LSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 17 (2007) 1112-1116

Human ACAT inhibitory effects of shikonin derivatives from
Lithospermum erythrorhizon

Sojin An,*¢ Yong-Dae Park,™" Young-Ki Paik,® Tae-Sook Jeong™* and Woo Song Lee™"*

#National Research Laboratory of Lipid Metabolism and Atherosclerosis, KRIBB, Daejeon 305-806, Republic of Korea
®Molecular Science, University of Science and Technology, Daejeon 305-806, Republic of Korea
®Department of Biochemistry, Yonsei University, Seoul 131-749, Republic of Korea

Received 26 May 2006; revised 19 October 2006; accepted 7 November 2006
Available online 10 November 2006

Abstract—Three naphthoquinones were isolated by bioassay-guided fractionation from the CHCIl; extracts of roots of Lithosper-
mum erythrorhizon. They were identified as acetylshikonin (1), isobutyrylshikonin (2), and B-hydroxyisovalerylshikonin (3) on
the basis of their spectroscopic analyses. The compounds 1-3 were tested for their inhibitory activities against human ACAT-1
(hACAT-1) or human ACAT-2 (hACAT-2). Compound 2 preferentially inhibited hACAT-2 (ICsy = 57.5 uM) than hACAT-1
(32% at 120 uM), whereas compounds 1 and 3 showed weak inhibitory activities in both hACAT-1 and -2. To develop more potent
hACAT inhibitor, shikonin derivatives (5-11) were synthesized by semi-synthesis of shikonin (4), which was prepared by hydrolysis
of 1-3. Among them, compounds 5 and 7 exhibited the strong inhibitory activities against hACAT-1 and -2. Furthermore, we dem-
onstrated that compound 7 behaved as a potent ACAT inhibitor in not only in vitro assay system but also cell-based assay system.

© 2006 Elsevier Ltd. All rights reserved.

Acyl-CoA:  Cholesterol  acyltransferase  (ACAT,
E.C.2.3.1.26) is the primary enzyme responsible for the
intracellular esterification of free cholesterol with fatty
acyl-CoA to produce cholesterol esters in various tis-
sues.! Accumulation of cholesteryl ester leads to the for-
mation of foam cells and a hallmark of atherosclerosis
lesions. Two isoenzymes, ACAT-1 and -2, have been
identified.> Under normal physiological conditions,
ACAT-1 is present in many tissues, including macro-
phages, and ACAT-2 is present in intestinal epithelial
cells and hepatocytes.? Inhibition of ACAT was expect-
ed to reduce plasma lipid levels by inhibiting intestinal
cholesterol absorption and to prevent progression of
atherosclerotic lesions by inhibiting the accumulation
of cholesteryl esters in macrophage.* However, the
known ACAT inhibitors® have no beneficial effects on
the regression of coronary atherosclerosis.® Nissen
et al. have drawn a bold conclusion that nonselective
ACAT inhibition is not effective for treatment of
atherosclerosis and is probably harmful.® Thus, ACAT
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inhibitors with different preferences on ACAT-1 and -2
may exert more favorable effects on atherosclerosis.

During search for new ACAT inhibitors from natural
sources,’” we found that the CHCI; extracts of Lithosper-
mum erythrorhizon roots at 100 pg/mL inhibited hA-
CAT-1 and -2 activities in 87% and 62%, respectively.
Subsequent bioactivity-guided fractionation of the
CHCI; extracts led to the isolation of three shikonin
derivatives® that were identified as acetylshikonin (1),
isobutyrylshikonin (2), and B-hydroxyisovalerylshikonin
(3) on the basis of their spectroscopic analyses (Fig. 1).°
Although shikonin derivatives isolated from the extracts
of L. erythrorhizon roots have been reported to confer
many medicinal properties such as antibacterial, wound
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Figure 1. Structures of isolated shikonin derivatives (1-3) from the
roots of L. erythrorhizon.
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healing, antiinflammatory, antithrombotic, and antitu-
mor effects,'® their ACAT inhibitory activities have
not been reported. In this study, we wish to describe
the hACAT-1 and -2 inhibitory activities of the isolated
and semi-synthetic shikonin derivatives (1-11).

To investigate the best pharmacophore at 1’-OH of
shikonin (4) against hACAT inhibitory activity, shiko-
nin (4) was prepared by hydrolysis of compounds 1-3
with 1 N NaOH. Then, acylshikonins (5-11) were syn-
thesized by a selective acylation at 1’-OH of shikonin
(4) in the presence of N-(3-dimethylaminopropyl)-N'-
ethyl carbodiimide (EDC) and 4-(dimethylamino) pyri-
dine (DMAP) as shown in Scheme 1.

Three active compounds were isolated from CHCI; ex-
tracts and identified to be acetylshikonin (1), isobutyr-
ylshikonin (2), and PB-hydroxyisovalerylshikonin (3).
The biological activities of shikonin derivatives 1-11
were assessed against expressed hACAT-1 or -2 from
Hi5 cells'! and confirmed by the positive control with
oleic acid anilide which inhibited hACAT-1 and -2 with
ICs, values of 0.14 and 0.17 pM,'! respectively. The bio-
logical data for shikonin derivatives (1-11) have been
shown in Table 1. Acetylshikonin (1) inhibited hA-
CAT-1 and -2 with ICs, values of 128.9 and 112.2 uM,
respectively. Isobutyrylshikonin (2) dominantly inhibit-
ed hACAT-2 not hACAT-1; the ICsy value for
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hACAT-2 was 57.5 uM, while hACAT-1 was inhibited
only 32% at 120 pM. B-Hydroxyisovalerylshikonin (3)
having 3-hydroxy-3-methylbutanoyl was less potent in
both of enzymes. Shikonin (4) inhibited hACAT-1 with
2-fold greater potency (ICso= 70.4 uM) compared to
hACAT-2 (ICso=138.2 uM). Interestingly, compound
5 involving n-propanoyl exhibited higher activity against
both hACAT-1 and -2 compared with the corresponding
analogue 1 having acetyl moiety, whereas n-butanoyl-
substituted analogue 6 showed an attenuated potency.
The compound 7 substituted with 3-methylbutanoyl
showed potent inhibitory activity with ICsy values of
13.8 and 25.1 uM, respectively. These results clearly
demonstrated that simple extension of carbon chain
without any polarity change is enough to significantly
enhance activity. Substitution of n-pentanoyl, 8, at this
position, however, led to decrease in potency. Keeping
the three or four acyl chain lengths indicated that per-
haps specific lipophilic interaction between enzymes
and acyl chains at 1’-OH of shikonin (4) was possible.
To investigate the lipophilicity, compound 9 was exam-
ined for inhibitory potency. It was equipotent to 8 in
hACAT-2, whereas compound 9 having more lipophilic
group led to 3-fold increase in potency in hACAT-1.
Compound 10 having linoleoyl as the long acyl residue
resulted in a significant loss in potency. In addition, 11
introduced with benzoyl group showed a slight increase
in potency in hACAT-1, but the potency was increased

Scheme 1. Reagents: (i) I N NaOH (1.2 equiv), MeOH; (ii) EDC (1.1 equiv), DMAP (0.2 equiv), RCOOH (1.1 equiv), CH>Cl.

Table 1. ACAT inhibitory activities of shikonin derivatives (1-11) in in vitro assay system

OH O
OH O OR
Compound R Yield (%) I1Cs0" (uM)
hACAT-1 hACAT-2
1 Acetyl — 128.9 112.2
2 Isobutanoyl — 329%° 57.5
3 3-Hydroxy-3-methylbutanoyl — 186.9 169.8
4 H 71 70.4 138.2
5 n-Propanoyl 67 224 28.7
6 n-Butanoyl 59 77.6 49.6
7 3-Methylbutanoyl 57 13.8 25.1
8 n-Pentanoyl 62 94.8 84.5
9 4-Pentenoyl 53 30.7 71.4
10 Linoleoyl 70 5%° 49%°
11 Benzoyl 28 53.7 56.2

#In vitro ACAT inhibitory activity was measured using expressed human ACAT-1 and -2. Data were shown as mean values of two independent

experiments performed in duplicate.
®Percentage at 120 pM.
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approximately 2-fold in hACAT-2 with ICsq of 56.2 uM
as compared to shikonin (4). To investigate that these
compounds function as ACAT inhibitor in physiological
condition, we established stable cell line expressing hA-
CAT-1 or -2 from AC-29 cells, ACAT-deleted CHO
cells, using Flp-In™ system.!?> The expression of hA-
CAT-1 and -2 was confirmed by immunoblot analysis
(Fig. 2) and fluorescence microscopy using NBD choles-
terol (Fig. 3). Among compounds 1-11, the most potent
ACAT inhibitor, compound 7, was tested in cell-base-
fluorescent ACAT assay system.'>!* As shown in Fig-
ure 4, compound 7 inhibited significantly the enzymatic
activities of both hACAT-1 and -2 in cell-based assay
system with even lower ICsy values (ICsy = 0.6 pM for
hACAT-1 and ICsy = 0.8 uM for hACAT-2) than that
of in vitro assay system. However, compound 7 exhibit-
ed no selectivity against hACAT isoforms in both assay
systems, showing similar fold difference of ICsy value
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Figure 2. Human ACAT-1 or -2 expression in Flp-In AC29 cells. The
expression of hACAT-1 or 2 was identified in cell lysates isolated from
Flp-In AC29 cells (A) and Flp-In AC29 cells stably expressing
hACAT-1 (B) or hACAT-2 (C) using immunoblot analysis. The
intensity of anti-B-actin band was used as an internal control to
compensate loading error.
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Figure 4. hACAT inhibitory activity of compound 7 in cell-based
fluorescent assay system.

between hACAT-1 and -2 (1.8-fold for in vitro assay
and 1.3-fold for cell-based assay).

According to these results, it was found that the inhibi-
tory potency was strongly dependent on the size and
length of acyl group. The chain length of acyl group
for the maximal inhibition of hACAT was found to be
three or four carbon atoms. These data suggest that
there may be a size limitation of acyl moiety for the
effective interaction of acylshikonins with hACAT and
human microsomal ACAT-1 and -2 enzymes have prov-
en to be very sensitive to the property of compounds.
Previous studies have demonstrated that the selective
inhibition of ACAT-1 and -2 provides evidence for
uniqueness in structure and function of these two en-
zymes.!"1> Chang et al. proposed that the putative
ACAT catalytic domains, which includes His-460 for
hACAT-1'%2 and His-434 for ACAT-2,'%" are located
within a hydrophobic membrane, enabling the enzyme
to produce cholesteryl ester in the same membrane. In
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Figure 3. Fluorescence microscopy after incubation of cells with NBD-cholesterol. Flp-In AC29 cells (A) and Flp-In AC29 cells stably transfected
with hACAT-1 (B) or hACAT-2 (C) were incubated with 5 pg/mL NBD-cholesterol for 3 h and fixed with 2% paraformaldehyde. The fluorescence
images were viewed with green channel filters (488 nm excitation, 540 nm emission), and their corresponding optical images were shown below each
fluorescence image. The results shown are representative of two separate experiments. Magnification 400x.
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this context, different inhibitory potency of shikonin
derivatives against hACAT-1 and -2 may have resulted
from the degree of lipophilicity provided by acyl chain
and, providing optimal lipophilicity, three to four car-
bon length of acyl chain could increase a chance to inter-
act with catalytic site of hACAT-1 and -2 located in the
hydrophobic membrane. Recently, An et al.!” revealed
that His-386, another histidine residue imbedded in a
hydrophobic membrane, has the critical role for cataly-
sis of hACAT-1, whereas His-360 and His-399, cytoplas-
mic histidine residues, are essential for catalysis of
hACAT-2 suggesting catalysis in the plane of membrane
is limited in ACAT-1 and that catalysis of ACAT-2
takes place in the cytoplasmic side as well as hydropho-
bic membrane. We discovered that compound 2 contain-
ing isopropyl moiety preferentially inhibited hACAT-2
than hACAT-1, whereas compound 5, equivalent com-
pound with compound 2 except containing n-propyl
moiety instead of isopropyl moiety, considerably inhib-
ited both hACAT-1 and -2. Thus, we could speculate
that this isopropyl moiety of shikonin derivatives might
specifically interact with catalytic site of hACAT-2
located in the cytoplasmic side.

In summary, we have discovered a new class of hACAT
inhibitors. Shikonin derivatives (1-3) were isolated by
bioassay-guided fractionation from the CHCIl; extracts
of L. erythrorhizon roots. The compounds 5-11 were
modified using semi-synthesis of shikonin (4). Among
them, compound 7 exhibited the most potent hACAT-
1 and -2 inhibitory activities with 1Csy values of 13.8
and 25.1 uM, respectively. Notably, we confirmed the
ACAT inhibition capacity of compound 7 in cell-based
assay system, newly established in our laboratory via
construction of stable cell line expressing hACAT-1 or
-2. Further structure—activity relationship (SAR) studies
are being pursued to find more potent and selective
inhibitors. Although the negative effects of nonselective
ACAT inhibitors have been reported, hACAT-1 or -2
selective inhibitor may prove to have clinical benefit to
reduce atherosclerosis via directly reducing the size of
the lipid-rich core in the atherosclerotic plaques'® or
the absorption of cholesterol in intestine,'® respectively.
Thus, it is important to continue the search for ACAT
isotype-selective inhibitors.
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