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Abstract:

A new series of paeonol alkyl ether analogues were synthesized and confirmed with
IR, *H NMR, *C NMR and HRMS spectra. They have shown anti-inflammatory
activities by scavenging mediator of free radicals and inhibiting lipid mediator of
inflammation on complete Freund’s adjuvant (CFA) induced arthritis in mice. The in
vitro and in vivo scavenging ability of free radicals was determined by using chemical
analysis and commercial assay Kits, respectively. The in vivo inhibiting lipid mediator
of inflammation was examined by ELISA. Our results indicated that the substitution
of the hydrogen in hydroxyl group at C, position of paeonol 1 by short carbon chain,
in the presence or absence of bromo atom at Cs position, decreased its scavenging
ability on radicals (3a or 4a vs 1), while the long alkyl substitution (C,>14) increased
the activity. Compared with 3a or 4a, scavenging abilities of 3a-h or 4a-h gradually
increased following the length elongation of alkyl carbon chain. Compounds 3h and

4h showed great scavenging ability on -OH, O,-", DPPH, ATBS" and MDA, and good
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promotion on T-AOC and SOD. The results of the in vivo inhibiting lipid mediator of
inflammation also demonstrated that 3h, 4h exhibited substantial inhibition on
enzyme activity of COX-2, PGE2. Therefore, 3h and 4h have great potential to be the
novel anti-inflammatory drug candidates for the therapy of arthritis.
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Rheumatoid arthritis (RA), which affects nearly 1% of the world’s population and
places a significant burden upon society and patients,’ is a serious, chronic and
debilitating autoimmune disease characterized by inflammation and progressive joint
destruction. Disease progression leads to bone, cartilage, and ligament destruction
resulting in pain, stiffness, and deformity.

The drug treatment focuses on the use of nonsteroidal antiinflammatory drugs
(NSAIDs) and disease-modifying anti-rheumatic drugs (DMARDS).” The main target
for NSAID is to inhibit cyclooxygenase (COX). COX is one of the key enzymes
involved in the degradation of arachidonic acid to prostaglandins (PGs).> COX-2 is
inducible and expressed mainly in inflammatory cells and COX-1 is cytoprotective
and constitutively expressed in many tissues such as stomach, kidney, and platelets.
Although NSAIDs are widely used to treat pain, fever, and inflammatory conditions,
they can offer only palliative relief and do not halt disease progression.* Disease-
modifying antirheumatic drugs (DMARDs) remain the first line of treatment for the
majority of patients due to low cost and ability to retard disease at early onset.’
However, there are still more drawbacks related to production efficiency and
administration by injection. Furthermore, side effects tend to be serious and
opportunistic infections may arise with fatal consequences.

Now treatment for RA has made significant advances over the last several
decades, particularly since the introduction of biological therapies. Despite the
discovery of many biological agents, there is still significant unmet medical need for
safe and efficacious treatments for inflammatory, autoimmune diseases, and with
different mechanism of action for patients unresponsive to current therapies. °

Moutan cortex radicis (MC), the roots of Paeonia suffruticosa Andrews

(Ranunculaceae), are traditionally used in Chinese herbal medicine as an anti-



inflammatory, antibacterial, antioxidant, antipyretic and analgesic agents for more
than a thousand years.” The chemical constituents of MC include paeonolide,
paeonifolorin, polysaccharides, steroids, and gallic acid. Paeonol (2-hydroxy-4-
methoxyacetophenone) , the major phenolic component of MC, has been reported to
possess anti-inflammatory,® anti-hepatitis B virus,? reducing myocardial damage,®

I, antidiabetic’? and antioxidant'® properties. In the regard of anti-

antibacteria
inflammation, paeonol can inhibit the expression of cell surface adhesion molecules,
reactive oxygen species production, proinflammatory cytokines such as TNF-o and
IL-1B.** Nowadays in Chinese medical market, paeonol has been prepared as different
drug formations (tablets, ointments, injections) to treat skin pruritus, pain and
rheumatoid arthritis. In addition, a large number of studies have also demonstrated
that paeonol derivatives are associated with several biological activities. Qin®™
reported that paeonol Schiff-base derivatives could form complexes with copper ions
and showed high antioxidant activity, moderate DNA-binding activity, and excellent
tumor cell cytotoxicity. Zhu'® presented that paeonol thiosemicarbazone derivatives
are potential mushroom tyrosinase inhibitors. However, there is little literature to
study the relationship between paeonol derivatives and their anti-inflammatory
activities.

Therefore, we aim at synthesizing these compounds and evaluating their abilities of
scavenging free radicals and inhibiting inflammatory factors in the murine model of
complete freund’s adjuvant induced arthritis.

As illustrated in Figure 1, the bromination of paeonol 1 to important intermediate
2 followed by the etherification with different substituted alkyl halides in the presence
of K,CO3 and acetone, afforded paenol ether analogues 3a-h. Direct etherification of
paeonol 1 obtained paenol ether analogues 4a-h. Characterizations of these
synthesized compounds were performed by infrared spectroscopies (IR), high
resonance mass spectrometry (HRMS) and nuclear magnetic resonance (NMR). Their
physical properties were summarized in Figure S1.

The in vitro scavenging abilities of synthetic compounds on superoxide radical
(O2-), hydroxyl radical (-OH), 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 2'-

azino-bis-3-ethylbenzthi-azoline-6-sulphonic acid (ABTS") radical were measured by
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Figure 1 Protocol for synthesis of paeonol analogues

(a) Bry, anhydrous AICI; CHCI3, ice-water bath; (b) Bromoalkanes, K,CO3, DMF, acetone, 60°C
the modified method of Pyrogallol autotrophic’’, Yu'®, Sachindra®® and Feng®,
respectively. Trolox was used as a positive control. The data were depicted in Table 1.

Compared to the lead compound 1, the scavenging ability of 3a-3h and 4a-h on
free radicals firstly decreased and then increased with the carbon chain extension. 3h
exhibited extremely significant difference (3h vs 1, P < 0.01); 4h had no difference
(4h vs 1). When 3a-h and 4a-h compared with 3a and 4a respectively, the scavenging
ability on free radicals increased with the length elongation of carbon chain. The
scavenging effects of 3a-h showed better than its corresponding compounds 4a-h.
The ICso values of 3h on O,-", DPPH, -OH and ABTS" were 1.8, 6.5, 0.1, 4.6 mM,
respectively; the 1Cso values of 4h on O,-", DPPH, -OH and ABTS" were 39.4, 39.4,
61.5 and 36.3 mM, respectively. Based on the above findings, the introduction of long
alkyl group (C, >14) and bromine moiety into the lead compound could increase the
in vitro scavenging abilities on free radicals. The influences of the title compounds on
paw swelling degrees were observed in the murine model of complete Freund's

adjuvant (CFA)-induced arthritis (Figure S,).



Table 1 The half maximal inhibitory concentrations (ICsp) of scavenging activity of title
compounds and positive control (mM) (XS, n =6)

Compd. 0, (mM) DPPH (mM) -OH (mM) ABTS" (mM)
Trolox 06+0.1 02+0.1 02+0.1 0.3+0.0

1 5.8+0.0 42.8+2.6 0.2+0.1 16.0+x1.0
2 15605 41.8+84 3.0£0.1 314122
3a 37.9+0.2 46.8 £ 3.0 57.7+1.6 36.0+04
3b 38.2+£0.5 42.3+£8.1 56.9+1.9 34.1+£0.8
3c 340+£1.0 42.4+£99 53.1+£25 35.7+£4.0
3d 30.9+1.0 39.0+£2.0 38.1+£15.0 320+ 2.7
3e 15.0+0.3 35.1+5.6 29.7+£132 34.7+5.8
3f 10.6 +0.4 295+ 1.7** 23.1+£10.8 32.7+4.2
3g 6.8+0.4 16.1 +0.6** 13.2+53 8.7+1.2*
3h 1.8 +£0.1** 6.5+ 0.4** 0.1+0.0** 4.6 £ 0.9%*
4a 6.6+0.5 39.6+5.1 35.3+84 37.7+25
4b 15.6+05 433+23 57.2+2.0 36.3+15
4c 18.0+0.3 426 +£3.6 84.4+56 42.1+0.9
4d 21.2+0.9 40.0+£95 69.4+3.1 38.3+1.0
4e 26.6+0.5 40.1+£7.7 57.4+4.0 41.7+3.2
4f 285+0.5 37.4+5.6 65.6+ 10.8 40.7+25
49 359+11 43.6+4.1 57.0+7.2 38.0+1.7
4h 39.4+05 39.4+0.9 61.5+ 6.7 36.3+4.9

*P < 0.05, **P < 0.01 vs compd. 1. All experiments were run in triplicat.



After the administration of the CFA, paw swelling degrees in arthritis mice
gradually increased till the maximum degree at the thirteenth day. Therefore, the
administrations of these compounds were performed seven days after the model was
established successfully, to evaluate the effects of synthetic compounds on paw edema

in mice.

[_11Day

70 4

60

50

40

30

20 4

Inhibition rate /%

10

10

Mod Cel

e e SISO

2-H 2-L 3h-H 3h-L 4h-H 4h-L

517 I

-l
:

T
i
~

Compounds

Figure 2 Effects of different compounds on paw swelling inhibition in the murine model of
complete Freund's adjuvant (CFA) induced paw edema. Results are expressed as mean+SD and
analyzed by two-way ANOVA followed by multiple comparison tests. *, #, P < 0.05 considered
to be significant difference compared to Celecoxib group. **, * %&p < 0.01 considered to be
extremely significant difference compared to Celecoxib group.

In order to study the effects of different compounds on paw swelling inhibition, we
employed the mice model of CFA-induced paw edema with Celecoxib as positive
control. As shown in Figure 2, compounds 1, 2, 3h, 4h had good inhibitory activity on
mice paw edema. The high dose (100 mg-kg™-d™) of these compounds were better
than the low dose (25 mg-kg™-d™). The paw swelling inhibitions were up to 45% and
65% at the high dose of 3h, 4h, respectively. Compared to Celecoxib (Cel) group, the
inhibition of paw swelling with the high dose of 3h exhibited significant difference (P

< 0.05) and the high dose of 4h had shown extremely significant difference (P < 0.01)



after the third day. Compounds 3h and 4h had excellent inhibition on mice paw
edema.

The effects of these synthetic compounds on the in vivo activity of COX-2,
prostaglandin E2 (PGEZ2), malondialdehyde (MDA) and superoxide dismutase (SOD),
and total anti-oxidation capacity (T-AOC) in the mice serum were evaluated with

chemical assay kit using Cel as a positive control, shown in Table 2.

Table 2 Influence of different compounds on the in vivo concentrations of COX-2, PGE2, MDA,
T-AOC and SOD in the serum of mice (XS n=6)

Compd. COX-2 PGE2 MDA T-AOC SOD
(ng/L) (ng/L) (nmol/ml) (U/ml) (U/ml)
Control 60.4+14 112.4+£1.6 6.1+0.3 6911 90.8+1.3
Model 85.3+0.1 207.0x2.1 155+1.1 29%05 66.7 +£0.9
Cel 61.6+04*> 1353+12** 73+07** 63x03** 780x21*
1-H 61.1+24*> 137.1+50** 79+£03** 41x0.7 68.1+ 3.7
1-L 66.2 + 0.5* 1555+£4.1** 8.9+0.1** 4.6+0.2* 625+24
2-H 576+4.8** 1423+73** 64+02** 6.0x01** 781+13*
2-L 65.4 +£2.2** 1795+ 3.5* 9.9+0.2** 38+0.7 76.3 £ 2.0*
3h-H 64.7+23*> 150.1+3.1** 58+03** 11.6+05** 76.2+3.1*
3h-L 63.9+0.2**  189.3+6.4* 75+£01** 65+£03** 73.9+43
4h-H 64.4+24** 1594+23** 88+£04** 169+04** 80.7x1.1*
4h-L 65.2 +0.8**  182.2+4.3* 9.7 £0.5*% 11.1+£0.3** 721+3.2

The dose of Celecoxib group was 30 mg-kg™-d*; The high dose of compounds group were 100
mg-kg™-d™; The low dose of compounds group were 25 mg-kg™-d™; *P < 0.05, **P < 0. 01 vs
Model group.

Compounds 1, 2, 3h, 4h could inhibit the in vivo levels of COX-2, PGE2 and MDA
activities, and increase their T-AOC and SOD activities, and especially the high dose
(100 mg-kg*-d™) of these compounds were better than the lowers (25 mg-kg™*-d™). The
biological effects of those high dose of compounds 2, 3h, 4h showed either significant
differences (P < 0.05) or extremely significant differences (P < 0. 01) compared to the
lead compound 1.

Compared to 1, the scavenging ability of 3h exhibited extremely significant
difference (P < 0.01); 4h had no difference. The introduction of bromine on paeonol
might be responsible for the promotion of pharmacological activity. Furthermore,
when compared with 1, the scavenging ability of 3a-h and 4a-h on free radicals firstly

decreased and then increased with the carbon chain extension. Our results indicated



that the substitution of the hydrogen in hydroxyl group at C, position of paeonol 1 by
short carbon chain, in the presence or absence of the bromine atom at Cs position,
decreased its scavenging ability on radicals (3a or 4a vs 1), while the long alkyl
substitution (C,>14) increased the activity, which might result from the change of
lipophilic/hydrophobic property and stereoscopic size. As known that, homologous
effect in those analogues resulted in physical and chemical properties changing in
sequence.”! If the biological activity of those analogues was related to water solubility,
in other words, those compounds only in a water soluble state displayed their
biological activities, the higher water solubility attributed to the stronger biological
activity. Because the hydroxyl group possessed a hydrophilic property and the short
alkoxy! group had a lipophilic property, paeonol 1 had higher water solubility than its
derivatives 3a and 4a, resulting in the stronger scavenging ability of paeonol 1 than
them.

The scavenging abilities of 3a-h or 4a-h gradually increased following the length
elongation of alkyl carbon chain, compared with 3a or 4a. When the number of
carbon exceeded fourteen (C, >14), the biological activity of 3h and 4h became good.
The in vivo experimental data had also demonstrated 3h and 4h exhibited the best
biological activities. Taking the data of COX-2 as an example, there was
supplementary effect between the ligand homologue and the receptor COX-2 enzyme
according to induced-fit theory in vivo?. If the active site of COX-2 enzyme receptor
had enough space, when the volume of alkyl partition in homologue increased and
was fitted to the supplement with the stereoscopy of COX-2 enzyme receptor, the
biological activity promoted with the increase of carbon number. That was the most
likely explanation for 3a-h or 4a-h, which scavenging abilities gradually increased
with the extension of alkyl carbon chain.

As we known, inflammatory disease was resulted from the stimulation of
inflammatory mediators such as free radicals and lipid mediators.”® From the
preliminary results of scavenging abilities of those analogues on free radicals in vitro,
3h and 4h had good ability, however, 3h exhibited better ability among them.

According to the screening result, the in vivo inhibition of 3h, 4h on CFA-induced



paw swelling in mice had been observed. They also showed good inhibition, and
especially 4h had stronger inhibition. Thus, 3h and 4h should be considered as the
lead compounds for further investigation on anti-inflammatory drug candidates.

Although the anti-inflammatory activities of those new synthetic compounds with
the introduction of alkyl side chains into the paeonol scaffold were not as good as Cel
with the same dosage, their biological activities have increased a lot compared to the
lead compound 1. In other words, the etherification of paeonol with the long alkyl
chain could promote the anti-inflammatory activity of paeonol. In order to further
study the relationship between the structures and the anti-inflammatory activity, more
paeonol derivatives needed to be synthesized.

In conclusion, inspired by the functional scaffold of paeonol, we have demonstrated
that some alkyl ether analogues of bromo-paeonol exhibited anti-inflammatory
activities. The introduction of bromine and the long alkyl chain group on paeonol
might be the major factor contributing to their pharmacological properties. Therefore,
3h and 4h have great potential to be the novel anti-inflammatory drug candidates for

the therapy of arthritis.
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