact that it also has features of
salicylates, DDABT1 may have other modes of action and need
further investigation. Also, evaluation in a preclinical-infection
model is desirable to establish the antiviral property.
Nonetheless, DDABT1 offers the prospect of an antiviral
that can manage both the CHIKV infection and its symptoms
simultaneously.
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