Downloaded viaGRIFFITH UNIV on February 15, 2020 at 07:11:40 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACSMedicinal
Chemistry Letters

pubs.acs.org/acsmedchemlett

Synthesis and Structure—Activity Relationship of Pyxinol Derivatives
as Novel Anti-Inflammatory Agents

Yixiao Sun,’ Xjaojuan Fang,§ Meng Gao, Conghui Wang, Hongyan Gao, Wenjing Bi, Hanhan Tang,
Yetong Cui, Leiming Zhang, Huaying Fan, Hui Yu,* and Ganggiang Yang™

I: I Read Online

Article Recommendations

Cite This: https://dx.doi.org/10.1021/acsmedchemlett.9b00562

ACCESS |

ABSTRACT: Pyxinol, the main metabolite of 20S-protopanax- A HO
adiol in human liver, was chosen as a novel skeleton for the
development of anti-inflammatory agents. Pyxinol derivatives
modified at C-3, C-12, or C-25 and selected stereoisomers were
designed, prepared, and investigated for in vitro anti-inflammatory /.\( {
activities. Structure—activity relationship (SAR), focused on ./ k
skeleton, was analyzed based on their ability to inhibit
lipopolysaccharide (LPS)-induced nitric oxide (NO) synthesis.
The preliminary SAR results signified that the biological activity of
the pyxinol derivatives is largely dependent on the R/S stereochemistry of pyxinol skeleton and the hydroxy at C-3 is a modifiable
position. Among the tested compounds, the 3-oximinopyxinol (4a) exhibited the most potent NO-inhibitory activity and was even
comparable to the steroid drug. Furthermore, compound 4a also significantly decreased LPS-induced TNF-a and IL-6 synthesis and
iNOS and COX-2 expressions via the NF-kB pathway. This study proves that pyxinol is an interesting skeleton for anti-inflammatory

[l Metrics & More | @ Supporting Information

SAR
analysis

Anti-inflammatory
“ — activity
Affected by RIS
Stereochemistry

Panax ginseng Meyer

Pyxinol

drug discovery.

KEYWORDS: Pyxinol, ginsenoside, anti-inflammatory activity, structure—activity relationship, macrophages

Inﬂammation is a primary defense response of the immune
system and protects against infection and injury." Macro-
phages are the key cells that produce inflammatory mediators,
including nitric oxide (NO), prostaglandins (PGs), and
proinflammatory cytokines, including tumor necrosis factor o
(TNF-a) and interleukin-6 (IL-6). However, prolonged
inflammation can lead to immune over-reactions that cause
tissue damage and lead to chronic diseases, such as Alzheimer’s
disease and diabetes.”” Steroid drugs, such as hydrocortisone,
are powerful at reducing inflammation, but they have many
serious side effects, such as water and sodium retention and
osteoporosis.” Other drugs are also limited by side effects.’
Therefore, the development of new anti-inflammatory agents
that are safer and more effective is ongoing. Natural products
are a key source and play an important role in discovering next
generation medicines.’

Ginseng, the roots of Panax ginseng Meyer, is well-known to
extend life, enhance vitality and play roles against kinds of
conditions, such as tumors, depression, and inflammation.”®
Ginsenosides, the widely orally administered components of
ginseng, are recognized as its major active pharmacological
components with various activities.” Their anti-inflammatory
activities are well-known because of the structural similarity
with cortisone, a steroid hormone with powerful anti-
inflammatory activity. Some of them have been applied to
clinical treatment. Previous studies and reviews have
summarized that the protopanoxadiol type ginsenosides

© XXXX American Chemical Society

WACS Publications

(Rb1, Rb2, Rd, and Rh2) exert anti-inflammatory activities
by decreasing the generation of inflammatory mediators and
proinflammatory cytokines and regulating the inflammatory
signaling pathways.*” 20S-Protopanoxadiol (PPD), the
principal intestinal metabolite of ginsenosides, was recognized
as the pharmacophore of ginsenosides and showed increased
absorption in the gastrointestinal tract.'”'" PPD also showed
anti-inflammatory activity by inactivation of nuclear factor kB
(NF-xB) and inducing heme oxygenase 1 expression.'” These
results suggested that the metabolites of ginsenosides could be
promising candidates for inflammation treatment.

Pyxinol, an ocotillol-type triterpene shown in Figure 1, was
first isolated from lichen in 1972 and recently was identified as
the main metabolite of PPD in human liver.">"* Pyxinol was
found to have better oral bioavailability and a lower
metabolism burden in organisms compared with the parent
compounds PPD and protopanoxadiol-type ginsenosides,
suggesting its medicinal development value.'*'® Therefore,
pyxinol and its derivatives have been extensively studied for
drug development against a variety of conditions, such as
cardiovascular diseases,'”” ™' tumors, and bacterial infec-
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Figure 1. Chemical structures of ginsenosides.

tion.””7>* Nevertheless, there are few reports of pyxinol or
pyxinol analogs with anti-inflammatory activity.

On the basis of above view for development of novel anti-
inflammatory agents, pyxinol was first used as a lead compound
in this study and different modifications were carried out at the
C-3, C-12, or C-25 of pyxinol to yield 18 compounds including
several stereoisomers. Their anti-inflammatory activities were
assessed by measuring NO-inhibitory activity in lipopolysac-
charide (LPS)-induced macrophages. The anti-inflammatory
effects of the most potent derivative 4a with an oxime moiety
at C-3 were further confirmed by its inhibition of
proinflammatory cytokines that were comparable to the clinical
steroid drug hydrocortisone sodium succinate.

To explore the effects of hydroxy groups and stereo-
chemistry of pyxinol on its anti-inflammatory activities, a series
of pyxinol derivatives and selected stereoisomers were designed
in which the hydroxy group at C-3, C-12, or C-25 was
modified. Pyxinol (1) and its epimer 24S-pyxinol (2) were
synthesized by epoxidization of the commercially available
PPD and following nucleophilic addition in situ as previously
described.” The modification of the hydroxy group at the C-3
of pyxinol gave the derivatives 3—6 as shown in Scheme 1
following our previously reported procedures.”” The C-3 ester
derivatives (7a and 7b) were synthesized by selective
esterification as shown in Scheme 2.

The modification of the hydroxy group at the C-12 of
pyxinol is shown in Scheme 3. The oxidation of pyxinol with
an excess of pyridinium chlorochromate (PCC) gave 3,12-
diketopyxinol (8), subsequent selective reduction by NaBH, in
isopropanol gave 12-ketopyxinol (9), and further oximation
gave 12-oximinopyxinol (10). An unexpected stable imine
(11) was attained by the reduction of oxime with NaCNBH,
in the presence of AcONH, and titanium(III) chloride in
methanol. Then reduction of the imine with NaBH, in
methanol afforded the 12-aminopyxinol (12).

Another stereoisomer of pyxinol (13) was attained by
reduction of 9 with NaBH,, in methanol as shown in Scheme 4.
The pyxinol derivative 16 modified at C-25 was synthesized as
depicted in Scheme S.

The NO-inhibitory activity of a compound is always related
to its anti-inflammatory activity.”*>* In order to avoid the
cytotoxic interference of the synthesized compounds on NO-
inhibitory effect, the cytotoxicity was evaluated. As shown in
Figure 2a, compounds 1—11 and 16 at the test concentrations

Scheme 1. Synthesis of Pyxinol Derivatives 1—6
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Scheme 3. Synthesis of Pyxinol Derivatives 8—12
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(20 M) had no obvious effects on cytotoxicity in RAW264.7
cells, but compound 12 showed a notably significant
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Scheme 4. Synthesis of Isomer 13
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Figure 2. Inhibitory effects of pyxinol derivatives on LPS-induced NO
generation in RAW264.7 cells: (a) effect of pyxinol derivatives and
LPS on the cell survival by MTT assays; (b) inhibitory effect of
pyxinol derivatives on LPS-induced NO generation. The cells were
co-treated with pyxinol derivatives (20 M) and LPS (1 ug/mL) for
24 h. Data were denoted as the mean + SD (n = 3): (%) p < 0.0,
(%) p < 0.01, relative to control group; Ctr, control; HSS,
hydrocortisone sodium succinate.

cytotoxicity (p < 0.01). Therefore, compounds 1—11, 13, and
16 were further tested for their anti-inflammatory activities.
The cells were co-treated with the pyxinol derivatives and LPS
for 24 h. After that, the LPS-induced NO production was
determined by the Griess assay. Hydrocortisone sodium

succinate (20 M) was the positive control (Figure S1). As
shown in Figure 2b, relative to the control group, pyxinol (1)
significantly inhibited the LPS-mediated NO release (p < 0.05)
to a similar extent as that of the positive control. However,
compound 2 had no obvious NO-inhibitory activity. Pyxinol
and 2, a pair of stereoisomers at C-24, were known as the main
metabolites of PPD in human liver microsomes.'*" These
results suggested that pyxinol may be the major active form of
PPD in vivo on anti-inflammation and the stereochemistry at
C-24 of pyxinol influences the NO-inhibitory capacity with an
R-configuration favored.

Furthermore, pyxinol derivatives 3a, 4a, Sa, 6, 7a, and 9 also
exhibited significant NO-inhibitory activity (p < 0.05) (Figure
2b). The stereoisomer of pyxinol (13) had no obvious NO-
inhibitory activity. In addition to 9, pyxinol derivatives 10, 11,
and 16, in which the hydroxy groups at C-12 or C-25 were
modified, also had no significant NO-inhibitory activity.
Interestingly, 3-oximinopyxinol (4a) exhibited the most potent
NO-inhibitory activity that was even stronger than that of the
positive control, hydrocortisone sodium succinate, at the same
concentration. Fernandez-Herrera et al. have reported similar
result that incorporating oxime functionality has improved the
biological activities of the steroids.” These results indicated
that pyxinol is an interesting skeleton for anti-inflammatory
drug development and its derivative 4a is a promising
candidate and worthy of more detailed studies.

As shown in Figure 2, in the absence of any obvious
cytotoxicity, derivatives 3a, 4a, Sa, 6, and 7a modified at the C-
3 of pyxinol showed significant NO-inhibitory activity similar
to pyxinol, while derivatives 10, 11, and 16 modified at C-12 or
C-25 had no obvious NO-inhibitory activity. This suggested
that the hydroxy moieties at C-12 and C-25 of pyxinol are
important for its anti-inflammatory activity and that the C-3
position is amenable to modification. Stereoisomers 1, 2, and
13 displayed dramatically dissimilar NO-inhibitory activities,
which suggested that the stereochemistry of the hydroxy
moiety at C-12 and/or the isopropanol moiety at C-24 may
considerably influence the binding of the bioactive compounds
to their target in macrophages. This was further confirmed by
the comparison that the NO-inhibitory activity of derivatives
3b, 4b, 5b, and 7b with 24S-configuration was lower than that
of corresponding derivatives 3a, 4a, Sa, and 7a with 24R-
configuration. Stereoisomers Sa and 6 with epimerization at C-
3 displayed similar NO-inhibitory activities, which further
suggested that the C-3 of pyxinol is a modifiable position for
the discovery of anti-inflammatory drugs.

On the basis of the NO-inhibitory activity of pyxinol
derivatives, a probable structure—activity relationship (SAR)
could be predicted as shown in Figure 3. The hydroxy group at
C-3 is a modifiable position, and the anti-inflammatory activity
of a pyxinol derivative incorporating oxime functionality at C-3
was improved. Hydroxy moieties at C-12 and C-25 are crucial
for the activity. Furthermore, the stereochemistry at C-12 and
C-24 considerably influences the NO-inhibitory activity with
an R-configuration preferred.

In LPS-activated macrophages, overproduction of proin-
flammatory cytokines such as TNF-a and interleukins and the
resultin% tissue damage can be inhibited by anti-inflammatory
agents.” To confirm the anti-inflammatory capacity of 4a, its
inhibition effects on 1 pg/mL of LPS-induced proinflammatory
cytokines (TNF-a, IL-6) were evaluated in RAW264.7 cells.
Hydrocortisone sodium succinate (20 gM) was the positive
control. Compared with the basal level in macrophages, the
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Figure 3. Preliminary structure—activity relationships of pyxinol
derivatives.

LPS-stimulation considerably increased the TNF-a and IL-6
productions as expected (Figure 4). In the absence of any
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Figure 4. Inhibitory effect of 4a on LPS-mediated (a) TNF-a and (b)
IL-6 synthesis in RAW264.7 cells, which were pretreated with 4a (10,
20, 30 uM) or HSS (20 uM) for 2 h before the LPS stimulation (1
ug/mL) for 4 h. The data are expressed as the mean + SD (n = 3):
(##) p < 0.01, (###) p < 0.001, relative to the control group; (%) p <
0.05, (%%) p < 0.1, relative to LPS-stimulated group; HSS,
hydrocortisone sodium succinate.

obvious cytotoxicity, the LPS-stimulated increase of TNF-a
and IL-6 was suppressed concentration-dependently through
pretreatment with 4a. In particular, the inhibition effect of 4a
on LPS-stimulated TNF-a increase was better than that of
hydrocortisone sodium succinate, a clinical steroid drug. These
results indicated that 4a can alleviate an over-immune-reaction
by inhibiting the LPS-stimulated increase of proinflammatory
cytokines.

Inflammatory mediators, such as PGs and NO, play pivotal
roles in inflammatory diseases and are closely related to the
expression of cyclooxygenase 2 (COX-2) and inducible NO
synthase (iNOS).>' The levels of COX-2 and iNOS were
investigated in LPS-induced RAW264.7 cells by Western
blotting. Hydrocortisone sodium succinate (20 uM) was the
positive control. As shown in Figure 5, the LPS-stimulation
obviously increased protein levels of COX-2 and iNOS as
expected. Similar to the positive control, co-treatment with 4a
significantly decreased LPS-stimulated COX-2 and iNOS
expressions, respectively. These inhibitions were in a dose-
dependent manner. COX-2 and iNOS are positively
modulated by the NF-kB pathway in inflammation.”> The
LPS-activated NF-xB pathway involves phosphorylation and
degradation of ikB. Compound 4a could suppress the LPS-
induced ikB degradation, as well as its phosphorylation, similar
to the positive control (hydrocortisone sodium succinate)
(Figure 6). However, unlike that of hydrocortisone sodium
succinate, the anti-inflammatory activities of 4a could not be
blocked by the RU-486 (the glucocorticoid receptor
antagonist), even though their core structures were similar
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Figure 5. Effect of 4a on LPS-stimulated COX-2 and iNOS protein
expressions in RAW264.7 cells co-treated with LPS (1 ug/mL) and 4a
(10, 20, 30 uM) or HSS (20 uM) for 24 h. The data are expressed as
the mean + SD (n = 3) of three independent experiments: () p <
0.05, (%%) p < 0.01, relative to LPS-stimulated group; HSS,
hydrocortisone sodium succinate.
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Figure 6. Effect of 4a on LPS-stimulated NF-xB signaling pathway in
RAW264.7 cells co-treated with LPS (1 pg/mL) and 4a (10, 20, 30
uM) or HSS (20 uM) for 2 h. The data are expressed as the mean =+
SD (n =3): (%) p < 0.05, (*%) p < 0.01, relative to LPS-stimulated
group; HSS, hydrocortisone sodium succinate.

(data not shown). It suggested that the anti-inflammatory
activities of 4a are not associated with glucocorticoid receptor.
Ahn et al. reported that the ginsenosides have valid binding
affinity with NF-kB to exert their anti-inflammatory activity by
molecular docking study.”” It is interesting to further study the
target of pyxinol analogs on anti-inflammatory activities.
Anyway, our results revealed that 4a could modulate the
expression of proinflammatory proteins by inhibiting the LPS-
activated NF-kB pathway in macrophages.

Inflammatory mediators, such as PGs and NO, are the
pivotal signal transduction molecules of inflammation and are
regulated by endogenous enzymes. PGs are mainly synthesized
via mediation of COX-2 in LPS-stimulated macrophages.”
Therefore, blocking protein expression of COX-2 is a valid
approach to alleviate the inflammation by inhibiting PGs
production. Additionally, NO is synthesized endogenously
through a series of biochemical reactions by NO synthases. In
inflammatory responses, NO is primarily regulated by iNOS.**
The increased protein expression of iNOS can also cause
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chronic inflammation.>® Therefore, blocking the protein
expression of iNOS is one of the effective ways to treat
inflammatory diseases. Compound 4a could block both COX-2
and iNOS expression (Figure S) to inhibit inflammatory
mediators (Figure 2) in LPS-activated macrophages. These
results all demonstrated that 4a is a promising anti-
inflammatory agent.

Pyxinol, the primary in vivo metabolite of PPD which acted
as the pharmacophore of ginsenosides, was first chosen as the
lead compound for the development of novel anti-inflamma-
tory agents. Its derivatives were designed and synthesized by
structural modification at the C-3, C-12, or C-25 of pyxinol
based on the structure characteristics. The inhibitory activities
of the pyxinol derivatives toward LPS-induced NO production
were evaluated. The preliminary SAR results of these pyxinol
derivatives indicated that pyxinol is responsible for the
inhibitory activity of the LPS-induced NO release, the hydroxy
at C-3 is a modifiable position, and the activity is improved
when the C-3 is an oxime. Additionally, hydroxy groups at C-
12 and C-25 are essential for the activity, and the stereo-
chemistries at C-12 and C-24 significantly affect the NO-
inhibitory activity with an R-configuration preferred. Among
the tested compounds, 3-oximinopyxinol (4a) displayed the
strongest inhibitory activity on LPS-induced NO synthesis and
was even comparable to the clinical steroid drug. Furthermore,
the results indicated that compound 4a can reduce LPS-
induced production of TNF-a and IL-6 and the protein
expressions of COX-2 and iNOS via NF-kB pathway. Further
studies on the mechanism responsible for the anti-inflamma-
tory action and structural optimization are ongoing.
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