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Flavonoid Glycosides from Ulmus macrocarpa Inhibit Osteoclast
Differentiation via the Downregulation of NFATc1
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Potent Osteoclast Differentiation Inhibitor

ABSTRACT: The aim of this study was to isolate and identify chemical components with osteoclast differentiation inhibitory
activity from Ulmus macrocarpa Hance bark. Spectroscopic analyses, including nuclear magnetic resonance (NMR) and electronic
circular dichroism (ECD), resulted in the unequivocal elucidation of active compounds such as (2S)-naringenin-6-C-f3-n-
glucopyranoside (1), (2R)-naringenin-6-C-f-p-glucopyranoside (2), (2R,3S)-catechin-7-O-f-p-xylopyranoside (3), (2R,3S)-
catechin-7-O-f-p-apiofuranoside (6), (2R,3R)-taxifolin-6-C-f-D-glucopyranoside (7), and (28,3S)-taxifolin-6-C-f-p-glucopyranoside
(8). Mechanistically, the compounds may exhibit osteoclast differentiation inhibitory activity via the downregulation of NFATc1, a
master regulator involved in osteoclast formation. This is the first report of their inhibitory activities on the receptor activator of
nuclear factor kB ligand (RANKL)-induced osteoclast differentiation in murine bone marrow-derived macrophages. These findings
provide further scientific evidence for the rational application of the genus Ulmus for the amelioration or treatment of osteopenic
diseases.

B INTRODUCTION presumed safety, which makes them more suitable for long-
term application.

Plants of the genus Ulmus are deciduous trees belonging to
the family Ulmaceae. They consist of approximately 40 species
worldwide with different species distributed in different
areas.”® Plants of the genus Ulmus are mainly located in
South America, North America, Europe, Western Himalayas,
and East Asia according to the phylogenic tree made by Bate-
Smith.® Five species and one variety, Ulmus davidiana var.
japonica (Rehder) Nakai, Ulmus davidiana Planch, Ulmus
macrocarpa Hance, Ulmus parvifolia Jacq. Nakai, Ulmus
laciniata (Trautv.) Mayr, and Ulmus pumila L., are found in
Korea,”® where the bark of the genus Ulmus is considered safe
and has been consumed as a popular health food and folk
medicine. The bark of the genus Ulmus can be easily found on

Bone, unlike its rigid appearance, is a dynamic organ. As much
as 10% of the total bone content is replaced every year in
adults. Once formed, bone undergoes a metabolic process
called remodeling, which involves bone resorption by
osteoclasts and bone formation by osteoblasts.”” The balance
between the activities of osteoclasts and osteoblasts is vital for
the regulation and maintenance of the skeletal structure and
function. Most adult skeletal diseases are caused by an
imbalance in bone remodeling with excessive bone resorption
by osteoclasts. Such osteopenic diseases would include
osteoporosis, rheumatoid arthritis, periodontal disease, Paget’s
disease, and metastatic cancers.™> Among them, osteoporosis
is one of the most common chronic diseases of aging, affecting
approximately 25% of women and 12.5% of men aged S0 years
or older.” Osteoporosis seriously reduces the quality of life in
patients and puts considerable strain on healthcare costs. With
the rapidly growing aging population globally, osteoporosis is
becoming a major public health concern. Therefore, there is an
urgent need to develop effective and safe approaches for the
amelioration or treatment of osteopenic diseases. Herbal
medicines may be good options, owing primarily to their
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the internet and in markets in Korea. It has been traditionally
used in Korean herbal medicine to treat gastritis, gastric cancer,
rheumatoid arthritis, mastitis, hemorrhoids, jaundice, and
gynecological diseases.” ' Recently, the crude extract of U.
davidiana Planch was reported to inhibit bone resorption in
cultured mouse osteoclasts, stimulate osteoblastic differ-
entiation, and enhance mineralization in rat bone marrow
cells.""'>'* Little is known about the mechanisms of action
and chemical components responsible for these biological
activities of U. davidiana, although the phytochemistry of the
East Asia species has long been studied.”> ™"

For a long time, the bark of U. davidiana var. japonica
(Rehder) Nakai (UD), U. parvifolia Jacq. Nakai, and U. pumila
L., has been interchangeably consumed under the trivial name
of yugeunpi or yubaekpi in Korea as it is very difficult to
distinguish the bark of these plants from each other by the
external form even for an experienced herbal pharmacist. With
the improvement in plant taxonomy and medicine manage-
ment, only the bark of U. macrocarpa Hance (UM) is currently
approved as yugeunpi in the Korean herbal pharmacopoeia and
food ingredients listed by the Korean Ministry of Food and
Drug Safety. A literature survey revealed that the first modern
pharmacological study about UM (treatment of ulcerative
colitis) started in 1990,'® 4 years earlier than its chemical
studies.” In 2008, antihypertensive, vasorelaxant, and anti-
oxidant effects of root bark of UM were found."” The
responsible chemical components for the antioxidative effects
were confined to phenolic compounds by another group 3
years later.”® After that, an extract of UM was proved to
prevent thrombus”' and attenuated H,0, and UVB-induced
skin photoaging.”” More recent research indicated that the
extract of UM modulated ligid metabolism and improved
benign prostatic hyperplasia.””** Although many pharmaco-
logical studies have been carried out, it is incredible that there
are only two reports on chemical studies including the first one
in 1994. One of the reasons may be attributed to UD, the
previous representative species of yugeunpi, which caught the
most attention of chemical researchers.

The biological activities and chemical components of U.
macrocarpa Hance were investigated as part of our continuing
efforts to discover natural products that inhibit RANKL-
induced osteoclast differentiation. Guided by bioassay and
liquid chromatography-mass spectrometry (LC-MS) screening,
six osteoclast differentiation inhibitors (1—3 and 6—8) were
obtained along with two other structure-related analogs from
the bark of U. macrocarpa Hance. This is the first report on the
osteoclast differentiation inhibitory activity of these flavonoid
glycosides. Herein, we describe the isolation, structure
elucidation, and biological activities of these flavonoid
glycosides.

B MATERIALS AND METHODS

General Experimental Procedures. Optical rotations
were measured in MeOH using a Rudolph Research Autopol
III (Hackettstown, NJ). UV spectra were recorded on a
Hitachi JP/U-3010 UV spectrophotometer (Tokyo, Japan). All
nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker Ascend 700 spectrometer (Billerica Middlesex
County, MA) using MeOH-d, (Gif-sur-Yvette, France) as a
solvent. Chemical shifts were reported with reference to the
respective solvent peaks (6H 3.31 and 6C 49.0 for methanol-
d,). Low-resolution LC-MS data were acquired on an Agilent
Technologies 1200 series HPLC coupled to an Agilent
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Technologies 6130 quadrupole mass spectrometer. High-
resolution mass data were recorded using a TripleTOF 5600
high-resolution mass spectrometer equipped with a Quadru-
pole/TOF mass analyzer. All of the mass data were obtained
using electron spray ionization methods. High-performance
liquid chromatography (HPLC) was performed using a Waters
HPLC system (Milford Worcester County, MA) equipped
with a Waters 2998 photodiode array detector and a Waters
1525 binary pump. HPLC-grade solvents (Daejeon, Korea)
were used for the HPLC analysiss. NMR solvents were
purchased from Cambridge Isotope Laboratories Inc. (And-
over, MA).

Plant Material and Sample Preparation. U. macrocarpa
Hance was purchased from the company Jinsung F.M, and its
identity was confirmed by one (Ki Won Lee) of the coauthors.
The bark was trimmed into small pieces and ground into a fine
powder using a blender. The samples were then transferred to
an appropriately labeled polypropylene zipper bag and stored
at —20 °C until chemical investigation. Voucher specimens of
the bark were deposited at the Laboratory of Marine Drugs in
Seoul National University (# 2120006).

Isolation of Compounds. The dried U. macrocarpa Hance
bark powder (1 kg) was extracted two times with 99.9%
ethanol at room temperature. The ethanol extract (122 g) was
resuspended in distilled water (500 mL) and the solution was
partitioned with dichloromethane (S00 mL), ethyl acetate
(500 mL), and n-butanol (500 mL), respectively. The n-
butanol layer was subjected to Sephadex LH-20 size exclusion
chromatography and eluted with methanol to afford 46
fractions (UMB1—UMB46). Fractions UMB7 and UMBS
contained similar chemical components. A combination (2.4 g)
of UMB7 and UMBS8 was applied to reversed-phase flash
column chromatography (10 X 15 cm? C-18, 60 A, 500/400
mesh, SILICYCLE, Canada) and eluted with a step gradient
solvent system of 10—45% MeOH/H,0 (800 mL/fraction).
Overall, 16 subfractions (UMB78-1-UMB78-16) were
acquired. Compounds 1 (25 mg) and 2 (14 mg) were
obtained at the retention time (RT) of 22 and 23 min,
respectively, by purification of subfraction UMB78-9 on an RP
column (Synersi Fusion-C18, 250 X 10 mm? 4 um, 80 A)
eluting with 30% MeOH. Subfraction UMB78-3 was further
purified to give compounds 3 (TR: 24 min; 12 mg), 7 (TR: 16
min; 31 mg), and 8 (TR: 18 min; 19 mg) using the same
column eluting with 20% MeOH. The separation of fraction
UMB6 on reversed-phase (RP) HPLC equipped with a
Phenomenex Luna C18 column (5 um, 100 A, 250 x 100
mm?) yielded compound 4 (TR: 21 min; 33 mg) by elution
with 35% methanol. Fractions UMB9—UMBI2 were com-
bined due to their similar chemical components and
chromatographed on the abovementioned flash column with
step gradient elution (from 20 to 50% MeOH) to give 10
subfractions (UMB912-1-UMB912-10). Compound § (RT:
25 min; 34 mg) was obtained by separation of UMB912-7
using RP HPLC (Phenomenex Luna C18, S ym, 100 A, 250 x
100 mm?) eluted with 40% MeOH. Purification of UMB912-3
gave compound 6 (29 mg) at a retention time of 27 min on the
same RP HPLC column eluted with 25% MeOH.

(25)-Naringenin-6-C-f-p-glucopyranoside (1). White
amorphous powder; [a]p® +18.6 (¢ 0.20, MeOH); UV
(MeOH) A, 220, 291, 330; electronic circular dichroism
(ECD) (1.2 x 107> M, MeOH) A,,,, (A¢) 289 nm (—6.09),
217 nm (+6.92); '"H NMR (methanol-d,, 700 MHz) 6 7.30 (d,
J=8.5Hz, H2'/6'),6.81 (d, ] = 8.5 Hz, H-3'/5'), 5.94 (s, H-
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8),5.34 (dd, J = 12.6,2.9 Hz, H-2), 479 (d, ] = 9.9 Hz, H-1"),
4.14 (t, ] = 9.9 Hz, H-2"), 3.85 (dd, J = 12.1, 2.2 Hz, H-6"a),
3.71 (dd, J = 12.1, 5.5 Hz, H-6"b), 3.44 (m, H-4""), 3.43 (m,
H-3"), 3.37 (m, H-5""), 3.11 (dd, J = 17.1, 12.6 Hz, H-3a),
2.73 (dd, J = 17.1, 3.1 Hz, H-3b); *C NMR (methanol-d,, 175
MHz) § 197.7 (C-4), 168.6 (C-7), 164.4 (C-5), 164.2 (C-9),
159.0 (C-4'), 131.0 (C-1'), 129.0 (C-2'/6"), 116.3 (C-3'/5"),
106.1 (C-6), 103.0 (C-10), 96.7 (C-8), 82.5 (C-5"), 80.4 (C-
2), 80.3 (C-3""), 75.3 (C-1""), 72.6 (C-2""), 71.8 (C-4""), 62.9
(C-6"), 43.9 (C-3); ESIMS m/z 435 [M + H]*, 433 [M —
H]™; HRESIMS m/z 435.1281 [M + H]* (caled for
C,1H,;04, 435.1291).
(2R)-Naringenin-6-C-p-p-glucopyranoside (2). White
amorphous powder; [a]p* +13.8 (¢ 0.50, MeOH); UV
(MeOH) A, 220, 291, 330; ECD (0.9 x 107> M, MeOH)
Amax (A€) 290 nm (+5.48), 216 nm (—6.91); 'H NMR
(methanol-d,, 700 MHz) § 7.30 (d, J = 8.6 Hz, H-2'/6’), 6.81
(d, J = 8.6 Hz, H-3'/5'), 5.89 (s, H-8), 5.33 (dd, ] = 12.6, 3.0
Hz, H-2), 478 (d, ] = 9.9 Hz, H-1"), 4.19 (t, ] = 9.9 Hz, H-
2"),3.84 (dd, J = 12.1, 2.0 Hz, H-6"a), 3.71 (dd, ] = 12.1, 5.7
Hz, H-6"b), 3.46 (m, H-4""), 3.43 (m, H-3""), 3.37 (m, H-5"'),
3.08 (dd, J = 17.1, 12.6 Hz, H-3a), 2.71 (dd, ] = 17.1, 3.1 Hz,
H-3b); *C NMR (methanol-d,, 175 MHz) § 196.8 (C-4),
170.9 (C-7), 164.5 (C-5), 164.1 (C-9), 159.0 (C-4'), 131.2
(C-1), 129.0 (C-2'/6"), 116.3 (C-3'/5'), 106.4 (C-6), 102.3
(C-10),97.5 (C-8), 82.4 (C-5"), 80.4 (C-3""), 80.1 (C-2), 75.4
(C-1"), 72.3 (C-2""), 71.8 (C-4""), 62.9 (C-6"), 43.8 (C-3);
ESIMS m/z 435 [M + H]*, 433 [M — H]~; HRESIMS m/z
435.1278 [M + H]* (calcd for C,1H,30,,, 435.1291).
(2R,3S)-Catechin-7-O-f-p-xylopyranoside (3). White amor-
phous powder; [a]p*® —15.6 (¢ 0.50, MeOH); UV (MeOH)
Amax 203, 279; ECD (2.6 X 107> M, MeOH) A, (Ag) 276 nm
(—=1.33), 215 nm (=5.06); 'H NMR (methanol-d,, 700 MHz)
56.83 (d, ] = 1.8 Hz, H-2'), 6.76 (d, ] = 8.1 Hz, H-5'), 6.72
(dd, ] = 8.1, 1.8 Hz, H-6'), 6.17 (d, ] = 2.2 Hz, H-6), 6.11 (d, ]
=22 Hz, H-8),4.76 (d, ] = 7.1 Hz, H-1"), 4.60 (d, ] = 7.4 Hz,
H-2), 4.00 (m, H-3), 3.90 (dd, J = 11.5, 5.4 Hz, H-5"a), 3.54
(m, H-4""), 3.39 (m, H-3""), 3.38 (m, H-2""), 3.32 (overlapped
with solvent peaks, H-5"'b), 2.86 (dd, J = 16.3, 5.4 Hz, H-3a),
2.54 (dd, J = 16.3, 8.0 Hz, H-3b); '*C NMR (methanol-d,, 175
MHz) 6 158.5 (C-7), 157.6 (C-5), 156.8 (C-9), 146.29 (C-4'),
146.26 (C-3'), 132.1 (C-1'), 120.0 (C-6'), 116.1 (C-5"), 115.2
(C-2'), 103.7 (C-10), 102.9 (C-1"), 97.4 (C-6), 97.0 (C-8),
82.9 (C-2), 77.8 (C-3"), 74.7 (C-2""), 71.0 (C-4""), 68.6 (C-
3), 66.9 (C-5"), 28.5 (C-4); ESIMS m/z 423 [M + H]*, 421
[M — H]7; HRESIMS m/z 423.1278 [M + H]* (calcd for
CyoH,304, 423.1291).
(2R,3R)-Aromadendrin-6-C-f-p-glucopyranoside (4).
White amorphous powder; [a]p* +34.1 (¢ 0.50, MeOH);
UV (MeOH) A, (loge) 197, 226, 294, 330; ECD (1.2 X
107 M, MeOH) A, (Ae) 293 nm (—7.45), 256 nm (+1.25),
235 nm (+2.85), 217 nm (+9.62); '"H NMR (methanol-d,, 700
MHz) 6 7.34 (d, J = 8.5 Hz, H-2'/6'), 6.83 (d, J = 8.5 Hz, H-
3'/5), 5.92 (s, H-8), 497 (d, ] = 11.4 Hz, H-2), 479 (d, ] =
9.9 Hz, H-1"), 4.53 (d, ] = 11.4 Hz, H-3), 4.14 (t, ] = 9.1 Hz,
H-2"), 3.85 (dd, ] = 12.1, 2.2 Hz, H-6"a), 3.71 (dd, ] = 12.1,
5.5 Hz, H-6"b), 3.45 (m, H-4""), 3.44 (m, H-3""), 3.37 (m, H-
5'"); ¥C NMR (methanol-d,, 175 MHz) & 198.3 (C-4), 169.3
(C-7), 164.2 (C-5), 163.8 (C-9), 159.0 (C-4"), 130.3 (C-1"),
129.3 (C-2'/6"), 116.2 (C-3'/5'), 106.5 (C-6), 101.3 (C-10),
96.9 (C-8), 84.9 (C-2), 82.5 (C-5"), 80.3 (C-3"), 75.2 (C-
1), 73.6 (C-3), 72.5 (C-2"), 71.8 (C-4""), 62.9 (C-6"");
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ESIMS m/z 451 [M + H]*, 449 [M — H]~; HRESIMS m/z
451.1229 [M + H]* (calcd for C,1H,;04;, 451.1240).

Kaempferol 6-C-f-p-Glucopyranoside (5). White amor-
phous powder; UV (MeOH) 4, (loge) 198, 269, 368; 'H
NMR (methanol-d,, 700 MHz) & 8.08 (d, ] = 8.5 Hz, H-2'/
6'), 6.90 (d, ] = 8.5 Hz, H-3'/5"), 6.45 (s, H-8), 491 (d, ] =
9.9 Hz, H-1"), 4.19 (t, ] = 9.9 Hz, H-2"), 3.88 (dd, ] = 12.2,
2.2 Hz, H-6"a), 3.74 (dd, ] = 12.2, 5.4 Hz, H-6"b), 3.48 (m, H-
4'"), 3.48 (m, H-3""), 3.42 (m, H-5""); 3C NMR (methanol-
d, 175 MHz) § 177.5(C-4), 164.9 (C-7), 161.3 (C-5), 160.6
(C-4), 157.6 (C-9), 148.0 (C-2), 137.2 (C-3), 130.2 (C-2'/
6'),123.6 (C-1'), 116.0 (C-3'/5’), 108.4 (C-6), 104.4 (C-10),
95.3 (C-8), 83.0 (C-5"), 80.6 (C-3""), 75.7 (C-1""), 72.9 (C-
2'"), 722 (C-4""), 62.9 (C-6""); ESIMS m/z 449 [M + H]",
447 [M — H] ~; HRESIMS m/z 449.1075 [M + H]* (calcd for
C,H,; 04y, 449.1084).

(2R, 3S)-Catechin-7-O-p-p-apiofuranoside (6). White amor-
phous powder; [a]p*® —90.7 (¢ 0.50, MeOH); UV (MeOH)
Aumnax 203, 280; ECD (1.9 X 1073 M, MeOH) /., (A€) 276 nm
(=1.16), 212 nm (—5.95); 'H NMR (methanol-d,, 700 MHz)
5 6.83 (d, ] = 1.9 Hz, H-2'), 6.76 (d, J = 8.1 Hz, H-5'), 6.71
(dd, J=8.1,1.9 Hz, H-6'), 6.13 (d, J = 2.3 Hz, H-6), 6.07 (d, ]
=2.3Hz, H-8),5.48 (d,] = 2.9 Hz, H-1"), 4.60 (d, ] = 7.4 Hz,
H-2), 4.13 (d, J = 2.9 Hz, H-2"), 4.08 (d, ] = 9.7 Hz, H-4"a),
3.99 (m, H-3), 3.84 (d, J = 9.7 Hz, H-4"b), 3.62 (d, ] = 11.4
Hz, H-5"a), 3.59 (d, ] = 11.4 Hz, H-5"b), 2.85 (dd, ] = 16.3,
5.5 Hz, H-3a), 2.54 (dd, J = 16.3, 8.0 Hz, H-3b); *C NMR
(methanol-d,, 175 MHz) § 158.2 (C-7), 157.6 (C-5), 156.9
(C-9), 146.27 (C-4"), 146.25 (C-3), 132.1 (C-1), 120.0 (C-
6'), 116.1 (C-5'), 115.2 (C-2’), 108.7 (C-1"), 103.2 (C-10),
97.3 (C-6), 96.9 (C-8), 82.9 (C-2), 80.3 (C-3"), 78.3 (C-2""),
754 (C-4""), 68.6 (C-3), 64.9 (C-5""), 28.4 (C-4); ESIMS m/z
423 [M + H]*, 421 [M — H]~; HRESIMS m/z 423.1275 [M +
H]* (caled for CyH,30,,, 423.1291).

(2R,3R)-Taxifolin-6-C-f-p-glucopyranoside (7). White
amorphous powder; [a]p® +17.3 (¢ 0.50, MeOH); UV
(MeOH) A4, 200, 221, 290, 332; ECD (2.8 X 107 M,
MeOH) /.. (Ag) 333 nm (+2.20), 297 nm (—6.98), 218 nm
(+7.99); 'H NMR (methanol-d,, 700 MHz) § 6.95 (d, J = 1.9
Hz, H-2'), 6.84 (d, ] = 8.1 Hz, H-5'), 6.80 (dd, ] = 8.1, 1.9 Hz,
H-6'), 5.93 (s, H-8), 4.92 (d, J = 11.3 Hz, H-2), 4.80 (d, ] =
9.9 Hz, H-1"), 4.50 (d, ] = 11.3 Hz, H-3), 4.14 (t, ] = 8.8 Hz,
H-2"), 3.86 (dd, J = 12.1, 2.2 Hz, H-6"a), 3.71 (dd, J = 12.1,
5.5 Hz, H-6"b), 3.44 (m, H-4""), 3.43 (m, H-3'"), 3.38 (m, H-
5'"); 3C NMR (methanol-d,, 175 MHz) 6 198.4 (C-4), 168.6
(C-7), 164.2 (C-5), 163.8 (C-9), 147.2 (C-4'), 146.3 (C-3'),
129.8 (C-1'), 120.4 (C-6'), 116.1 (C-5"), 115.8 (C-2’), 106.4
(C-6), 101.5 (C-10),96.7 (C-8), 85.1 (C-2), 82.5 (C-5"), 80.2
(C-3""), 752 (C-1"), 73.6 (C-3), 72.6 (C-2'"), 71.8 (C-4""),
62.9 (C-6"); ESIMS m/z 467 [M + H]*, 465 [M — H];
HRESIMS m/z 467.1183 [M + H]" (caled for C,H,304,,
467.1190).

(2S,3S)-Taxifolin-6-C-f#-p-glucopyranoside (8). White
amorphous powder; [a]p®® —7.3 (¢ 0.50, MeOH); UV
(MeOH) A, 200, 221, 290, 332; ECD (2.1 x 107 M,
MeOH) A, (A¢) 331 nm (—0.67), 297 nm (+4.65), 227 nm
(—6.82), 206 nm (—6.23); '"H NMR (methanol-d,, 700 MHz)
5695 (d, ] = 1.9 Hz, H-2'), 6.84 (d, ] = 8.1 Hz, H-5'), 6.80
(dd, J = 8.1, 1.9 Hz, H-6'), 5.95 (s, H-8), 4.93 (d, ] = 11.3 Hz,
H-2), 4.80 (d, ] = 9.9 Hz, H-1"), 4.50 (d, J = 11.3 Hz, H-3),
4.13 (t, ] = 8.8 Hz, H-2"), 3.86 (dd, ] = 12.1, 2.2 Hz, H-6"a),
3.71 (dd, J = 12.1, 5.5 Hz, H-6"b), 3.44 (m, H-4"'), 3.43 (m,
H-3""), 3.38 (m, H-5""); '*C NMR (methanol-d,, 175 MHz) &
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Table 1. Primer Sequences Used in This Study

primer sequence (5’ — 3')

gene of interest

sense antisense

NFATc1 GGGTCAGTGTGACCGAAGAT GGAAGTCAGAAGTGGGTGGA
CTSK GGCCAACTCAAGAAGAAAAC GTGCTTGCTTCCCTTCTGG
OSCAR CTGCTGGTAACGGATCAGCTC CCAAGGAGCCAGAACCTT
DC-STAMP CCAAGGAGTCGTCCATGATT GGCTGCTTTGATCGTTTCTC
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
OH OH
OH HO o] ©/
®)
,, 0 O OH . (R
(R) HO, OH
(S,
0 OH 56 OHO
OH HO™ ™~
HO™
3 4
OH
OH
(0] o\
Ay oH
(s, HO, .
OH
o)
HO™
7 2R 3R
5 6 8 25 3S

Figure 1. Chemical structures of compounds 1—8.

198.7 (C-4), 167.9 (C-7), 164.1 (C-5), 163.8 (C-9), 147.2 (C-
4'), 146.3 (C-3'), 129.7 (C-1"), 120.8 (C-6'), 116.1 (C-5'),
115.9 (C-2'), 106.3 (C-6), 101.7 (C-10), 96.5 (C-8), 85.0 (C-
2), 82.5 (C-5"), 802 (C-3""), 752 (C-1""), 73.6 (C-3), 72.5
(C-2"),71.8 (C-4""), 62.9 (C-6""); ESIMS m/z 467 [M + H]*,
465 [M — H]~; HRESIMS m/z 467.1174 [M + H]* (calcd for
C,H,;0,,, 467.1190).

Osteoclast Differentiation and Tartrate-Resistant
Acid Phosphatase (TRAP) Staining. Osteoclast differ-
entiation and TRAP staining were carried out as previously
reported.”” Bone marrow cells (BMCs) were isolated in strict
accordance with the Standard Protocol for Animal Study of
Sunchon National University (SCNU). The animal use
protocol was approved by the Institutional Animal Care and
Use Committee of SCNU (Permit No. SCNU IACUC 2021-
0S). All efforts were made to minimize suffering. In short, bone
marrow cells (BMCs) were isolated by flushing femurs and
tibias of S-week-old ICR mice.”® The isolated BMCs were
cultured in a@-MEM supplemented with 10% fetal bovine
serum (FBS) (Invitrogen Life Technologies, Grand Island,
NY) with 10 ng/mL M-CSF (R&D Systems) for 1 day. Bone
marrow macrophages, obtained by removing floating cells,
were used for osteoclast differentiation. BMMs (1 X 10* cells/
well) were cultured with M-CSF (30 ng/mL) and RANKL (10
ng/mL; R&D Systems) for 3 days to generate preosteoclasts.
The preosteoclasts were treated with vehicle or indicated
compounds in the presence of M-CSF (30 ng/mL) for 30 min
and then cultured with RANKL (10 ng/mL) to differentiate
into mature tartrate-resistant acid phosphatase-positive multi-
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nucleated cells (TRAP*-MNCs). After 1 day, the cells were
fixed with 3.7% formaldehyde for S min, permeabilized with
0.1% Triton X-100 for 5 min, and stained using the leukocyte
acid phosphatase kit 387-A.

Cell Viability Assay. Cell viability was assessed after 72 h
of treatment with only vehicle or indicated compounds by
assessing the conversion of WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazo-
lium, monosodium salt] to formazan according to the
manufacturer’s instructions (Dojindo, Kumamoto, Japan).
The isolated BMMs (1 X 10* cells/well) were incubated in
the presence of M-CSF (30 ng/mL) in 96-well plates for 12 h,
and then each well was treated with dimethyl sulfoxide
(DMSO) or flavonoid compounds at the indicated concen-
trations. After 3 days, 10 uL of a WST-8 solution was added to
each well, and the plates were incubated for 4 h at 37 °C. The
optical density was measured at 450 nm using a standard
microplate reader (Thermo, Varioskan Flash, UK.).

Real-Time Polymerase Chain Reaction (PCR). Real-
time PCR was performed as previously described.”® BMMs
were incubated with M-CSF (30 ng/mL) in 10% FBS a-MEM
and activated with RANKL (10 ng/mL) for 0, 1, 2, or 3 days in
the presence of compound 8. PCR primer sets (Table 1) were
designed using the online Primer3 program.”” Total RNA was
isolated using a TRIzol reagent (Thermo Fisher Scientific Inc.,
Waltham, MA), and cDNA was synthesized using the M-MLV
cDNA synthesis kit (Enzynomics, Daejeon, Korea). PCR was
performed using a TOPreal qPCR 2x PreMIX (Bio-Rad,
Hercules, CA) in a real-time PCR detection system (Bio-Rad).
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Figure 2. Electronic circular dichroism (ECD) spectra of compounds 1—3 and 6—8.

The mRNA levels of the genes were determined using the
2784¢ method. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal standard.

Western Blotting. Western blotting analysis was per-
formed as previously described.”® Briefly, BMMs were
incubated with RANKL (10 ng/mL) and M-CSF (30 ng/
mL) in 10% FBS a-MEM for 0, 1, 2, or 3 days in the presence
of compound 8. Harvested cells were lysed in lysis buffer
containing protease inhibitors and quantified using the
Bradford assay. Isolated proteins were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a poly(vinylidene difluoride)
(PVDF) membrane (Millipore). The membrane was incubated
with a primary antibody (NFATcl1) at 4 °C overnight. f-actin
was used for the loading control.

Statistical Analysis. Results are expressed as mean =+
standard deviation (SD) of three replicates. Statistical
differences were analyzed using Student’s t-test. Probability
values lower than 0.05 were considered significant (P values *
< 0.05, ** < 0.01, *** < 0,001).

B RESULTS AND DISCUSSION

Structure Elucidation of Active Compounds. The
ethanolic extract of U. macrocarpa Hance bark demonstrated
a significant inhibitory effect on osteoclast differentiation at
initial screening. Solvent partition of the extract followed by
repeated chromatography led to the isolation of eight flavonoid
glycosides, including six osteoclast differentiation inhibitors
(Figure 1).

Active compound 1 showed UV absorption at 220 nm
(maximum), 291 nm (maximum), and 330 nm (inflection),
which is reminiscent of a flavanone structure. Positive and
negative electrospray ionization (ESI) MS gave protonated
molecular ion peaks at m/z 435 [M + H]* and 433 [M — H],
respectively. In the '"H NMR spectrum, compound 1 exhibited
an aromatic singlet at 6 5.94 for H-8 of a 1,2,34,5-
pentasubstituted benzene ring and two aromatic doublets at
6 730 for H-2'/6' and & 6.81 for H-3'/S’ of a para-
disubstituted benzene ring. In addition, three coupling
aliphatic protons were observed at 6 5.34, 3.11, and 2.73,
which can be assigned to H-2, H-3a, and H-3b, respectively,
suggesting a naringenin aglycone. In addition to the signals
ascribed to flavanone aglycone, the '"H NMR spectrum also
showed seven aliphatic oxygenated proton signals expected for
a hexose unit. Examination of the coupling constants of the
sugar part, especially the coupling constant of 9.9 Hz observed
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between H-1” and H-2”, and comparing these values with
those reported for -p-glucopyranosides and a-p-glucopyrano-
sides,”® ™" the p-glucopyranose moiety and the f3-configuration
were unequivocally identified. The 6-C-linkage of the glucose
moiety was confirmed by the characteristic >C chemical shift
of C-1" at 6 75.3 and the HMBC correlations from H-1"" to its
neighboring carbon atoms C-S, C-6, and C-7.

The active compound 2 was well differentiated from
compound 1 in our achiral HPLC separation but exhibited
exactly the same UV and MS spectra and very similar NMR
spectra to compound 1, which resulted in the assignment of a
P-p-glucopyranose unit and an aglycone with the same atomic
connection as 1. The absolute configuration at C-2 was
assessed by ECD spectroscopy because flavonoid glycosides
show Cotton effects (CEs) quite similar to their optically
active aglycones.”’ Compound 1 displayed a negative CE,
while compound 2 exhibited a positive CE in the 7 — 7*
region at 290 nm, which established the 2S and 2R
configuration for compounds 1 and 2, respectively, in
accordance with the modified octant rule.** Thus, compounds
1 and 2 were determined as (2S)- and (2R)-naringenin-6-C-f3-
p-glucopyranoside, respectively (Figure 2).

Active compounds 3 and 6 share the same flavan-3-ol
aglycone and differ only in the sugar moiety. The presence of
B-D-xylopyranose in compound 3 and p-p-apiofuranose in
compound 6 was indicated by the chemical shifts and coupling
constants including those typical for the anomeric atoms [§
4.76 (J = 7.1 Hz) for H-1” and 6 102.9 for C-1" in 3; 5 5.48 (J
= 2.9 Hz) for H-1” and & 108.7 for C-1” in 6]. The 2,3-trans
relative configuration of the aglycone moiety was confirmed by
the vicinal coupling constant of H-2—H-3 (7.4 Hz). A small
value of less than 2 Hz, often appearing as a broad singlet, was
reported for a 2,3-cis configured flavan-3-ol.>* Flavan-3-ols with
a 2R configuration gave rise to a negative CE at around 280 nm
('Lb transition), which is irrelevant to the configuration at C-
334730 Accordingly, the 2R,3S absolute configuration was
corroborated for compounds 3 and 6 based on the negative CE
at 276 nm.

As in the case of 1 and 2, active compounds 7 and 8
displayed a different elution order in the achiral HPLC system
but the same UV and MS and almost the same NMR spectra.
Compound 7 showed UV absorption at 200, 221, 290, and 332
nm, and the positive and negative ion ESIMS gave protonated
molecular ion peaks at m/z 467 [M + H]" and 465 [M — H]~,
respectively, 32 amu more than the corresponding ion peaks of
compound 1. In addition to the proton signals assigned to a f3-
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Figure 3. (A, B) Effects of compound 8 on RANKL-induced osteoclast differentiation at the concentrations of 1, 3, 10, and 20 M. Bone marrow-
derived macrophages were cultured for 4 days with M-CSF (30 ng/mL) and RANKL (10 ng/mL) in the presence of DMSO or indicated
concentrations of compounds. The cells were fixed, permeabilized, and stained with a TRAP solution. Mature TRAP-positive multinucleated
osteoclasts were photographed under a light microscope. TRAP-positive cells were counted as osteoclasts (nuclei > 3). (C) Effects of compounds
1—-8 on RANKL-induced osteoclast differentiation at a concentration of 20 uM; *P < 0.05, ¥*P < 0.01, ***P < 0.001.

D-glucopyranose part and an aromatic singlet for H-8 at § 5.93,
the 'H NMR spectrum of compound 7 showed three
additional aromatic protons at & 6.95, 6.84, and 6.80 derived
from a 1,24-trisubstituted phenol ring and two coupling
oxygenated methines at § 4.92 (H-2) and 4.50 (H-3),
suggesting the presence of two additional hydroxyl groups in
7 compared to 1. The 2,3-trans relative configuration was
revealed by the large J,; coupling constant of 11.3 Hz.
Compounds 7 and 8 differed from each other only in the
absolute configuration at C-2 and C-3. The absolute
configuration at C-2 was defined by the characteristic CEs. A
negative 7 — #* CE at 296 nm and a positive n — 7* CE at
333 nm were observed for compound 7, while compound 8
exhibited opposite signs in the two regions with a positive 7 —
7% CE at 297 nm and a negative n — 7% CE at 331 nm.
Hence, 2R for 7 and 2S for 8 were established.® Finally,
compounds 7 and 8 were elucidated as (2R,3R)- and (25,3S)-
taxifolin-6-C-f-p-glucopyranoside, respectively.

Compounds 4 and 5 were identified as (2R,3R)-aromaden-
drin-6-C-f-p-glucopyranoside and kaempferol 6-C-glucopyra-
noside, respectively, using the same strategy as the above-
mentioned active compounds. The present study, for the first
time, reported the isolation of compounds 1—5 and 8 from U.
macrocarpa Hance and provided an unambiguous assignment
of the structure of compounds 2, 4, and 7 by a combination of
NMR and MS techniques.

Flavonoids are an important class of valuable secondary
metabolites found in plants and are commonly consumed as
food and pharmaceutical materials. Based on the structural
modification of ring C including the oxidation state, flavonoids
can be divided into several subclasses, including flavanone,
flavanonol, flavan, and flavonol. In addition, the variety of
structures is known to be derived from the modification of the
C6—C3—C6 skeleton by hydroxylation, glycosylation, methox-
ylation, as well as other modifications, and combinations
thereof. The present study reported two flavanones (1 and 2),
three flavanonols (4, 7, and 8), two flavans (3 and 6), and one
flavonol (5). Among them, diastereoisomers 1 and 2 were
obtained in a 3:1 ratio and diastereoisomers 7 and 8 were

4845

isolated in a 4:1 ratio. Both pairs of diastereoisomers were for
the first time found to co-occur in the genus Ulmus, but it is
unsurprising given that flavonoid enantiomers have been
characterized in free form or bonded to glycosides in some
other plants.”’~*" Identification and determination of these
diastereoisomers will allow for the selection of a specific
pharmaceutical application since most enzymatic reactions
acquire high stereoselectivity.

Osteoclast Differentiation Inhibitory Activity of
Isolated Compounds. Mature osteoclasts originate from
bone marrow-derived macrophages (BMMs). The differ-
entiation and proliferation of BMMs are mainly regulated by
the receptor activator of nuclear factor (NF)-«B ligand
(RANKL) and macrophage colony-stimulating factor 1 (M-
CSE)."*"" Thus, the RANKL signaling pathway is often
employed as a promising target for suppressing excessive
osteoclast differentiation characteristic of a variety of bone
diseases including osteoporosis.

To examine the inhibitory activity of these flavonoid
glycosides on RANKL-induced osteoclast differentiation,
BMMs were incubated with 10 ng/mL RANKL and 30 ng/
mL M-CSF for 3 days to generate preosteoclasts, which were
treated with vehicle or indicated compounds in the presence of
M-CSF (30 ng/mL) for 30 min and cultured with RANKL (10
ng/mL) for another day to differentiate into mature tartrate-
resistant acid phosphatase-positive multinucleated osteoclast
cells (TRAP*-MNCs). TRAP was employed as a primary
marker since it was reported to be highly expressed in
osteoclasts. As shown in Figure 3C, compounds 2, 3, 7, and 8
exhibited potent inhibitory activity on RANKL-induced
osteoclast differentiation of BMMs into mature osteoclasts,
while compounds 1 and 6 were weakly active and compounds
4 and 5 were inactive in the present study. Compounds 2, 3, 7,
and 8 suppressed RANKL-induced differentiation of BMMs by
77, 82, 65, and 97%, respectively, at a concentration of 20 yM
(Figure S1). The test concentration of the most potent
compound 8 was extended to 1 uM, and compound 8
suppressed RANKL-induced osteoclast differentiation in a
dose-dependent manner (Figure 3B). None of the test
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Figure 4. Effects of compound 8 (20 yM) on the RANKL-induced mRNA expression of osteoclast differentiation-specific genes. Effects of
compound 8 on RANKL-mediated NFATc1, DC-STAMP, OSCAR, and CTSK expressions were analyzed by real-time PCR over a 3 day period.

Con: DMSO. *P < 0.05; **P < 0.01; ***P < 0.001.

compounds showed any significant cytotoxic effects on BMMs
at the maximum test concentration (20 uM), which was
evaluated using the Cell Counting Kit-8 (CCK-8) assay.*’

With respect to structure—activity relationships, the
experimental observations suggest the important role of
stereochemistry, as exemplified by the two pairs of
diastereoisomers. Compounds 2 and 8 exhibited more potent
osteoclast differentiation inhibitory activities than their
corresponding diastereoisomers 1 and 7, respectively, despite
having the same planar structure. The sugar unit appears to be
responsible for the good activity because compound 3 with -
D-xylopyranose is more active than compound 6, which
contains a f-p-apiofuranose at the same position of the same
aglycone as 3. Compounds 2 and 8 have been reported to
stimulate osteoblast differentiation assessed by alkaline
phosphatase activity.** In addition, it was hypothesized that
C-glycosylated flavonoids may be better therapeutic candidates
because of their stability over aglycone and O-glycosylated
flavonoids.

Inhibitory Effects of Compound 8 on RANKL-Induced
Gene Expression. To investigate the mechanism of action of
flavonoids in inhibition of osteoclast differentiation, the
inhibitory effects of compound 8 on the mRNA expression
of transcription factor NFATc1 as well as osteoclast-specific
genes were confirmed by real-time PCR analysis. NFATc1 is a
master regulator involved in osteoclast formation,** and an
osteoclast-associated receptor (OSCAR) was characterized as
an important osteoimmunological mediator.*® The dendritic
cell-specific transmembrane protein (DC-STAMP) and
cathepsin K (CTSK) are found to be involved in fusion and
bone resorptive activity, respectively.”” It was reported that
RANKL induction of these osteoclast-specific genes can be
attenuated by the inactivation of NFATcl. As shown in Figure
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4, the mRNA expression level of NFATcl was activated in
RANKL-treated cells (control) during the 3 day RANKL-
treatment period. In contrast, the transcriptional expression
level of NFATc1 was significantly suppressed after addition of
compound 8. Similarly, the mRNA expression levels of
OSCAR, DC-STAMP, and CTSK were significantly reduced.
These observations indicated that the osteoclast differentiation
inhibitory activity of compound 8 could be caused by the
downregulation of NFATc1 expression.

Compound 8 Inhibited the RANKL-Induced Protein
Expression of NFATc1. Western blotting analysis was
performed to examine the effect of compound 8 on the
expression of NFATc1. Consistent with the mRNA expression
data, the translational expression level of NFATcl was
activated after RANKL treatment and increased in proportion
to the reaction time, but pretreatment of compound 8 (20
uM) significantly attenuated the protein expression of
NFATcl (Figure S). The result suggested that compound 8
inhibited osteoclast formation by suppression of NFATcl
expression.

Control Compound 8 (20 uM)

01 2 3 01 2 3 days)

NFATC1 ‘ - . "“

B-actin ,m

Figure S. Effects of compound 8 (20 #M) on the RANKL-induced
mediated protein expression of NFATc1. The expression of NFATc1
protein was evaluated by western blotting analysis after treatment with
RANKL (10 ng/mL) and M-CSF (30 ng/mL) for 1, 2, and 3 days.
Control: DMSO.
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To the best of our knowledge, this is the first report of
compounds 1—8 from U. macrocarpa. Detail NMR assign-
ments were provided for all of the compounds including
compounds 2, 4, and 7, whose NMR data are not available in
references despite recent isolation from Clitoria guianensis.*®
Compounds 2 and 8, from a Western Himalayas species U.
wallichiana,** were reported to stimulate osteoblast differ-
entiation. The present study, for the first time, reported their
inhibitory activities on RANKL-induced osteoclast differ-
entiation. Both stimulation of osteoblast differentiation and
inhibition of osteoclast differentiation are important for the
treatment of osteopenic diseases because such diseases are
mainly caused by the loss of balance between bone resorption
by osteoclasts and bone formation by osteoblasts."

In conclusion, the present study, for the first time, revealed
(2S)-naringenin-6-C-f3-p-glucopyranoside (1), (2R)-naringe-
nin-6-C-f-p-glucopyranoside (2), (2R,3S)-catechin-7-O-f-p-
xylopyranoside (3), (2R,3S)-catechin-7-O-f-p-apiofuranoside
(6), (2R,3R)-taxifolin-6-C-f-p-glucopyranoside (7), and
(28,3S)-taxifolin-6-C-f-p-glucopyranoside (8) from U. macro-
carpa Hance as osteoclast differentiation inhibitory constitu-
ents. Mechanistically, the compounds may exhibit osteoclast
differentiation inhibitory activity via the downregulation of
NFATc1, a master regulator involved in osteoclast formation.
We hope that the present study will provide further scientific
evidence for the rational application of the genus Ulmus in the
treatment of osteopenic diseases such as osteoporosis.
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