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Low-dose paeonol derivatives alleviate lipid
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Here, we present a series of novel paeonol derivatives that prevent
lipid accumulation at lower doses and exhibit improved water solu-
bility. According to SAR analysis results, 1-(4-methoxy-2-(2-(piperidin-
1-yl)ethoxy)phenyl)ethanone (6a) and 4'-methoxy-2’-[(phenylsulfonyl)
oxylacetophenone (7a) demonstrate as good inhibition ability at low-
dose (10 pg mL™?Y) as that of paeonol at high-dose (100 ng mL™). In
addition, compounds 6a and 7a can be synthesized quantitatively with
simple preparation methods. Hence, we believe that compounds 6a
and 7a are potentially suitable antiatherogenic compounds for future
drug development.

Paeonol 1-(2-hydroxy-4-methoxyphenyl)ethanone (1; Fig. 1) is a
phenolic compound isolated from the main active component
of Cortex Moutan, a traditional Chinese herbal medicine.
Accompanying the considerable volume of scientific research
on Chinese herbal medicine,*” a growing body of evidence has
indicated the benefits of using paeonol to treat various diseases.
Paeonol is a widely used antiinflammatory agent for repairing
oxidative damage and enhancing immunity function in vivo.® In
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Fig. 1 Structures of paeonol, paeonol Schiff-base derivatives.
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lipopolysaccharide-induced macrophages, paeonol can down-
regulate inflammation-associated genes.’ At specific concen-
trations, paeonol can prevent oxidized low-density lipoprotein
(ox-LDL)-induced monocyte adhesion to vascular endothelial
cells by attenuating the expression of vascular cell adhesion
molecule-1 and phosphorylation of c-Jun N-terminal and
extracellular signal-regulated kinases.' Moreover, paeonol
represses the expression of micro-RNA-21 and release of tumor
necrosis factor, which can protect rat vascular endothelial cells
from ox-LDL-induced injury.'* Furthermore, paeonol can
reduce the severity of liver fibrosis and prevent ox-LDL-
induced endothelial cell apoptosis.*® Recent studies have indi-
cated that paeonol is potentially suitable for treating various
types of cancer. Paeonol enhances apoptosis in ovarian cancer
cells by downregulating survivin expression and activating
caspase-3 expression.* Both in vitro and in vivo studies have
indicated the radiosensitizing effect of paeonol on lung
adenocarcinoma.' As a preventative Chinese herbal medicine,
paeonol can facilitate preventing memory loss following
ischemic stroke, and it can improve oral glucose tolerance in
patients receiving antidiabetic drugs.'®'” Hence, paeonol is a
potentially suitable candidate for further drug development.
Because of the effectiveness of paeonol in treating various
types of inflammatory disease, several studies®'®** have repor-
ted that paeonol can facilitate preventing cardiovascular disease
and treating atherosclerosis. Moreover, a previous research'®
showed that paeonol effectively mitigated the development of
atherosclerosis in animal models. Zhao et al.*® reported that
paeonol exhibits a novel effect on the formation of foam cells.
Furthermore, it positively attenuates cholesterol accumulation
induced by ox-LDL in macrophages, and it can prevent foam
cells from forming by increasing ATP-binding membrane
cassette transport protein Al (ABCA1)-dependent cholesterol
efflux. Zhao et al. also reported that paeonol enhanced the
transcriptional regulation of ABCA1 via activating liver X
receptor o (LXRa) activity. According to previous researches,>
the accumulation of lipid-laden foam-cells is characterized by
preatherosclerotic lesions, the potential mechanisms of which
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involve either the uncontrolled uptake of ox-LDL or impaired
cholesterol efflux in macrophages. Collectively, the findings of
these studies indicate that paeonol is a highly suitable candi-
date for regulating cholesterol efflux and preventing
atherosclerosis.

In a previous study, paeonol treatment markedly alleviated
the exacerbation of atherosclerosis in animal models.*® Similar
results have been observed in anticancer tests and diabetic
prevention trials.">'” However, a typical dose of these assays is
extraordinarily high; for example, radiosensitization of lung
adenocarcinoma involves a combination of 1718 mg kg " of
paeonol and 10 Gy of irradiation.*® In addition, Xiao et al.**> and
Xie et al.*® have reported that the distribution of paeonol in the
bloodstream ranges from 4 to 10 pg mL™ " after only one dose is
orally delivered through rapid absorption.

Paeonol and its Schiff base derivatives (2, 3; Fig. 1) can form
complexes with copper ions, which exhibits high antioxidant
activity, moderate DNA-binding activity, and adequate tumor-
cell cytotoxicity.> The nitrogen atom of the Schiff base
contributes to the metal-chelating site and hydrogen bond
acceptor in the biological system. Our lab had been study drug
development for years, and we found that paeonol modified
with phenylsulfonyl groups in the side chain could acquire
higher bioactivity.*® This study presents a series of novel paeo-
nol derivatives conjugated with the side chain of the Schiff base,
O-alkylation heterocyclic rings and phenylsulfonyl groups,
which prevent lipid accumulation at lower doses.

Paeonol is the extract of Paeonia suffruticosa Andr., which has
been used in traditional Chinese medicine for thousands of
years; however, paeonol exhibits poor water solubility. The
paeonol Schiff base derivatives 4a-41 were prepared by
condensing paeonol with a series of primary amines bearing
heteroatom-substituted amine side chains to increase its solu-
bility and bioactivity (Scheme 1). The nitrogen atom of the Schiff
base can improve overall solubility in water molecules, not
because nitrogen is hydrophilic but because it can function as a
hydrogen bond acceptor. Dimeric paeonol derivatives were
obtained by treating paeonol with hydrazine to produce the
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Scheme 1 Synthesis of paeonol Schiff-base derivatives.
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Scheme 3 Synthesis of O-alkylation paeonol derivatives.

zero-length derivative 5a or by using ethyldiamine to obtain a
Schiff-base-conjugated double-head paeonol derivative 5b
(Scheme 2). Furthermore, we synthesized the O-alkylation
products of paeonol (6a-6¢) through the phenol group of the
paeonol by using potassium carbonate as a base and acetone as
a solvent under reflux conditions (Scheme 3). We also conju-
gated the phenylsulfonyl group with paeonol through the
phenol group to obtain new series of paeonol derivatives 7a-7h
(Scheme 4).

Various paeonol derivatives were prepared using a chem-
ical synthesis technique to generate 14 Schiff-base-
conjugated paeonol derivatives, including two double-head
conjugated derivatives, 11 O-alkylation products, 3 of which
with heterocycle ring and 8 of which bear phenylsulfonyl
groups. Compared with natural paeonol, most of the
synthesized compounds exhibited improved solubility in
water because of the imine group in the core structure.
Among these derivatives, the paeonol derivative 4g bearing a
piperazine ring (4g) exhibited a maximal solubility of 6.579
mg mL~"' (natural paeonol is 0.524 mg mL™"; see ESI Table
S171). Improved water solubility is beneficial because it might
improve pharmacokinetic research and lead to the develop-
ment of novel drugs. However, some of the new synthesized

\\ //

. /@A K,CO4 /@/U\
(0] Acetone, reflux

Paeonol, 1 O

7a R=H 7e R=Me
7o R=F 7f R=0Me
7c R=ClI 7g R=NO,
7d R=Br 7h R=NH,

/\\

Scheme 4 Synthesis of phenylsulfonyl paeonol derivatives.
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Table 1 Oxidized LDL-induced lipid accumulation in macrophage within paeonol derivatives treatment

Compounds® Lipid accumulation® Compounds® Lipid accumulation®
Paeonol 0.669 + 0.006 5a Not resolve
4a 0.656 £ 0.067 5b Not resolve
4ab 0.785 £ 0.007 6a 0.352 £ 0.019
4c 0.509 £ 0.07 6b 0.700 £ 0.067
ad 0.836 £ 0.242 6¢c 0.705 £ 0.046
4e 0.727 £+ 0.033 7a 0.406 £ 0.096
af 0.931 + 0.175 7b Cell death

4ag 0.782 + 0.107 7c Cell death

4h 0.584 + 0.087 7d Cell death

4i Not resolve 7e Not resolve

4j 0.464 £ 0.054 7f Cell death

4k Cell death 78 Not resolve
41 0.499 £+ 0.114 7h Cell death

“ paeonol derivatives in 100 ug mL~". ? Lipid accumulation in macrophage by fluorescent assay.

compounds (4i, 4j, 5, and 7) were more insoluble than natural
paeonol, because these compounds contained a hydrophobic
aromatic moiety that reduced the overall molecular hydro-
philic affinity to the water.

The modified LDL (i.e., ox-LDL) disrupts the metabolism of
lipids in macrophages, leading to foam cell formation and the
induction of atherosclerosis. Therefore, we performed a fluo-
rescent assay to confirm that the paeonol derivatives can
prevent lipid accumulation in macrophages in ox-LDL treat-
ment. Herein, we reported that the series of novel paeonol
derivatives exhibited more favorable bioactivity in down-
regulating lipid accumulation than paeonol (Table 1). We
found compounds 4i, 5a, 5b, 7e, and 7g were precipitated in
the media when treating with cell due to the poor solubility.
Meanwhile, MTT results (see ESI Fig. S17) revealed that most
of the phenylsulfonyl series compounds showed strong cyto-
toxicity, which caused the cell death. The results in Fig. 2
indicated that some of these agents exerted the same effect as
paeonol, but at lower doses (100-fold lower). Lee et al. reported
that paeonol clearly influences lipid accumulation (Table 1).
This study revealed that preincubation with novel paeonol
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Fig. 2 Bio-activity of paeonol derivatives for down-regulated lipid
accumulation in macrophages. Data are mean + S.E.M. from three
independent experiments. *P < 0.05 versus paeonol.
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derivatives exhibited exceptional bioactivity in regulating lipid
content. When the doses were identical (100 pg mL ) for the
fluorescent assay, the compounds 4j, 6a, and 7a were
substantially more effective in inhibiting lipid accumulation
than natural paeonol (Fig. 2). In particular, the compounds 6a
and 7a downregulated 60-65% of lipid accumulation, whereas
paeonol downregulated only 30%. Moreover, at the high dose
test of 100 ug mL ", the proposed derivatives clearly exhibited
potential in reducing the dose requirements. To elucidate the low-
dose effect of paeonol derivatives on lipid accumulation, we per-
formed a dose-dependent fluorescent assay (0.1-100 ug mL™ '), as
shown in Fig. 3. At a dose of 10 ug mL™", the compounds 4a, 4j, 6a,
6¢c, and 7a were as effective as a 100 pg mL~* dose of natural
paeonol. In Fig. 4, the low-dose treatment of compound 7a was
more effective than natural paeonol administered in a high dose
(40% vs., 30%). At a dose of 1 pg mL ™", the natural paeonol was
ineffective in preventing lipid accumulation. By contrast,
the compounds 4a, 4j, 6¢, and 7a exhibited slight bioactivity.
Furthermore, some of these compounds exhibited minor
effects on lipid accumulation when the dose was reduced 1000-
fold (0.1 pg mL™1).

[0 pg/mL
(SN 0.1 pg/mL.
1.2 [ 1 png/mL
== 10 pg/mL
222 100 pg/mL

C R G A R e

Fig. 3 Fold changes of lipid accumulation within paeonol derivatives
treatment in indicated concentrations. Data are mean + S.E.M. from
three independent experiments.
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Fig.4 7ain low-dose treatment exhibited good activity as paeonol in
high-dose. A. Fold changes of lipid accumulation in macrophages by
fluorescent assay. B. Representative fluorescent microscopy images of
lipid accumulation after incubation with or without Dil-oxLDL in
macrophages pretreated with paeonol or 7a. Data are mean + S.E.M.
from three independent experiments.

The structure-activity relationship (SAR) of the compounds
was evaluated based on our results. Among the series of imine-
conjugated paeonol derivatives, the compound 4c bearing a
propyl group was the most efficacious, compared with those
bearing methyl, ethyl, and isopropyl groups. The heterocyclic
compounds bearing piperidine, pyrrolidine, morpholine, and
piperazine rings (4e-4h, respectively) exhibited increased solu-
bility in water; however, this had no effect on downregulated
lipid accumulation in macrophages. The double-head conju-
gated paeonol derivatives 5a and 5b were insoluble in water and
precipitated in media during cell-culture treatment.
Compounds 4i and 4j were similar structures bearing phenyl
rings with poor water solubility. Although 4j exhibited adequate
regulation of lipid accumulation at low doses, 4i caused cell
death. Similar phenomena were observed for compounds 4k
(cell death) and 4l (adequate regulation). Among the O-alkyl-
ation paeonol derivatives, compound 6a was the most potent
compound in inhibiting lipid accumulation. The piperidine-
modified derivative 6a was more active than either morpho-
line 6b or pyrrolidine 6¢. Furthermore, we found most of the
phenylsulfonyl paeonol derivatives cause cell death; however,
the 7a exhibited high activity. The SAR analysis suggested that
phenylsulfonyl moieties bearing halide (7b, 7¢, and 7d), OMe
(7f), and NH, (7h) cause cell death. Meanwhile, the 7¢ with CH;
group and 7d with NO, group were too hydrophobic to precip-
itate in the media. The low-dose treatment of compound 7a
achieved the same effect as paeonol administered in 100 pg
mL " (Fig. 4). The results indicated that substituting the phenol
group with a phenylsulfonyl side chain is a new strategy for
achieving further chemical modification.

Conclusions

In summary, we synthesized 14 paeonol derivatives containing
Schiff-base conjugates and 11 O-alkylation derivatives. The
water solubility of the compounds was evaluated, and the
results revealed that the compounds bearing a heterocyclic ring
exhibited increased solubility in water, although such increase
exerted no effect on downregulated lipid accumulation in
macrophages. The SAR analysis results indicated that
compounds 6a and 7a are potent inhibitors of lipid
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accumulation at low doses. In accordance with Zhao et al.,*® we
hypothesize that this novel series of paeonol derivatives follows
the paeonol pathway to regulate lipid accumulation by upre-
gulating the nuclear translocation of LXRa, which enhances the
mRNA and protein expression of ABCA1, thereby reducing the
accumulation of cholesterol. The results indicated that
compounds 6a and 7a are potentially suitable antiatherogenic
compounds for future drug development.
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