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a b s t r a c t

Five a-D-ribofuranose analogues (2, 3, 4, 5 and 6) were synthesized in good yields from 3-O-benzyl-4-C-
(hydroxymethyl)-1, 2-O-isopropylidene-a-D-ribofuranose (1). The synthesized compounds were then
subjected to analgesic, anti-inflammatory, antimicrobial and antioxidant assays. Compound 3 demon-
strated 79.74% (P < 0.001) writhing inhibition and highest reaction time of 2.55 ± 0.13 min (P < 0.001)
after 30 min of oral administration in peripheral and central analgesic assay, respectively, at 50 mg/kg
dose. Compound 2 and 6 exhibited significant anti-inflammatory activity at 100 mg/kg dose with paw
edema inhibition of 91.15% (P < 0.001) and 95.13% (P < 0.001), respectively, in 4th hour. The synthesized
analogues did not show notable antioxidant and antibacterial properties. Molecular docking study
revealed higher binding affinity of �8.1 kcal/mol and �8.9 kcal/mol of compound 3 towards
cyclooxygenase-1 and phospholipase A2, respectively, compared to �7.7 and �7.6 kcal/mol respectively
for corresponding native ligands. Compound 2 demonstrated binding affinity of �9.1 kcal/mol towards
interleukin-1 receptor-associated kinase-4 compared to �8.7 kcal/mol of the native ligand. The molecular
properties related to drug likeness of compounds were found to be within acceptable range. Synthesized
D-ribofuranose analogues demonstrated promising analgesic and anti-inflammatory activities and fur-
ther development may lead to new potent analgesic and anti-inflammatory agents.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ribose sugar is one of the most potent classes of carbohydrates
due to versatile applications of its analogues (Adamo and Pergoli,
2008; Cappellacci et al., 2002; Shecterle et al., 2010). A great deal
of D-ribose and D-ribofuranose analogues are used in the synthesis
of nucleoside and nucleotide derivatives (Downey et al., 2015;
Fujisaka et al., 2019; Komatsu and Araki, 2003; Rahman et al.,
2009). Many of these nucleosides possess numerous biological
activities and the sugar moiety within these compounds are
required for exhibiting these effects (El-Gazzar et al., 2009). D-
ribose itself (Fig. 1, structure a) has shown anti-inflammatory
effect by reducing serum concentration of renal inflammatory
biomarkers in mice (Ueki et al., 2013). It is also used in congestive
heart failure as a supplementary therapy and has shown enhance-
ment of diastolic performance in congestive heart failure cases
(Omran et al., 2003; Wagner et al., 2009). Adding D-ribose in the
treatment regimen of fibromyalgia syndrome caused improvement
in clinical outcomes (Gebhart and Jorgenson, 2004; Teitelbaum,
2012). Ribofuranosides of some synthesized pyrimidine (Fig. 1,
structure b) and phenothiazine analogues showed better antimi-
crobial activity than the analogues alone (Kumar et al., 2001). a-
D-ribofuranose analogues and its nucleoside derivatives have
many reported pharmacological properties including analgesic,
anti-inflammatory, antimicrobial and cytotoxic effect (Galmarini
et al., 2008; Petrelli et al., 2017; Rahman et al., 2020). Some triazole
based D-ribofuranose (Ferreira et al., 2010) and recently isolated a-
D-ribofuranose derivatives (for example structure c in Fig. 1)
obtained from mangrove fungus (Zhang et al., 2021) exhibited a-
glucosidase inhibitory activity.

Since D-ribose and its analogues showed several biological
activities, we became interested to synthesize and investigate the
biological properties of D-ribose derivatives. Recently, we have
(Rahman et al., 2020) reported potential analgesic and anti-
inflammatory activity of some known a-D-ribofuranose derivatives
(structure d, Fig. 1). This result encouraged us to synthesize more
derivatives and to evaluate their diverse biological properties via
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Fig. 1. Structure of a-D-ribose (a) and some bioactive a-D-ribofuranose derivatives (b-d).
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in vitro and in vivo studies as well as in silico studies. Therefore, we
attempted to synthesize some new derivatives of a-D-ribofuranose
in order to investigate their pharmacological properties. In addi-
tion, we also examined the biological activity of the previously
reported derivatives which had not been accomplished before.
Thus, this study is directed to synthesize some known and
unknown derivatives of a-D-ribofuranose, to characterize the syn-
thesized molecules by spectroscopic methods and to evaluate their
hitherto unknown pharmacological and biological properties. The
study also involves an attempt to find the binding affinity of the
synthesized compounds against target macromolecules by molec-
ular docking and to see if results are consistent with in vivo results.
The molecular properties that affect the drug likeness of com-
pounds, for instance, molecular weight, hydrogen bond acceptors
and donors, lipophilicity, molar refractivity were also assessed by
in silico approach.
2. Materials and methods

2.1. Chemicals and equipment

The starting compound of this study is a derivative of a-D-
ribofuranose known as 3-O-benzyl-4-C-(hydroxymethyl)-1, 2-O-is
opropylidene-a-D-ribofuranose which is widely utilized for syn-
thesizing bridged nucleoside analogues (Hari et al., 2002;
Rahman et al., 2008; Sharma et al., 2015). Chemicals and solvents
applied in the synthetic procedures were procured from either
Sigma-Aldrich (USA) or Merck (Germany). Solvents were further
purified by drying over CaH2 and distillation. All glassware was
well dried before each reaction. The completion of chemical reac-
tions was detected by thin layer chromatography (TLC) in befitting
solvent system. Column chromatography with silica gel 60–120
mesh (Lobachemie, India) was employed to purify crude products.
Fourier-transform infrared (FTIR) spectra were recorded from Cen-
tre of Advanced Research in Science, University of Dhaka with FTIR
spectrophotometer (IRPrestige 21, Shimadzu Corporation, Japan).
Proton and carbon nuclear magnetic resonance i.e. 1H NMR and
13C NMR spectra were produced on Bruker (Burker AMX-400) or
JNM-ECS-300 (JEOL) spectrometers. Mass spectra were recorded
using matrix assisted laser desorption/ionization coupled to time
of flight (MALDI-TOF) technique in Spiral TOF JMS-S3000 instru-
ment (JEOL).
2.2. Synthesis of 3, 5-di-O-benzyl-4-C-(hydroxymethyl)-1, 2-O-
isopropylidene-a-D-ribofuranose (2)

Sodium hydride (0.93 g, 38.60 mmol) was taken into the solu-
tion of the starting material 1 (6 g, 19.30 mmol) in dimethyl for-
mamide (80 ml) and benzyl bromide (2.50 ml, 21.20 mmol) at
0 �C. The reaction mixture was then stirred under a N2 atmosphere
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to prevent moisture interference for 8 h at room temperature. After
the completion of the reaction, the reaction mixture was quenched
by adding ice cold water (100 ml) and the resulting mixture was
extracted by ethyl acetate (3x100 ml). The extract was washed
with water, dried over sodium sulfate and concentrated. Column
chromatography (n-hexane: ethyl acetate = 3:1) of the concen-
trated residue yielded the product 2 as a transparent oil. Yield:
4.2 g, 53.26%; Rf = 0.30 (n-hexane: ethyl acetate = 2:1); IR (thin
film, cm�1): 3570 (OAH), 2940–2870 (CAH), 1452 (C@C, aromatic),
739 (CAH, aromatic); 1H NMR (400 MHz, CDCl3, d/ppm): 1.35 (s,
3H), 1.636 (s, 3H), 3.54 (d, J = 10.4 Hz, 1H), 3.61 (d, J = 10.4 Hz,
1H), 3.83 (d, J = 12 Hz, 1H), 3.94 (d, J = 12 Hz, 1H), 4.28 (d,
J = 5.2 Hz, 1H), 4.56 (m, 4H), 4.65 (s, 1H), 4.78 (d, J = 11.6 Hz,
1H), 5.79 (d, J = 3.6 Hz, 1H), 7.34 (m, 10H).

2.3. Synthesis of 4-C-(acetoxymethyl)-3, 5-di-O-benzyl-1, 2-O-
isopropylidene-a-D-ribofuranose (3)

Pyridine (1.20 ml, 15 mmol) was added in a dried vessel con-
taining compound 2 (3 g, 7.5 mmol) in acetic anhydride (2.10 ml,
22.50 mmol) under fume-hood and was stirred for 3 h at room
temperature. After diluting the reaction with water, the organic
phase was extracted by ethyl acetate (3x100 ml) and concentrated
using a rotatory evaporator. The concentrate was then co-
evaporated with 20 ml toluene to remove excess pyridine. Column
chromatography (n-hexane: ethyl acetate = 3:1) of the residue pro-
duced purified product 3 as a transparent oil. Yield: 2.78 g, 83.7%;
Rf = 0.57 (n-hexane: ethyl acetate = 2:1); IR (thin film, cm�1): 3028
(CAH, aromatic), 2870 (CAH), 1738 (C@O, ester), 1449 (C@C, aro-
matic), 741 (CAH, Aromatic); 1H NMR (400 MHz, CDCl3, d/ppm):
1.33 (s, 3H), 1.62 (s, 3H), 2.03 (s, 3H), 3.45 (d, J = 10.4 Hz, 1H),
3.56 (d, J = 10.8 Hz , 1H), 4.26 (d, J = 5.2 Hz, 1H), 4.31 (d,
J = 12 Hz, 1H), 4.44 (d, J = 12 Hz, 1H), 4.54 (d, J = 10.4 Hz, 2H),
4.64 (d, J = 12.4, 2H), 4.74 (d, J = 12 Hz, 1H), 5.77 (d, J = 3.6 Hz
1H), 7.30 (m, 9H), 7.24 (d, J = 8 Hz, 1H).

2.4. Synthesis of 3, 5-di-O-benzyl-4-C-(hydroxymethyl)-O-methyl - D-
ribofuranose (4)

Water (6.00 ml) and methanol (12.00 ml) and 28% HCl
(31.00 ml) were added sequentially in a vessel containing 3
(1.5 g, 3.39 mmol) and was stirred at room temperature for 19 h.
The organic phase extraction was carried out with ethyl acetate
(3 � 100 ml), washed with brine and dried over anhydrous sodium
sulfate. The concentrated residue was subjected to column chro-
matography (n-hexane: ethyl acetate = 3:1) to acquire the purified
product 4 as a transparent oil. Yield: 1.01 g, 79.56%); Rf = 0.18 (n-
hexane: ethyl acetate = 2:1); IR (thin film, cm�1): 3390–3317
(OAH), 3031 (C-H, aromatic), 2930–2863 (CAH), 1454 (C@C, aro-
matic), 1044 (CAO), 1101 (CAO), 738 (CAH, aromatic); 1H NMR
(300 MHz, CDCl3, d/ppm): 3.28 (s, 3H), 3.39 (d, J = 9.6 Hz, 1H),
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3.41 (d, J = 7.2 Hz, 1H), 3.43 (d, J = 9.6 Hz, 1H), 3.76 (d, J = 12.0 Hz,
1H), 3.90 (d, J = 12.0 Hz , 1H), 4.06–4.13 (m, 2H), 4.50 (d, J = 11.7 Hz,
1H), 4.52–4.57 (m, 3H), 4.72 (d, J = 11.7 Hz, 1H), 4.87 (s, 1H), 7.27–
7.37 (m, 10H). 13C NMR (75 MHz, CDCl3, d/ppm): 54.94, 62.97,
72.58, 72.95, 73.72, 74.69, 81.23, 85.87, 108.35, 127.75 (2C),
127.89 (2C), 128.08 (2C), 128.54 (2C), 128.59 (2C), 137.56,
137.98. HRMS (MALDI-TOF) m/z: [M+Na]+ calculated for C21H26O6-
Na 397.1627; found 397.1622.
2.5. Synthesis of 4-C-(acetoxymethyl)-3, 5-di-O-benzyl-O-methyl - D-
ribofuranose (5)

Pyridine (0.40 ml, 5 mmol) was added in a dried vessel contain-
ing compound 4 (0.90 g, 2.40 mmol). Acetic anhydride (0.23 ml,
2.40 mmol) was added to the mixture under fume-hood and was
stirred for 3 h at room temperature. After quenching the reaction
with water, the organic phase was extracted by ethyl acetate
(3 � 100 ml), washed with brine and concentrated using a rotatory
evaporator. The concentrate was then co-evaporated with 20 ml
toluene to eliminate excess pyridine. Column chromatography
(n-hexane: ethyl acetate = 3:1) of the residue produced purified
product 5 as a transparent oil. Yield: 0.85 g, 85.04%; Rf = 0.25 (n-
hexane: ethyl acetate = 2:1); IR (thin film, cm�1): 3318 (OAH),
3032 (CAH, aromatic), 2932–2864 (C-H), 1741 (C@O, ester), 1454
(C@C, aromatic), 739 (C-H, aromatic); 1H NMR (400 MHz, CDCl3,
d/ppm): 2.10 (s, 3H), 3.33 (s, 3H), 3.37–3.41 (m, 2H), 3.39 (d,
J = 9.2 Hz, 1H), 3.46 (br s, 1H), 3.64 (d, J = 9.2 Hz, 1H), 4.10 (d,
J = 5.0 Hz, 1H), 4.23 (d, J = 5 Hz , 1H), 4.31 (d, J = 11.9 Hz, 1H),
4.50 (d, J = 11.9 Hz, 1H), 4.58 (d, J = 3.2 Hz, 1H), 4.67 (d,
J = 4.2 Hz, 1H), 4.91 (s, 1H), 7.31–7.41 (m, 10H). 13C NMR
(100 MHz, CDCl3, d/ppm): 20.99, 54.98, 64.67, 72.92, 73.43,
73.59, 73.85, 81.35, 83.75, 107.85, 127.68 (2C), 127.73(2C),
127.78, 128.03, 128.43 (2C), 128.51(2C), 137.29, 137.85, 170.37.
HRMS (MALDI-TOF) m/z: [M+Na]+ calculated for C23H28O7Na
439.1733; found 439.1725.
2.6. Synthesis of 3-O-benzyl-4-C-(hydroxymethyl)-D-ribofuranose (6)

Compound 1 (0.50 g, 1.61 mmol) in 50% (w/v) acetic acid
(1.94 ml, 16.1 mmol) was kept stirring at room temperature for
2 h. The organic phase was extracted using ethyl acetate
(3 � 100 ml), washed with water and dried over anhydrous sodium
sulfate. The organic phase was then concentrated using a rotatory
evaporator. Finally, the product 5 was purified as a transparent oil
by column chromatography (n-hexane: ethyl acetate = 1:99). Yield:
0.293 g, 67.7%; Rf = 0.16 (n-hexane: ethyl acetate = 1:99); IR (thin
film, cm�1) 3391–3318 (OAH), 2930–2878 (CAH), 1456 (C@C, aro-
matic ring), 745 (CAH, aromatic); 1H NMR (400 MHz, DMSO d6, d/
ppm): 3.09 (m, 2H), 3.45 (m, 2H), 3.62 (m, 1H), 3.84 (d, J = 11.6 Hz,
1H), 4.42 (m, 2H) , 4.65 (m, 2H), 4.85 (m, 2H), 6.29 (m, 1H), 7.21 (m,
5H). 13C NMR (75 MHz, CDCl3, d/ppm): 62.67, 65.01, 68.40, 71.10,
73.21, 80.05, 95.09, 127.28, 127.53 (2C), 128.16 (2C), 139.09. HRMS
(MALDI-TOF) m/z: [M+Na]+ calculated for C13H18O6Na 293.1001;
found 293.0991.
2.7. Animals

Swiss albino mice (Mus musculus) of around 25–30 g of either
sex having age range of around 4–5 weeks, collected from Jahangir-
nagar University were used for investigation. Animals were used in
experiments in lowest possible numbers maintaining the ethical
standards and guidelines devised by Swiss Academy of Medical
Sciences. Ethics committee approval number: Ref: DU/Pharm_ETA:
01_09/2019.
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2.8. Analgesic activity

2.8.1. Acetic acid induced writhing method
Acetic acid induced writhing method was utilized with minute

changes to investigate peripheral analgesic effect (Faujdar et al.,
2016). Sixty mice were designated into twelve separate equal
groups randomly. Negative control group was given 0.9% NaCl, pos-
itive control group received diclofenac (25 mg/kg) while all other
groups received synthesized compounds (25 and 50 mg/kg) orally.
After forty minutes, acetic acid (0.7% v/v, 10 ml/kg) was adminis-
tered in intraperitoneal route to all groups to prompt writhing.
Writhing count started five minutes later and was noted for the
next fifteen minutes for every mouse.

2.8.2. Tail immersion method
The central anti-nociception activities of the synthesized com-

pounds were investigated by tail immersion method using a hot
water bath of 55 �C (Faujdar et al., 2016). Sixty mice were sepa-
rated into twelve equal groups. In this test, positive control group
was treated with morphine (2 mg/kg), negative control group with
0.9% NaCl and other groups with synthesized compounds (25 and
50 mg/kg). The tail flicking time was measured at different time
intervals (0, 30, 60 and 90 min). Doses for both the tests were cho-
sen after conducting a pilot study where mice were given different
levels of test materials ranging from 5 to 400 mg/kg. Doses with
significant analgesic activity and low noxious effects were selected.

2.9. Anti-inflammatory activity

Carrageenan induced hind paw edema method with few modi-
fications was applied to assess anti-inflammatory activities of the
compounds (Chung et al., 2016). Thirty-five Wister rats were des-
ignated into seven equal groups randomly. Negative control group
was fed 0.9% NaCl while positive control group received aceclofe-
nac (100 mg/kg). Test groups were given different synthesized
derivative (100 mg/kg) as fine suspension orally. The volume of
right hind paw was estimated using a plethysmometer at 0th hour
(before carrageenan injection). This acted as baseline reading. After
1 h of oral administration, 1% carrageenan solution (0.1 ml) was
administered into the right hind paw of mice of all groups. At 1,
2, 3 and 4 h after the carrageenan administration, paw volumes
were estimated. Mean increase in the volume of hind paw and per-
centage inhibition of the volume was calculated for the respective
time intervals. Dose of the synthesized compounds were chosen
based on the usual dosage of aceclofenac and a similar pilot study
as in analgesic activity test described in Section 2.8.2.

2.10. Antimicrobial activity

Disk diffusion method was used to determine the antibacterial
as well as antifungal capability of the synthesized compounds
(Adukwu et al., 2016). Pre-sterilized disks of 6 mm diameter were
diffused with 400 mg/disk of synthesized compounds and were
transferred to petri-dishes cultured with different bacterial and
fungal species. The bacterial species contained both Gram (+) spe-
cies such as Bacillus subtilis, Bacillus megaterium, Bacillus cereus, Sar-
cina lutea, Staphylococcus aureus and Gram (�) species such as
Shigella dysenteriae, Shigella boydi, Pseudomonas aeruginosa,
Escherichia coli, Salmonella typhi, Salmonella paratyphi, Vibrio para-
hemolyticus and Vibrio mimicus. The fungal species used were Can-
dida albicans, Aspergilla niger and Saccharomyces cerevisiae. Blank
disks were used as negative control to ensure that the residual
solvents and the filter paper with which the disks were made are
not active themselves. The zones of inhibition were observed and
compared to the standard ciprofloxacin disk and griseofulvin disk
(10 mg/disk).



Scheme 1. Synthesis scheme for a-D-ribofuranose analogues. Reagents and con-
ditions: (a) NaH, BnBr, DMF, 0 �C to rt, 8 h, (b) Ac2O, pyridine, rt, 3 h, (c) 28% HCl,
MeOH, H2O, rt, 19 h, (b) Ac2O, pyridine, rt, 3 h, (d) 50% AcOH, rt, 2 h.
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2.11. Antioxidant activity

The antioxidant property of the test samples was evaluated by
percent inhibition of DPPH (2, 2-diphenyl-1-picrylhydrazyl) free
radical where ascorbic acid was used as standard (Ahmed et al.,
2019). Concentration of the compound that provides 50% inhibi-
tion or reduction of DPPH, also known as IC50 was calculated from
the equation of the percentage inhibition versus concentration of
the sample logarithmic curve.

2.12. Statistical analysis

Calculations were performed using XLSTAT software for Micro-
soft Excel 2013. Values were shown as the mean ± standard error of
mean (SEM). One-way analysis of variance (ANOVA) and Dunnett’s
test were carried out where P < 0.05 was regarded as statistically
significant.

2.13. Molecular docking simulation

The structure of proteins phospholipase A2 (PLA2) (PDB code:
4UY1), cyclooxygenase-1 (COX-1) (PDB code: 1EQG),
cyclooxygenase-2 (COX-2) (PDB code: 5IKT), NF-jB–inducing
kinase (NIK) (PDB code: 4IDV) , interleukin-1 receptor associated
kinase-4 (IRAK-4) (PDB code: 5KX7) was collected from Research
Collaboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB) (Berman et al., 2002). Energy minimization of ligands
was performed in Open Babel (version 2.4.0) (O’Boyle et al.,
2011). Validation of docking procedure was done by re-docking
the native ligands in the binding pockets of respective proteins.
The target protein–ligand docking was executed using AutoDock
Vina (version 1.1.2) (Trott and Olson, 2009). Docking simulation
was done using grid with its centers positioned at the active site
of respective proteins and the dimensions of the grid were 25.00,
25.00, 25.00 Å. The interactions of ligands with target macro-
molecules were analyzed by Discovery Studio Client 2019.

2.14. Lipinski’s rule of five prediction

Molecular weight, hydrogen bond donors and acceptors,
lipophilicity, molar refractivity of the synthesized compounds
were calculated using SwissADME (Daina et al., 2017).
Table 1
Analgesic activity of synthesized compounds in acetic acid induced writhing method.

Treatment (mg/kg) Average writhing Inhibition of writhing (%)

Control (–) 23.20 ± 0.30 –
Diclofenac (25) 3.90 ± 0.19*** 83.19
2 (25) 13.40 ± 0.37*** 42.24
2 (50) 8.50 ± 0.22*** 63.36
3 (25) 10.50 ± 0.27*** 54.74
3 (50) 4.70 ± 0.26*** 79.74
4 (25) 14.60 ± 0.40*** 37.07
4 (50) 9.30 ± 0.25*** 59.91
5 (25) 17.20 ± 0.52*** 25.86
5 (50) 10.80 ± 0.26*** 53.45
6 (25) 20.50 ± 0.71** 11.64
6 (50) 17.60 ± 0.86*** 24.14

Writhing counts are expressed as mean ± SEM, (n = 5). ***P < 0.001, **P < 0.01,
*P < 0.05 compared with negative control (one-way ANOVA followed by Dunnett’s
test).
3. Results

3.1. Synthesis of a-D-ribofuranose derivatives

Ribofuranose derivatives were synthesized from the starting
material 3-O-benzyl-4-C-(hydroxymethyl)-1, 2-O-isopropylidene-
a-D-ribofuranose (1) (Scheme 1). Compound 1 was subjected to
benzylation at room temperature which yielded di-benzyl deriva-
tive 2 along with an undesired tri-benzyl derivative similar to that
reported in our previous study (Rahman et al., 2020). Compound 2
was separated from the undesired product and reacted with acetic
anhydride to produce acetylated derivative 3 in high yield. Acidic
hydrolysis of compound 3 with 28% HCl followed by methylation
produced compound 4 in good yield with additional removal of
acetyl group. Compound 4 was acetylated using reaction condi-
tions similar to previous acetylation. Compound 6was also synthe-
sized by hydrolytic cleavage of isopropylidene ring of the starting
material 1. The structures of the synthesized compounds were
established by FTIR, 1H NMR, 13C NMR and mass spectra as pre-
sented in Sections 2.2, 2.3, 2.4, 2.5 and 2.6. Compound 2 and 3 were
known compounds which were confirmed by comparing the spec-
tral data with the reported data (Koshkin et al., 1998).
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3.2. Analgesic activity of synthesized compounds

3.2.1. Acetic acid induced writhing method
The peripheral analgesic property of synthesized compounds

was investigated by acetic acid induced writhing method. The
effects of the synthesized compounds to subside the pain caused
by acetic acid are presented in Table 1. In this method compound
3 showed potent analgesic activity with inhibition of writhing of
54.74% and 79.74% at doses of 25 mg/kg and 50 mg/kg, respec-
tively, whereas diclofenac as positive control at dose of 25 mg/kg
inhibited writhing by 83.19%. At 50 mg/kg dose compound 2, 4
and 5 showed writhing inhibition of 63.36%, 59.91% and 53.45%,
respectively. Compound 6 at both doses showed mild analgesic
activity compared to other test compounds.

3.2.2. Tail immersion method
The changes in sensitivity of test animals due to the analgesic

activity of the test compounds were compared by tail flick method
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and the data are presented in Fig. 2. Compound 3 at the dose
50 mg/kg showed highest tail flicking reaction time of 2.55 ± 0.1
3 min after 30 min of oral administration among the test com-
pounds which is comparable to morphine’s 3.28 ± 0.15 min. Com-
pound 3 at 25 mg/kg and compound 2 at 50 mg/kg dose showed
reaction time of 2.00 ± 0.16 and 1.74 ± 0.12 min, respectively, after
30 min of oral administration. After 60 min of oral administration,
compound 3 at 25 mg/kg and 50 mg/kg showed reaction time of
1.51 ± 0.11 and 2.03 ± 0.16 min which is superior to other test com-
pounds at the same dose and same time interval.
3.3. Anti-inflammatory activity of synthesized compounds

The mean paw volume (ml) and percentage of paw edema inhi-
bition of the compounds are shown in Table 2. From the statistical
evaluation, it is evident that all the compounds at 100 mg/kg dose
showed reduction of paw volume from the first hour and onwards.
All the compounds showed anti-inflammatory activity among
which compound 2 and 6 had prominent activity. The paw edema
inhibition of compound 2 was 15.79%, 58.68%, 77.32% and 91.15%
and compound 6 was 14.29%, 58.68%, 79.38% and 95.13% in 1st,
2nd, 3rd and 4th hour, respectively, whereas paw edema inhibition
was 31.58%, 70.66%, 86.08% and 97.79% in 1st, 2nd, 3rd and 4th
hour, respectively, for positive control aceclofenac (100 mg/kg).
Compound 3, 4 and 5 also showed significant reduction in paw
edema volume.
3.4. Antimicrobial and antioxidant activity of synthesized compounds

Antimicrobial activity of the compounds 2, 3, 4, 5 and 6 were
assessed by disk diffusion method on both Gram-positive and
Gram-negative species. DPPH free radical scavenging method was
applied to determine the antioxidant potential of the compounds.
However, the synthesized compounds did not show notable
antimicrobial and antioxidant properties (data not shown).
Fig. 2. Evaluation of central analgesic effect of synthesized compounds at doses 25 mg
standard. Reaction time values are expressed as mean ± SEM, (n = 5). ***P < 0.001, **P < 0
(one way ANOVA followed by Dunnett’s test).
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3.5. Molecular docking simulation

Molecular docking studies showed that the binding affinities of
compound 2, 3, 4 and 5 with PLA2 were greater than the native
ligand’s binding affinity, meaning PLA2 may be a target for these
compounds for their anti-inflammatory activity. Compound 3
effectively interacted with PLA2 by forming hydrogen bond with
Gly28A and Lys61A residue shown in Fig. 3. Among the four com-
pounds, compound 3 had the highest affinity towards COX-1 which
is also higher than the native ligand ibuprofen’s binding affinity.
Compound 3 formed hydrogen bond with Arg120A residue of
COX-1 as depicted in Fig. 4 and this Arg120A residue is required
for high affinity binding of arachidonic acid with cyclooxygenase
(Vecchio et al., 2012). These interactions of compound 3 with
PLA2 and COX-1 may be accounted for significant anti-
inflammatory and analgesic activity of this compound in biological
study. However, the compounds showed lesser affinity towards
COX-2 than COX-1 and binding patterns of the compounds with
COX-2 are shown in Fig. 5. Compound 2 and 5 effectively bound
with NIK as illustrated in Fig. 6 with binding affinities which are
comparable to that of corresponding native ligand. Compound 2
formed hydrogen bond with Ser328B residue of IRAK-4 ATP bind-
ing site shown in Fig. 7 and had higher binding affinity than that
of corresponding native ligand and other synthesized compounds.
The binding affinities of synthesized molecules with these target
proteins are shown in Table 3.
3.6. Lipinski’s rule of five prediction

Molecular weight, octanol–water partition coefficient, number
of hydrogen bond donor, number of hydrogen bond acceptor and
molar refractivity properties for the synthesized compounds are
presented in Table 4. All the compounds 2, 3, 4, 5 and 6 passed
the Lipinski’s rule of five screening with no violation of any of
the acceptance criteria.
/kg and 50 mg/kg using tail flick method in mice where morphine was used as a
.01, *P < 0.05 indicate significant differences when compared with negative control



Table 2
Anti-inflammatory effect of different groups in carrageenan induced paw edema test.

Treatment (mg/kg) Mean Paw Volume (ml) (inhibition of edema %)

Basal 1st hr 2nd hr 3rd hr 4th hr

Control (–) 0.57 ± 0.02 0.83 ± 0.01 0.90 ± 0.02 0.96 ± 0.02 1.02 ± 0.03
Aceclofenac (100) 0.51 ± 0.01 0.69 ± 0.01***

(31.58)
0.61 ± 0.02***
(70.66)

0.56 ± 0.03***
(86.08)

0.52 ± 0.02***
(97.79)

2 (100) 0.51 ± 0.02 0.73 ± 0.02**
(15.79)

0.64 ± 0.02***
(58.68)

0.60 ± 0.02***
(77.32)

0.55 ± 0.02***
(91.15)

3 (100) 0.52 ± 0.01 0.76 ± 0.02
(11.28)

0.70 ± 0.02***
(46.71)

0.65 ± 0.02***
(67.01)

0.58 ± 0.02***
(86.73)

4 (100) 0.57 ± 0.02 0.80 ± 0.03
(13.53)

0.71 ± 0.03***
(58.08)

0.67 ± 0.03***
(73.71)

0.63 ± 0.04***
(88.00)

5 (100) 0.56 ± 0.01 0.80 ± 0.02
(12.03)

0.74 ± 0.01***
(46.71)

0.70 ± 0.02***
(63.40)

0.66 ± 0.02***
(78.32)

6 (100) 0.52 ± 0.01 0.74 ± 0.02**
(14.29)

0.65 ± 0.02***
(58.68)

0.60 ± 0.02***
(79.38)

0.54 ± 0.01***
(95.13)

Paw volume values are presented as mean ± S.E.M. (n = 5); ***P < 0.001, **P < 0.01, *P < 0.05 compared to control (–) by Dunnett’s test.

Fig. 3. Interaction of synthesized compounds (a) 2, (b) 3, (c) 4, (d) 5 and (e) 6 with PLA2 (4UY1) active site. Green: conventional hydrogen bond; pink-violet: hydrophobic;
light green: Van der Waals; cyan: carbon hydrogen; orange: pi-anion/pi-cation; grey: metal acceptor; red: electron donor–donor interaction.
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4. Discussion

In the current study synthesized a-D-ribofuranose derivatives
were subjected to various pharmacological screening. Analgesic
activity of synthesized compounds was evaluated by two different
methods. In acetic acid induced writhing method, intra peritoneal
administration of acetic acid prompts an acute inflammatory
response followed by activation of the nociceptors (Dzoyem
et al., 2017). The tail flick method is also broadly applied to assess
anti-nociceptive property of compounds. Exposing the tail of mice
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to heat activates heat sensitive receptors, transient receptor poten-
tial vanilloid type 1 and 3 (TRPV1 and TRPV3) receptors promoting
pain transmission (Leksiri et al., 2020). Compound 3 exhibited
potent analgesic activity in both the tests. Compound 2, 4 and 5
also exhibited moderate analgesic activity in both the tests. Anal-
gesic activity of compound 3, 4 and 5 is reported for the first time
in this study. D-ribose derivatives and several nucleoside ana-
logues containing modified ribose has exhibited notable anti-
nociceptive effect (El-Gazzar et al., 2009; Gebhart and Jorgenson,
2004; Jarvis et al., 2002; Ueki et al., 2013). Structural resemblance



Fig. 4. Interaction of synthesized compounds (a) 2, (b) 3, (c) 4, (d) 5 and (e) 6 with COX-1 (1EQG) active site. Green: conventional hydrogen bond; pink-violet: hydrophobic;
light green: Van der Waals; cyan: carbon hydrogen bond/ pi-donor hydrogen bond; orange: pi-cation; brown: pi-sulfur interaction.

Fig. 5. Interaction of synthesized compounds (a) 2, (b) 3, (c) 4, (d) 5 and (e) 6 with COX-2 (5IKT) active site. Green: conventional hydrogen bond; pink-violet: hydrophobic;
light green: Van der Waals; cyan: carbon hydrogen bond/ pi-donor hydrogen bond; orange: pi-anion interaction.
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Fig. 6. Interaction of synthesized compounds (a) 2, (b) 3, (c) 4, (d) 5 and (e) 6with NIK (4IDV) active site. Green: conventional hydrogen bond; pink-violet: hydrophobic; light
green: Van der Waals; cyan: carbon hydrogen bond/ pi-donor hydrogen bond; orange: pi-cation; brown: pi-sulfur; red: electron donor–donor interaction.

Fig. 7. Interaction of synthesized compounds (a) 2, (b) 3, (c) 4, (d) 5 and (e) 6 with IRAK-4 (5KX7) active site. Green: conventional hydrogen bond; pink-violet: hydrophobic;
light green: Van der Waals; cyan: carbon hydrogen bond/ pi-donor hydrogen bond interaction.
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Table 3
Binding affinities of native ligands and synthesized compounds against target proteins.

Protein (PDB code) Binding Affinity (kcal/mol)

Native ligand* 2 3 4 5 6

PLA2 (4UY1) �7.6 �8.5 �8.9 �8.6 �8.1 �7.2
COX-1 (1EQG) �7.7 �6.2 �8.1 �7.4 �7.0 �7.0
COX-2 (5IKT) �8.6 �5.4 �6.4 �6.5 �6.0 �6.1
NIK (4IDV) �9.9 �8.2 �7.8 �7.3 �8.0 �7.0
IRAK-4 (5KX7) �8.7 �9.1 �8.9 �8.3 �8.2 �6.9

* Native ligands of PLA2 (4UY1), COX-1 (1EQG), COX-2 (5IKT), NIK (4IDV), IRAK-4 (5KX7) are 5-(2,5-dimethyl-3-thienyl)-1h-pyrazole-3-carboxamide (PubChem CID:
78673871), ibuprofen (PubChem CID: 3672), tolfenamic acid (PubChem CID: 610479), 4-{3-[2-amino-5-(2-methoxyethoxy)pyrimidin-4-yl]-1h-indol-5-yl}-2-methylbut-3-
yn-2-ol (PubChem CID: 58221375), {n}-(3-aminocarbonyl-1-methyl-pyrazol-4-yl)-6-(1-methylpyrazol-4-yl)pyridine-2-carboxamide (PubChem CID: 316933309),
respectively.

Table 4
Drug-like property prediction of the synthesized compounds (Lipinski’s rule of five).

Compounds (ligands) Molecular weight Acceptor of H-bond Donor of H-bond Molar Refractivity LogP No. of Violations

2 400.46 6 1 106.40 1.16 0
3 442.50 7 0 116.14 1.91 0
4 373.43 6 2 98.94 0.72 0
5 416.46 7 1 108.68 1.09 0
6 270.28 6 4 64.99 �0.95 0

Acceptance criteria: molecular weight < 500, octanol–water partition coefficient (expressed as LogP) < 5, number of hydrogen bond donor � 5, number of hydrogen bond
acceptor � 10, molar refractivity between 40 and 130.
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of the synthesized compounds with ribose and its nucleosides with
analgesic effect favors the results of anti-nociceptive tests. How-
ever, to understand the mechanism by which these compounds
exhibit analgesic effects need more study and further structural
modifications of these compounds may lead to better analgesics.

Carrageenan induced paw edema test was carried out on labo-
ratory animals to observe the anti-inflammatory effect of the com-
pounds. Intra plantar injection of 1% carrageenan induces local
edema that increases with time releasing different inflammatory
mediators in two phases. In the first phase that may last up to
1.5 h after injection of carrageenan involves the release of his-
tamine, 5-hydroxytryptamine, platelet activating factor, bradyki-
nin whereas in the second phase prostaglandin and various
cytokines dominates (Mehrzadi et al., 2020). All the compounds
exhibited promising anti-inflammatory activity with paw edema
inhibition ranging from 78.32% to 95.15% in 4th hour. Anti-
inflammatory effects of compound 3, 4, 5 and 6 are reported for
the first time in the current study. Since the synthesized com-
pounds exhibited considerable anti-inflammatory effect, we may
assume that the compounds may interact with the inflammatory
mediators or interfere in any of the mechanistic pathways associ-
ated with these mediators such as antagonistic action on these
mediator’s receptor or interference in the biosynthesis procedure
of these mediators. The observed activity of the compounds might
be rationalized that the compounds are derivatives of D-ribose and
possess structural similarity to some adenosine kinase inhibitors
both of which displayed anti-inflammatory activity (Jarvis et al.,
2002; Ueki et al., 2013). Therefore, the compounds might represent
as credible leads for the development of potential anti-
inflammatory agents via further structural modifications and
screening.

Biological evaluation of our synthesized compounds showed
considerable analgesic and anti-inflammatory activity. In order to
reinforce the results of the biological studies and to get some idea
about the biological targets of the synthesized compounds, docking
against some proteins important for pain and inflammation were
accomplished. Molecular docking of our synthesized compounds
was done against phospholipase A2 (PLA2), cyclooxygenase-1
(COX-1), cyclooxygenase-2 (COX-2), NF-jB–inducing kinase (NIK)
and interleukin-1 receptor-associated kinase-4 (IRAK-4) all of
989
which have a significant role in inflammation and pain. Both
COX-1 and COX-2, act as a catalyst the formation of prostaglandins,
prostacyclines, thromboxanes and are targets of non-steroidal
anti-inflammatory agents (Chandrasekharan and Simmons, 2004).
PLA2 enzymes have roles in the arachidonic acid metabolic path-
way and biosynthesis of eicosanoid in both physiological condition
and in inflammation (Burke and Dennis, 2009). NIK is commonly
related to signaling mechanism of various cytokines and regulation
of inflammation-angiogenesis (Pflug and Sitcheran, 2020). IRAK-4,
a protein kinase, is necessary in numerous inflammatory signaling
pathways (Lye et al., 2004). Synthesized compounds showed effi-
cient binding with these molecular targets. Compound 2 had
higher binding affinities toward COX-1 and NIK than the corre-
sponding native ligands. Compound 3 interacted with Arg120A
residue of COX-1 which is required for high affinity binding of
arachidonic acid with cyclooxygenase (Vecchio et al., 2012). Com-
pound 3 also interacted with PLA2 and IRAK-4 active site effectively
and these interactions may be accounted for significant anti-
inflammatory and analgesic activity of this compound in biological
study.

Lipinski’s rule of five illustrates molecular properties of candi-
date compounds related to pharmacokinetics for successful out-
comes in drug development process. It indicates that when a
molecule transgresses these rules it is likely to have poor pharma-
cokinetic property and not favorable as a lead for drug develop-
ment (Lipinski, 2004). All synthesized compounds complied with
acceptable criteria, therefore, these compounds may have good
pharmacokinetic properties for consideration in drug development
(Wang et al., 2015).
5. Conclusion

In conclusion, five a-D-ribofuranose analogues were synthe-
sized and evaluated for their pharmacological potential. The com-
pound 3 manifested significant analgesic effect in peripheral and
central analgesic assay whereas the other analogues demonstrated
mild to moderate analgesic activity. In carrageenan-induced hind
paw edema method both 2 and 6 exerted significant anti-
inflammatory effect. In molecular docking study, compound 3
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showed highest binding affinity with COX-1, COX-2 and PLA2

whereas compound 2 manifested highest binding affinity with
NIK and IRAK-4. Further study and structural modifications are
required to learn more about the biological properties and under-
lying mechanisms which is the subject of our future investigation.
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