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We have designed and synthesized a series of novel apocynin analogues, and evaluated their biological
activity. Compound 10, an apocynin dimer analogue, compound 12, the lipoic acid (LA) and apocynin
conjugate, were the most potent in protecting cells from lipopolysaccharide (LPS)-induced cytotoxicity,
had significant activity scavenging ROS induced by LPS, and greatly decreased LPS-induced P6
protein expression. SAR analysis suggests that modification of apocynin can increase its activity. Our
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results demonstrate that arming apocynin with a powerful antioxidant such as lipoic acid is a valid
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strategy to design new apocynin analogues with enhanced biological activity.
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1. Introduction

Apocynin (4-hydroxy-3-methoxyacetophenone, Fig. 1), a methox-
ycatechol first isolated from the roots of Apocynum cannabinum
(Canadian hemp) in 1883, was originally used as remedies for dropsy
and heart illness [1]. Recent investigations have found that apocynin is
an efficient inhibitor of NADPH oxidase [2—5]. Apocynin has been
investigated as a therapeutic candidate for inflammation-mediated
diseases, including jaundice, asthma [6,7] and cardiovascular
diseases [8].

Although apocynin has been widely used as an inhibitor of
NADPH oxidase; the exact mechanism by which it inhibits NADPH
oxidase is still not well understood. Apocynin was found to be
metabolized into its corresponding dimer [9], trimer [10] or even
oligomer, which were considered to be the actual active component
inhibiting NADPH oxidase by disrupting the interaction of p47Ph°x
with p22P"* [7.910]. However, Heumueller et al. proposed
a different mechanism that apocynin is not an inhibitor of vascular
NADPH oxidase, but an antioxidant [11].

The biological effects and mechanism of action of apocynin are
extensively investigated; however, few reports are seen regarding
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to its structure—activity relationship (SAR). To uncover its SAR,
better understand mechanism(s) of action and find more potent
NADPH oxidase inhibitors, we have designed and synthesized new
apocynin analogues (Fig. 2) and investigated their preliminary
biological activities in vitro and in cell cultures.

In this work, we first modified apocynin’s 5-position to
synthesize apocynin amides and amines, i.e., compounds 3, 6 and 8.
Since apocynin was converted to its dimer, we then synthesized an
apocynin dimer, i.e., compound 10 to help understand its mecha-
nism of action.

In order to increase antioxidative activity, we coupled two of the
most powerful antioxidants, i.e., a nitrone and a-lipoic acid (LA) to
apocynin to make compounds 11 and 12. Nitrones have been
widely used as spin traps in chemistry. In the last two decades, the
therapeutic effects of nitrones against atherosclerosis, septicemia,
stroke, and Alzheimer’s disease have been intensively investigated
[12,13]. Organic molecules incorporating a nitrone moiety act as
reactive oxygen species (ROS) scavenger against oxidative chal-
lenges. LA is biogenic and one of the most powerful antioxidants
known. LA directly terminates free radicals, chelates transition
metal ions (iron and copper), and increases cytosolic glutathione
and vitamin C levels [14,15]. These diverse actions suggest that LA
acts by multiple mechanisms both physiologically and pharmaco-
logically [16]. LA has been successfully employed in the treatment
of diabetic polyneuropathy for decades [14,17].

In order to evaluate the biological activity of the apocynin
analogues, we first investigated their protective activity against
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Fig. 1. Structure of apocynin.

LPS-induced cytotoxicity by the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay. We then investigated
the ROS-scavenging activity of compounds 10, 11 and 12 in RAW
264.7 cells by a fluorescence-based assay. Finally, we determined
their inhibitory activity against LPS-induced P67PM* expression.
We herein report our experimental results.

2. Chemistry

We first synthesized apocynin amides and amines, 3a, 3b, 6a—6¢
and 8a—c (Scheme 1), to find their effects on biological activity.
Briefly, compound 2 was prepared by the Reimer—Tiemann reaction.
Butylamine and tert-butylamine were then conjugated with
compound 2, respectively, to afford the corresponding imines, which
were reduced immediately to produce the more stable amines 3aand
3b. Compound 1 was nitrated to give a nitro 4. Catalytic hydroge-
nation of the latter over 10% Pd/C in absolute ethanol afforded amine
5. Direct condensation of 5 with corresponding carboxylic acids
produced compounds 6a—c. Protection of the hydroxyl group of 5 by
TBDMS—CI in dichloromethane gave compound 7. Amidation of 7
with various acid anhydrides in THF catalyzed by DMAP yielded the
corresponding amides, which were then treated with TBAF in THF
removing TBDMS to produce compounds 8a—c.

Next, we synthesized an apocynin dimer 10. The latter was
structurally homologous to diapocynin, reported by Johnson et al.
to be the real active component in peroxidization process in vivo.
The synthesis of compound 10 is shown in Scheme 2. Treatment of
compound 2 with 5 produced Schiff base 9, which was reduced
using sodium borohydride afforded the target compound 10.

We then synthesized compounds 11 and 12. Both of them are
armed with a powerful antioxidative moiety, i.e., nitrone or LA. The
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Fig. 2. Structure of apocynin amides and amines.

synthesis of 11 is shown in Scheme 3. Compound 2 was reacted
with N-tert-butylhydroxylamine, prepared on the day of use by
reduction of 2-methyl-2-nitropropane catalyzed by activated zinc,
to afford 11.

The synthesis of 12 is shown in Scheme 4. Amidation of
compound 7 with LA in THF catalyzed by EDCI and HOBT followed
by treatment with TBAF in THF afforded target 12.
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Scheme 1. Synthesis of apocynin amides and amines.
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Scheme 2. Synthesis of compound 10.
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Scheme 3. Synthesis of compound 11.

3. Biological evaluations and discussion
3.1. Protective effects against LPS-induced cytotoxicity

To determine the new compounds’ biological activities, we first
investigated their protective effect against LPS-induced cytotoxicity
by the MTT assay in RAW 264.7 macrophage cells by the procedure
described by Kim and Ha [18]. RAW 264.7 cells were cultured and
treated with various drugs for 1 h prior to addition of LPS. After 24 h
of incubation, cell viability was determined. The results are shown
in Fig. 3. Apocynin (Apo) had minimum protective effects against
LPS-induced cytotoxicity in this assay, and the result was consistent
with what had been reported in the literature [19—21]. The reason
may be that it needs to be converted into its active metabolites after
a peroxidation process in vivo [9].

The LA substituted analogue 12 is the most potent compound in
this assay. This finding confirmed that an antioxidant moiety could
ameliorate the LPS-induced cell damage (Fig. 3). The apocynin
dimer 10 also had strong protective effect against the LPS-induced
cell damage. Interestingly, the structure of compound 10 is analo-
gous to diapocynin (5,5'-dehydrodiacetovanillone), which was
synthesized by oxidative coupling of apocynin [22]. Diapocynin is
a metabolite of apocynin, which has anti-inflammatory and anti-
oxidative properties. In LPS-stimulated PBMC cells diapocynin was
more effective than apocynin [23]. Further studies are needed to
confirm if apocynin dimer is the active form. These findings indi-
cate that compounds 10 and 12 may increase apocynin’s protective
effect in this assay.

120
100
80
60

40

Cell Viability (%)

20

Con LPS Apo 3a 3b 6a 6b

3.2. Intracellular ROS-scavenging activity

Next, we investigated the ROS-scavenging activity of
compounds 10—12 in RAW 264.7 cells by a fluorescence-based
assay (Fig. 4). RAW 264.7 cells were labeled with the fluorescence
probe 2',7'-dichlorofluorescein diacetate (DCFH-DA). DCFH-DA
enters cells and its DCFH moiety interacts with ROS to emit fluo-
rescence [24].

In the absence of any drug, cells treated with LPS showed strong
presence of ROS. At the tested concentrations (0.1, 1 and 10 pM),
apocynin (Apo) and compound 11 had minimum activity scav-
enging LPS-induced ROS. Compounds 10 and 12 dose-dependently
reduced ROS level. Recent studies have shown that both a-lipoic
acid and apocynin can reduce intracellular reactive oxygen species
[25,26]. Diapocynin can inhibit inflammatory factors such as TNF-a,
IL-10, and gp91P"* mRNA expression in LPS-induced PBMC cells.
Compound 10 is analogous to diapocynin. It will be interesting to
find out if compound 10 and diapocynin work by the same
mechanisms.

3.3. Inhibition of LPS-induced P67P"* protein expression

Macrophage RAW 264.7 cells were pre-treated with 0.1-10 uM
apocynin (Apo), compounds 10—12 for 1 h, and were then stimu-
lated with LPS (1 pg/ml) for 24 h. Expression of P67P"°* protein was
detected by Western blot analysis (Fig. 5). As is shown in Fig. 5, LPS
induced considerable expression of P67P"* proteins. Apo and its
nitrone analogue 11 did not reduce P67P"°% protein expression at
concentrations up to 10 uM. Others reported that Apo at 100 uM
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Scheme 4. Synthesis of compound 12.
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Fig. 3. Protective effects of Apo and its analogues against LPS-induced cytotoxicity in RAW 264.7 cells.
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Fig. 4. ROS-scavenging effect of Apo and compounds 10—12 in RAW 264.7 cells.
effectively decreased P67PM°% expression in leptin-induced car- oxidase subunits in diabetic rats can be reduced by a-lipoic acid

diomyocytes and completely suppressed NADPH oxidase at 1 mM [30]. Kanegae et al. reported that diapocynin inhibited NADPH
[27—29]. Both the dimer 10 and the LA analogue 12 significantly oxidase more effectively than apocynin through gp91°"* mRNA
inhibited expression of P67P"°% protein dose-dependently from 0.1 expression [22]. The results demonstrated that compounds 10 and
to 10 uM. Bhatti et al. reported that kidney expression of NADPH 12 are effective NADPH oxidase inhibitors.
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Fig. 5. Inhibition effect of Apo and compounds 10—12 against LPS-induced P67P"* protein expression.
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4. Conclusions

In this study, we have synthesized a series of novel apocynin
analogues. Their biological activity was first evaluated by the MTT
assay against LPS-induced cytotoxicity. Among the new
compounds, the dimer 10 and the LA-substituent 12 were the most
potent protecting cells from LPS-induced cytotoxicity. Apocynin
was found to have minimum activity. Compounds 10 and 12
significantly reduced LPS-induced ROS production at a concentra-
tion as low as 0.1 uM in RAW 264.7 cells. Compounds 10 and 12
greatly inhibited LPS-induced P67P"°% protein expression. These
results seem to support the notion that apocynin needs to be
converted to a dimer to be active [9,11]. Our results demonstrate
that coupling a powerful antioxidant moiety such as LA to apocynin
is a valid strategy for improving apocynin’s biological activity.

5. Experimental protocols
5.1. General methods

All chemicals (reagent grade) used were commercially available.
Melting points were measured using a Mel-Temp (X7Lyo, Beijing),
and are uncorrected. NMR spectra were recorded at ambient
temperature on a 400 MHz spectrometer (AV-400, Bruker) in
CDCl3, CD30D or DMSO-dg. Electrospray ionization mass spectra
(ESI-MS) were obtained in the positive ion detection mode on
a Finnigan LCQ Advantage MAX mass spectrometer (Applied Bio-
systems, 4000 Q TRAP). Elemental analysis was performed at the
Jinan University Experimental Center.

5.2. 5-Acetyl-2-hydroxy-3-methoxybenzaldehyde (2)

To apocynin 1 (5g, 30.1 mmol) and triethylamine (3 ml) in
ethanol (50 ml), was added a solution of sodium hydroxide (25 g) in
water rapidly. The resulting solution was heated to 70 °C on a steam
bath. Chloroform (39 g, 300 mmol) was added dropwise. Stirring
was continued for 2 h after all the chloroform had been added. After
cooling to room temperature, the reaction mixture was acidified by
hydrochloric acid to pH = 1. The chloroform phase was collected,
and the aqueous phase was extracted by dichloromethane
(20 ml x 3). The mixture of organic phase was washed with water
(10 ml x 3) and was then dried using anhydrous sodium sulfate.
Solvent was removed in vacuo and the product was purified by
column chromatography, eluting with ethyl acetate/petroleum
ether (2:3, v/v), to afford 2.2 g (35% yield) of 2 as a yellow powder,
mp: 156—157 °C. "H NMR (CDCls, 400 MHz): 11.47 (s, 1H, OH), 10.00
(s, 1H, CHO), 7.83 (d, 1H,J = 1.6 Hz, ArH), 7.74—7.73 (d, 1H, ] = 1.6 Hz,
ArH), 3.98 (s, 3H, OCH3s), 2.62 (s, 3H, CH3CO). MS (ESI) m/z 193
[M — HJt, 195 [M + H] ™. Analysis calculated for C1gH1904-0.67H;0:
C, 58.25; H, 5.54. Found: C, 58.04; H, 5.78.

5.3. General procedure for synthesis of compounds 3a and 3b

Compound 2 (200 mg, 1.03 mmol) was first dissolved in meth-
anol (20 ml). A solution of alkylamine in methanol (5 ml) was
added dropwise and the reaction mixture was stirred at room
temperature for 1 h to afford a Schiff base intermediate. The reac-
tion mixture was then cooled to 0 °C under an ice bath, and sodium
borohydride (13 mg, 0.34 mmol) was added in single portions with
vigorously stirred. Ice bath was removed and the reaction mixture
was stirred at room temperature for 2 h. Ice water (10 ml) was
added to dissolve the excess sodium borohydride. The reaction
mixture was extracted with dichloromethane (10 ml x 3) and the
organic layer was dried using anhydrous sodium sulfate. Solvent
was removed in vacuo to afford 3a and 3b.

5.3.1. 1-(3-((Butylamino)methyl)-4-hydroxy-5-methoxyphenyl)
ethanone (3a)

Synthesized from 2 (200 mg, 1.03 mmol) and butylamine
(150 mg, 2.06 mmol). Brown solid (131 mg, 51% yield), mp:
161—163 °C. 'H NMR (CDCl3, 400 MHz): 7.44 (d, 1H, ] = 1.6 Hz, ArH),
7.29 (d, 1H,J = 1.6 Hz, ArH), 4.07 (s, 2H, ArCH;N), 3.93 (s, 3H, OCH3),
2.70—2.68 (t, 2H, J=7.1 Hz, NCH>), 2.53 (s, 3H, CH3CO), 1.56—1.51
(m, 2H, CH3CH,CH,CH;), 1.41-133 (m, 2H, CH3CH,CH,CH;),
0.93-0.90 (t, 3H, J = 7.3 Hz, CH3CH3). MS (ESI) m/z 250 [M — H|*,
252 [M + H]™. Analysis calculated for C14H,1NO3-0.67H,0: C, 63.85;
H, 8.55; N, 5.32. Found: C, 63.68; H, 8.18; N, 5.11.

5.3.2. 1-(3-((tert-Butylamino )methyl)-4-hydroxy-5-methoxy
phenyl)ethanone (3b)

Synthesized from 2 (200 mg, 1.03 mmol) and tert-butylamine
(150 mg, 2.06 mmol). Brown solid (128 mg, 50% yield), mp:
176—178 °C. 'H NMR (CDCl3, 400 MHz): 7.42 (d, 1H, ] = 1.6 Hz, ArH),
7.30(d, 1H,J = 1.6 Hz, ArH), 4.03 (s, 2H, ArCH;N), 3.92 (s, 3H, OCH3),
2.53 (s, 3H, CH3C0), 1.23 (s, 9H, (CH3)3C). MS (ESI) m/z 250 [M — H]*,
252 [M + H]™. Analysis calculated for C14H,1NOs: C, 66.91; H, 8.42;
N, 5.57. Found: C, 66.83; H, 8.83; N, 5.67.

5.4. 1-(4-Hydroxy-3-methoxy-5-nitrophenyl)ethanone (4)

Apocynin 1 (20 g, 120 mmol), dissolved in glacial acetic acid
(300 ml), was cooled to 0 °C in an ice bath with stirring on. Nitric
acid (65%, 14 ml, 224 mmol) was then added slowly through
a dropping funnel. The reaction mixture was maintained at room
temperature for 2 h and was then poured into ice water (250 ml)
with stirring on for 10 min. After 30 min of standing, the reaction
mixture was filtered through a Buchner funnel and the residue was
washed with water, which was recrystallized in 95% ethanol to
afford 19.1 g (75% yield) of 4 as a yellow needle crystal, mp:
159—161 °C. 'H NMR (CDCls, 400 MHz): 11.13 (s, 1H, OH), 8.31 (d,
1H, J= 1.6 Hz, ArH), 7.77—7.76 (d, 1H, J = 1.6 Hz, ArH), 4.01 (s, 3H,
OCH3), 2.63 (s, 3H, CH3CO). MS (ESI) m/z 212 [M +H]". Analysis
calculated for CgHgNOs5-0.2H,0: C, 50.33; H, 4.41; N, 6.52. Found: C,
50.63; H, 4.23; N, 6.26.

5.5. 1-(3-Amino-4-hydroxy-5-methoxyphenyl)ethanone (5)

To a solution of 4 (19.1 g, 90.0 mmol) in ethanol (300 ml) was
added 10% Pd/C (950 mg) and the reaction mixture was hydroge-
nated by hydrogen over night. The reaction mixture was filtered,
and the filtrate was washed with water (50 ml x 5). The organic
layer was dried by anhydrous sodium sulfate. Solvent was removed
in vacuo to afford 13.1 g (85% yield) of 5 as a brown powder, mp:
156—158 °C. 'H NMR (CDCl3, 400 MHz): 7.06 (d, 1H, J = 1.6 Hz, ArH),
7.03 (d, 1H,J= 1.6 Hz, ArH), 5.90 (s, 1H, OH), 3.92 (s, 3H, OCH3), 2.52
(s, 3H, CH3CO). MS (ESI) m/z 180 [M — H] ™, 182 [M + H]*. Analysis
calculated for CgH11NO3-0.17H,0: C, 58.69; H, 6.20; N, 7.60. Found:
C, 58.98; H, 5.64; N, 7.57.

5.6. General procedure for synthesis of compounds 6a—c

To a solution of 5 (200 mg, 1.10 mmol), DMAP (134 mg,
1.10 mmol) and triethylamine (500 pl) in THF (20 ml) cooled to 0 °C
under nitrogen, was added a solution of excess acid anhydride in
THF (5 ml) dropwise. The reaction mixture was allowed to warm to
room temperature and stirred for 5 h. THF was removed in vacuo,
and ethyl acetate (20 ml) was added. The solution was washed with
water (5 ml x 3). The organic phase was dried using anhydrous
sodium sulfate, and the solvent was removed in vacuo. The residue
was purified by column chromatography, eluting with ethyl
acetate/petroleum ether (1:2, v/v), to afford 6a—c.
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5.6.1. 4-Acetyl-2-methoxy-6-propionamidophenyl propionate (6a)

Synthesized from 5 (200 mg, 1.10 mmol) and propionic anhy-
dride (715 mg, 5.50 mmol). White powder (274 mg, 85% yield), mp:
151-152°C. 'H NMR (DMSO-ds, 400 MHz): 9.42 (s, 1H, NH),
8.19—-8.18 (d, 1H, J= 1.6 Hz, ArH), 7.36 (d, 1H, J = 1.6 Hz, ArH), 3.83
(s, 3H, OCH3), 2.67—2.62 (q, 2H, J = 7.5 Hz, CH,CH3), 2.42—2.36 (q,
2H, J=75Hz, CH,CH3), 118—1.14 (t, 3H, J=7.5Hz, CHsCHy),
1.10—1.06 (t, 3H, J=7.5 Hz, CH3CHy). MS (ESI) m/z 292 [M — H]",
294 [M + H]". Analysis calculated for Ci5sH1gNOs: C, 61.42; H, 6.53;
N, 4.78. Found: C, 61.31; H, 6.67; N, 4.55.

5.6.2. 4-Acetyl-2-butyramido-6-methoxyphenyl butyrate (6b)

Synthesized from 5 (200 mg, 1.10 mmol) and butyric anhydride
(870 mg, 5.50 mmol). White powder (307 mg, 87% yield), mp:
138—139°C. 'H NMR (DMSO-ds, 400 MHz): 9.43 (s, 1H, NH),
8.14—8.13 (d, 1H, J = 1.6 Hz, ArH), 7.37 (d, 1H, ] = 1.6 Hz, ArH), 3.83
(s, 3H, OCH3), 2.62—2.58 (t, 2H, ] = 7.3 Hz, CH»CO), 2.37—2.33 (t, 2H,
J=7.3Hz, CH,CO), 1.73—1.64 (m, 2H, CH3CH>), 1.64—1.55 (m, 2H,
CH3CH>), 1.01-0.97 (t, 3H, J= 7.4 Hz, CH3CH;), 0.93—0.89 (t, 3H,
J=74Hz, CH3CHy). MS (ESI) m/z 320 [M—H]|", 322 [M+H]".
Analysis calculated for C17H23NOs: C, 63.54; H, 7.21; N, 4.36. Found:
C, 63.36; H, 7.47; N, 4.23.

5.6.3. 4-Acetyl-2-isobutyramido-6-methoxyphenyl isobutyrate (6c)

Synthesized from 5 (200 mg, 1.10 mmol) and isobutyric anhy-
dride (870 mg, 5.50 mmol). White powder (302 mg, 85% yield), mp:
160—162°C. 'H NMR (DMSO-ds, 400 MHz): 9.37 (s, 1H, NH),
8.02—8.01 (d, 1H,J = 1.6 Hz, ArH), 7.39—7.38 (d, 1H, J= 1.6 Hz, ArH),
3.83 (s, 3H, OCH3), 2.93—2.83 (m, 1H, (CH3),CH), 2.76—2.66 (m, 1H,
(CH3),CH), 2.58 (s, 3H, CH3CO), 1.26—1.24 (d, 6H, J=7.0Hz,
(CH3),CH), 110—1.08 (d, 6H, ] = 6.8 Hz, (CH3),CH). MS (ESI) m/z 320
[M—H]", 322 [M+H]". Analysis calculated for C;7H3NOs: C,
63.54; H, 7.21; N, 4.36. Found: C, 63.26; H, 7.37; N, 4.21.

5.7. 1-(3-Amino-4-(tert-butyldimethylsilyloxy )-5-methoxy phenyl)
ethanone (7)

To a solution of 5 (500 mg, 2.76 mmol) in dichloromethane
(50 ml) cooled to 0—10 °C in an ice bath, was added TBDMS—CI
(830 mg, 5.52 mmol) and imidazole (373 mg, 5.52 mmol). The
reaction mixture was stirred at room temperature for 3 h under
nitrogen. The reaction mixture was washed with water (10 ml x 3).
The organic layer was dried using anhydrous sodium sulfate.
Solvent was removed in vacuo to afford 900 mg (93% yield) of
a while power 7, mp: 112—114 °C. 'H NMR (CDCls, 400 MHz): 7.03
(d, 1H, J=1.6 Hz, ArH), 6.99—6.98 (d, 1H, J= 1.6 Hz, ArH), 3.83 (s,
3H, OCH3), 2.52 (s, 3H, CH3CO), 1.01 (s, 9H, (CH3)3C), 0.21 (s, 6H,
(CH3),C). MS (ESI) m/z 296 [M+H]". Analysis calculated for
Cy5H25N03Si: C, 60.98; H, 8.53; N, 4.74. Found: C, 61.14; H, 8.66; N,
4.77.

5.8. General procedure for synthesis of compounds 8a—c

To a solution of 7 (900 mg, 2.56 mmol) in THF was added acid
anhydride, DMAP (312 mg, 2.56 mmol) and triethylamine (750 pl).
The reaction mixture was stirred at room temperature for 3 h to
afford a hydroxyl protected amide intermediate. TBAF (900 mg,
2.56 mmol) was then added and the reaction was maintained at
room temperature for 1 h. After solvent was removed in vacuo, the
residue was purified by column chromatography, eluting with ethyl
acetate/petroleum ether (1:1, v/v), to afford 8a—c.

5.8.1. N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)propionamide (8a)
Synthesized from 7 (900 mg, 2.56 mmol) and propionic anhy-
dride (665 mg, 5.12 mmol). White powder (275 mg, 42% yield), mp:

150—152 °C. 'H NMR (DMSO-dg, 400 MHz): 10.03 (s, 1H, NH), 9.26
(s,1H, OH), 8.10 (s, 1H, ArH), 7.30 (d, 1H, ] = 2.0 Hz, ArH), 3.87 (s, 3H,
OCH3), 2.49 (s, 3H, CH3CO0), 2.45—2.40 (m, 2H, CH,CH3), 1.11-1.07 (¢,
3H, J=7.5 Hz, CH,CH3). MS (ESI) m/z 236 [M — H]*", 238 [M +H|™".
Analysis calculated for C1oH15NO4: C, 60.75; H, 6.37; N, 5.90. Found:
C, 61.15; H, 6.80; N, 5.73.

5.8.2. N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)butyramide (8b)

Synthesized from 7 (900 mg, 2.56 mmol) and butyric anhydride
(808 mg, 5.12 mmol). White powder (289 mg, 45% yield), mp:
200—202 °C. '"H NMR (DMSO-dg, 400 MHz): 10.07 (s, 1H, NH), 9.31
(s, 1H, OH), 8.09 (s, 1H, ArH), 7.30 (d, 1H,J = 2.0 Hz, ArH), 3.87 (s, 3H,
OCH3), 2.49 (s, 3H, CH3C0), 2.41—2.37 (t, 2H, ] = 7.3 Hz, CH,CH,CO),
1.66—1.57 (m, 2H, CH3CH>), 0.94—0.90 (t, 3H, J = 7.4 Hz, CH3CH,).
MS (ESI) m/z 250 [M — H]", 252 [M + H]|*. Analysis calculated for
C13H17NO4-0.25H,0: C, 61.04; H, 6.90; N, 5.48. Found: C, 61.07; H,
6.96; N, 5.88.

5.8.3. N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)isobutyramide
(8¢c)

Synthesized from 7 (900 mg, 2.56 mmol) and isobutyric anhy-
dride (808 mg, 5.12 mmol). White powder (275 mg, 43% yield), mp:
135-136 °C. '"H NMR (DMSO-ds, 400 MHz): 10.05 (s, 1H, NH), 9.23
(s, 1H, OH), 8.09 (d, 1H, J = 1.6 Hz, ArH), 7.31—7.30 (d, 1H, J = 1.6 Hz,
ArH), 3.87 (s, 3H, OCH3), 2.85—2.74 (m, 1H, (CH3)2CH), 2.49 (s, 3H,
CH3CO), 1.12—-1.10 (d, 6H, J=6.8 Hz, (CH3),CH). MS (ESI) m/z
250 [M-—H]*, 252 [M+H]". Analysis calculated for Cy3Hiz
NO4-0.25H,0: C, 61.04; H, 6.90; N, 5.48. Found: C, 61.18; H, 6.98; N,
5.76.

5.9. (Z)-1-(3-(5-Acetyl-2-hydroxy-3-methoxybenzylidene amino)-
4-hydroxy-5-methoxyphenyl)ethanone (9)

A solution of 2 (200 mg, 1.03 mmol) and 5 (190 mg, 1.03 mmol)
in ethanol was refluxed in an oil bath over night. Solvent was
removed in vacuo and the product was purified by column chro-
matography, eluting with ethyl acetate/methanol (10:1, v/v), to
afford 210 mg (60% yield) of a red powder 9, mp: 195—196 °C. 'H
NMR (CDCl3, 400 MHz): 8.96 (s, 1H, ArCHN), 7.74 (s, 1H, ArH), 7.62
(s, 1H, ArH), 7.60 (s, 1H, ArH), 7.49 (s, 1H, ArH), 4.03 (s, 3H, OCH3),
4.01 (s, 3H, OCH3s), 2.63 (s, 3H, CH3CO), 2.63 (s, 3H, CH3CO). MS(ESI)
m(z 356 [M — H]". Analysis calculated for C19H19NOg-1.75H,0: C,
58.68; H, 5.83; N, 3.60. Found: C, 58.85; H, 6.06; N, 3.57.

5.10. 1-(3-(5-Acetyl-2-hydroxy-3-methoxybenzylamino)-4-
hydroxy-5-methoxyphenyl)ethanone (10)

To a solution of 9 (200 mg, 0.56 mmol) in methanol (20 ml)
cooled to 0°C, was added sodium borohydride (10.6 mg,
0.28 mmol). The reaction mixture was stirred at room temperature
for 2 h. Ice water (10 ml) was added to dissolve the excess sodium
borohydride. The reaction mixture was extracted with dichloro-
methane (5 ml x 3) and the organic layer was dried using sodium
sulfate. Solvent was removed in vacuo to afford 110 mg (58% yield)
of a brown solid 10, mp: 200—203 °C. '"H NMR (CDCls, 400 MHz):
7.64—7.63 (d, 1H, J=1.6 Hz, ArH), 7.50 (d, 1H, J=1.6 Hz, ArH),
713-712 (d, 1H, J= 1.6 Hz, ArH), 7.08—7.07 (d, 1H, J= 1.6 Hz, ArH),
4.54 (s, 2H, ArCHN), 3.99 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 2.57 (s,
3H, CH3CO), 2.53 (s, 3H, CH3CO). *C NMR (CDCl; and CD30D,
300 MHz): 199.0 (COMe), 198.5 (COMe), 149.8 (ArC), 147.3 (ArC),
146.4 (ArC), 138.8 (ArC), 136.6 (ArC), 128.4 (ArC), 128.3 (ArC), 125.2
(ArC), 123.6 (ArC), 108.9 (ArC), 106.6 (ArC), 102.2 (ArC), 55.6 (CH30),
55.5 (CH30), 42.5 (CHy), 25.5 (CH3), 25.4 (CH3). MS (ESI) m/z 360
[M +HJ". Analysis calculated for CgH21NOg-0.86H,0: C, 60.88; H,
6.11; N, 3.74. Found: C, 60.80; H, 6.11; N, 3.87.
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5.11. (Z)-N-(5-Acetyl-2-hydroxy-3-methoxybenzylidene)-2-
methylpropan-2-amine oxide (11)

N-tert-Butylhydroxylamine was first prepared on the day of use
by using an activated zinc catalyst. 2-Methyl-2-nitropropane was
dissolved in ethanol, and the solution was cooled to 0 °C in an ice
bath. Zinc dust (5.89 g, 90 mmol) was added. Glacial acetic acid
(10.8 g, 180 mmol) was then added dropwise at such a rate that the
temperature maintained below 10 °C with vigorous stirring. Ice
bath was removed and the reaction mixture was stirred for 3 h at
room temperature. The zinc dust was filtered through a Buchner
funnel and the solvent was removed in vacuo. The residue was
dissolved in methanol for use in condensation with aldehyde 2. To
a solution of 2 (11.6 g, 60 mmol) in methanol (300 ml) was added
a solution of N-tert-butylhydroxylamine in methanol (50 ml). The
mixture was heated to reflux under nitrogen for 6 h. Solvent was
removed and the product was purified by column chromatography,
eluting with ethyl acetate/petroleum ether (2:1, v/v), to afford
11.8 g (74% yield) of a yellow powder 11, mp: 183—184 °C. '"H NMR
(CDCls, 400 MHz): 7.76 (s, 1H, CHNO), 7.53 (d, 1H, J= 1.6 Hz, ArH),
7.43-7.42 (d, 1H, J= 1.6 Hz, ArH), 3.93 (s, 3H, OCH3), 2.55 (s, 3H,
CH3C0), 1.65 (s, 9H, (CH3)3C). *C NMR (DMSO-dg, 300 MHz): 196.1
(COMe), 155.2 (ArC), 150.2 (ArC), 138.8 (ArC), 128.0 (CHN), 127.8
(ArC), 1171 (ArC), 112.7 (ArC), 70.5 (CMes3), 56.1 (CH30), 28.0
(3 x CH3), 26.5 (CH3). MS (ESI) m/z 264 [M —H]", 266 [M +H]".
Analysis calculated for C14H19NOg4: C, 63.38; H, 7.22; N, 5.28. Found:
C, 63.37; H, 7.37; N, 5.25.

5.12. (R)-N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)-5-(1,2-
dithiolan-3-yl)pentanamide (12)

To a solution of 5-a-lipoic acid (1.58 g, 7.68 mmol) in DMF
(20 ml), were added EDCI (1.46 g, 7.68 mmol) and HOBT (1.03 g,
7.68 mmol). The reaction mixture was stirred at room temperature
for 30 min. A solution of 7 (900 mg, 2.56 mmol) in DMF (10 ml) was
then added dropwise, and the reaction mixture was maintained
20 h at room temperature. Ethyl acetate (300 ml) was added, and
the reaction mixture was washed with ice water (50 ml x 3). The
organic layer was dried using anhydrous sodium sulfate and the
solvent was removed in vacuo to afford a hydroxyl protected amide
intermediate. TBAF (900 mg, 2.56 mmol) was then added, and the
reaction was maintained at room temperature for 1h. After
removing the solvent, the product was purified by column chro-
matography, eluting with ethyl acetate/petroleum ether (3:2, v/v),
to afford 482 mg (51% yield) of a gray powder 12, mp: 115—116 °C.
'H NMR (CDCl3, 400 MHz): 8.50 (s, 1H, NH), 7.63 (s, 1H, ArH), 7.37
(d, 1H, J= 1.6 Hz, ArH), 3.96 (s, 3H, OCH3s), 3.64—3.58 (m, 1H, SCH),
3.23—3.10 (m, 2H, SCH3), 2.59 (s, 3H, COCH3), 2.49—2.46 (t, 2H,
J=6.7 Hz, CH,CO), 1.98—1.89 (m, 2H, SCH,CH5), 1.86—1.78 (m, 2H,
CH,CH,0), 1.77—-1.72 (m, 2H, CHyCH,CH), 1.61-1.53 (m, 2H,
CH,CH,CH,). 3C NMR (CDCls, 300 MHz): 197.2 (COMe), 171.7
(CON), 146.8 (ArC), 139.3 (ArC), 129.4 (ArC), 125.2 (ArC), 115.6 (ArC),
105.6 (ArC), 56.3 (2C, CH30, CH), 40.2 (CH>), 38.5 (CH>), 37.3 (CHy),
34.6 (CHy), 28.8 (CHy), 26.3 (CH3), 25.1 (CHp). MS(ESI) m/z 392
[M + Na]*. Analysis calculated for C17H23NO4S;: C, 55.26; H, 6.27; N,
3.79. Found: C, 55.23; H, 6.45; N, 3.61.

5.13. In vitro macrophage protection assay

RAW 264.7 cells were cultured in DMEM medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS) and 100 units/ml
Penicillin—Streptomycin (Gibco). Cell viability was measured by
conventional MTT assay. RAW 264.7 cells were seeded (10%/well,
100 pL) in 96-well plates, and were incubated at 37 °C for 24 h
under 5% CO,. The cells were pre-treated with drugs (0.1, 1, 10,

100 uM) for 1 h. Supernatant was removed, and cells were washed
with PBS for three times. Cells were treated with 40 pg/ml of LPS for
24 h. MTT was then added (0.5 mg/ml). After incubation for 4 h, the
supernatant was removed and DMSO (150 pl) was added. Absor-
bance (OD) was recorded at 570 nm using a 96-well plate reader
(Bio-RAD, USA).

5.14. Fluorescence-based ROS-scavenging assay

RAW 264.7 cells were seeded in confocal plates. After 24 h,
which were treated with various concentrations of apocynin,
compounds 10—12 (0.1, 1 and 10 pM) in the absence or presence of
LPS (1 pg/ml). Then the cells were incubated with 20 uM DCFH-DA
for 20 min at 37 °C in CO; incubator (5% CO5). After that, wash with
PBS three times, the fluorescence (ex488 nm, em525 nm) was
detected by using a laser scanning microscope Carl Zeiss Micro-
scope systems. Fluorescence quantitative determination was
assayed by a Berthold TriStar Multimode LB 941 microplate reader.

5.15. Western blot for P67P" expression

RAW 264.7 were pre-treated with various concentrations of
apocynin, compounds 10—12 (0.1, 1 and 10 uM) for 1 h and stimu-
lated with LPS (1 pg/ml) for 24 h. Cytoplasmic extracts of the cells
were resolved on 12% SDS-acrylamide gel by electrophoresis, and
transferred to PVDF membranes (PALL). The membranes were
blocked in 5% (weight/vol) nonfat milk in Tris-buffered sali-
ne—Tbuffer, and then incubated with purified mouse anti-p67P"°*
antibody (BD Transduction, 1:2000), f-actin antibody (Neomakers,
1:2000) at 4 °C over night. After incubation with goat anti-mouse
IgG horseradish peroxidase linked antibodies (Santa Cruz, 1:2000)
at room temperature for 1h, the blots were treated with ECL
reagents (Pierce) and then exposed to X-ray films. f-Actin was used
as an internal loading control.

Acknowledgements

This work was supported in part by grants from the China
Natural Science Fund (30772642 and 30973618 to Y.W), Guangzhou
city (2008Z1-E691 to J.J) Science and Technology Funds as well as
the 211 Project of Jinan University.

References

[1] Z. Ungvari, A. Csiszar, ].G. Edwards, P.M. Kaminski, M.S. Wolin, G. Kaley,
A. Koller, Increased superoxide production in coronary arteries in hyper-
homocysteinemia: role of tumor necrosis factor-alpha, NAD(P)H oxidase, and
inducible nitric oxide synthase, Arterioscler. Thromb. Vasc. Biol. 23 (2003)
418—424.
F.P. Lafeber, CJ. Beukelman, E. van den Worm, J.L. van Roy, M.E. Vianen,
J.A. van Roon, H. van Dijk, J.W. Bijlsma, Apocynin, a plant-derived, cartilage-
saving drug, might be useful in the treatment of rheumatoid arthritis, Rheu-
matology (Oxford) 38 (1999) 1088—1093.
E. Van den Worm, CJ. Beukelman, AJ. Van den Berg, B.H. Kroes, R.P. Labadie,
H. Van Dijk, Effects of methoxylation of apocynin and analogs on the inhibi-
tion of reactive oxygen species production by stimulated human neutrophils,
Eur. J. Pharmacol. 433 (2001) 225—230.
Y. Zhang, M.M. Chan, M.C. Andrews, T.A. Mori, K.D. Croft, K.U. McKenzie,
C.G. Schyvens, J.A. Whitworth, Apocynin but not allopurinol prevents and
reverses adrenocorticotropic hormone-induced hypertension in the rat, Am. J.
Hypertens. 18 (2005) 910—916.
[5] V.F. Ximenes, M.P. Kanegae, S.R. Rissato, M.S. Galhiane, The oxidation of
apocynin catalyzed by myeloperoxidase: proposal for NADPH oxidase inhi-
bition, Arch. Biochem. Biophys. 457 (2007) 134—141.
J. Stolk, TJ. Hiltermann, J.H. Dijkman, AJ. Verhoeven, Characteristics of the
inhibition of NADPH oxidase activation in neutrophils by apocynin,
a methoxy-substituted catechol, Am. ]. Respir. Cell Mol. Biol. 11 (1994)
95—-102.
[7] J.M. Simons, B.A. Hart, T.R. Ip Vai Ching, H. Van Dijk, R.P. Labadie, Metabolic
activation of natural phenols into selective oxidative burst agonists by acti-
vated human neutrophils, Free Radic. Biol. Med. 8 (1990) 251—258.

2

3

[4

(6



2698

[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

X. Lu et al. / European Journal of Medicinal Chemistry 46 (2011) 26912698

E.A. Peters, J.T.N. Hiltermann, J. Stolk, Effect of apocynin on ozone-induced
airway hyperresponsiveness to methacholine in asthmatics, Free Radic. Biol.
Med. 31 (2001) 1442—-1447.

D.K. Johnson, KJ. Schillinger, D.M. Kwait, C.V. Hughes, E.J. McNamara, F. Ishmael,
R.W. O’Donnell, M.M. Chang, M.G. Hogg, ].S. Dordick, L. Santhanam, L.M. Ziegler,
J.A. Holland, Inhibition of NADPH oxidase activation in endothelial cells by
ortho-methoxy-substituted catechols, Endothelium 9 (2002) 191—-203.

M. Mora-Pale, M. Weiwer, ]. Yu, RJ. Linhardt, J.S. Dordick, Inhibition of human
vascular NADPH oxidase by apocynin derived oligophenols, Bioorg. Med.
Chem. 17 (2009) 5146—5152.

S. Heumuller, S. Wind, E. Barbosa-Sicard, H.H. Schmidt, R. Busse, K. Schroder,
R.P. Brandes, Apocynin is not an inhibitor of vascular NADPH oxidases but an
antioxidant, Hypertension 51 (2008) 211-217.

K. Hensley, J.M. Carney, C.A. Stewart, T. Tabatabaie, Q. Pye, R.A. Floyd, Nitrone-
based free radical traps as neuroprotective agents in cerebral ischaemia and
other pathologies, Int. Rev. Neurobiol. 40 (1997) 299—-317.

R.A. Floyd, Nitrones as therapeutics in age-related diseases, Aging Cell
5 (2006) 51-57.

L. Packer, E.H. Witt, H.J. Tritschler, Alpha-lipoic acid as a biological antioxidant,
Free Radic. Biol. Med. 19 (1995) 227—250.

G.P. Biewenga, G.R. Haenen, A. Bast, The pharmacology of the antioxidant
lipoic acid, Gen. Pharmacol. 29 (1997) 315—331.

AR. Smith, S.V. Shenvi, M. Widlansky, J.H. Suh, T.M. Hagen, Lipoic acid as
a potential therapy for chronic diseases associated with oxidative stress, Curr.
Med. Chem. 11 (2004) 1135—1146.

D. Ziegler, H. Nowak, P. Kempler, P. Vargha, P.A. Low, Treatment of symp-
tomatic diabetic polyneuropathy with the antioxidant alpha-lipoic acid:
a meta-analysis, Diabet. Med. 21 (2004) 114—121.

LD. Kim, B.J. Ha, Paeoniflorin protects RAW 264.7 macrophages from LPS-
induced cytotoxicity and genotoxicity, Toxicol. In Vitro 23 (2009) 1014—1019.
0J. Dodd, D.B. Pearse, Effect of the NADPH oxidase inhibitor apocynin on
ischemia-reperfusion lung injury, Am. ]. Physiol. Heart Circ. Physiol.
279 (2000) H303—H312.

M. Vejrazka, R. Micek, S. Stipek, Apocynin inhibits NADPH oxidase in phago-
cytes but stimulates ROS production in non-phagocytic cells, Biochim. Biophys
Acta 1722 (2005) 143—147.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

E.C. Chan, S.R. Datla, R. Dilley, H. Hickey, G.R. Drummond, G.. Dusting,
Adventitial application of the NADPH oxidase inhibitor apocynin in vivo
reduces neointima formation and endothelial dysfunction in rabbits,
Cardiovasc. Res. 75 (2007) 710—718.

M.P.P. Kanegae, A. Condino-Neto, L.A. Pedroza, A.C. de Almeida, J. Rehder,
L.M. da Fonseca, V.F. Ximenes, Diapocynin versus apocynin as pretranscrip-
tional inhibitors of NADPH oxidase and cytokine production by peripheral
blood mononuclear cells, Biochem. Biophys. Res. Commun. 393 (2010)
551-554.

Q. Wang, R.E. Smith, R. Luchtefeld, A.Y. Sun, A. Simonyi, R.S. Luo, G.Y. Sun,
Bioavailability of apocynin through its conversion to glycoconjugate but not to
diapocynin, Phytomedicine 15 (2008) 496—503.

E.C. Veerman, K. Nazmi, W. Van't Hof, ].G. Bolscher, A.L. Den Hertog,
AV. Nieuw Amerongen, Reactive oxygen species play no role in the candi-
dacidal activity of the salivary antimicrobial peptide histatin 5, Biochem. J.
381 (2004) 447—-452.

K.J. Cho, H. Moini, H.K. Shon, A.S. Chung, L. Packer, Alpha-lipoic acid decreases
thiol reactivity of the insulin receptor and protein tyrosine phosphatase 1B in
3T3-L1 adipocytes, Biochem. Pharmacol. 66 (2003) 849—858.

Y.B. Wo, D.Y. Zhu, Y. Hu, Z.Q. Wang, J. Liu, Y.J. Lou, Reactive oxygen species
involved in prenylflavonoids, icariin and icaritin, initiating cardiac differen-
tiation of mouse embryonic stem cells, ]J. Cell. Biochem. 103 (2008)
1536—1550.

F. Dong, X.C. Zhang, ]. Ren, Leptin regulates cardiomyocyte contractile func-
tion through endothelin-1 receptor-NADPH oxidase pathway, Hypertension
47 (2006) 222—229.

AY. Abramov, ]. Jacobson, F. Wientjes, J. Hothersall, L. Canevari, M.R. Duchen,
Expression and modulation of an NADPH oxidase in mammalian astrocytes,
J. Neurosci. 25 (2005) 9176—9184.

AY. Abramov, L. Canevari, M.R. Duchen, Beta-amyloid peptides induce
mitochondrial dysfunction and oxidative stress in astrocytes and death of
neurons through activation of NADPH oxidase, J. Neurosci. 24 (2004)
565—575.

F. Bhatti, RW. Mankhey, L. Asico, M.T. Quinn, W.J. Welch, C. Maric, Mecha-
nisms of antioxidant and pro-oxidant effects of alpha-lipoic acid in the dia-
betic and nondiabetic kidney, Kidney Int. 67 (2005) 1371—1380.



	 Synthesis and biological evaluations of novel apocynin analogues
	1 Introduction
	2 Chemistry
	3 Biological evaluations and discussion
	3.1 Protective effects against LPS-induced cytotoxicity
	3.2 Intracellular ROS-scavenging activity
	3.3 Inhibition of LPS-induced P67phox protein expression

	4 Conclusions
	5 Experimental protocols
	5.1 General methods
	5.2 5-Acetyl-2-hydroxy-3-methoxybenzaldehyde (2)
	5.3 General procedure for synthesis of compounds 3a and 3b
	5.3.1 1-(3-((Butylamino)methyl)-4-hydroxy-5-methoxyphenyl) ethanone (3a)
	5.3.2 1-(3-((tert-Butylamino)methyl)-4-hydroxy-5-methoxy phenyl)ethanone (3b)

	5.4 1-(4-Hydroxy-3-methoxy-5-nitrophenyl)ethanone (4)
	5.5 1-(3-Amino-4-hydroxy-5-methoxyphenyl)ethanone (5)
	5.6 General procedure for synthesis of compounds 6a–c
	5.6.1 4-Acetyl-2-methoxy-6-propionamidophenyl propionate (6a)
	5.6.2 4-Acetyl-2-butyramido-6-methoxyphenyl butyrate (6b)
	5.6.3 4-Acetyl-2-isobutyramido-6-methoxyphenyl isobutyrate (6c)

	5.7 1-(3-Amino-4-(tert-butyldimethylsilyloxy)-5-methoxy phenyl)ethanone (7)
	5.8 General procedure for synthesis of compounds 8a–c
	5.8.1 N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)propionamide (8a)
	5.8.2 N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)butyramide (8b)
	5.8.3 N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)isobutyramide (8c)

	5.9 (Z)-1-(3-(5-Acetyl-2-hydroxy-3-methoxybenzylidene amino)-4-hydroxy-5-methoxyphenyl)ethanone (9)
	5.10 1-(3-(5-Acetyl-2-hydroxy-3-methoxybenzylamino)-4-hydroxy-5-methoxyphenyl)ethanone (10)
	5.11 (Z)-N-(5-Acetyl-2-hydroxy-3-methoxybenzylidene)-2-methylpropan-2-amine oxide (11)
	5.12 (R)-N-(5-Acetyl-2-hydroxy-3-methoxyphenyl)-5-(1,2-dithiolan-3-yl)pentanamide (12)
	5.13 In vitro macrophage protection assay
	5.14 Fluorescence-based ROS-scavenging assay
	5.15 Western blot for P67phox expression

	 Acknowledgements
	 References


