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Abstract: Interleukin-6 (IL-6)/signal transducers and activators of transcription (STAT) signaling pathway
is closely related to the development and progression of atherosclerosis (AS). Taking Chinese natural product
berberine (BBR) as the leading compound, a series of novel BBR analogues defined on different types of
substituents on position 3 or/and 9 were designed, synthesized and evaluated for their inhibitory activities on
phosphorylation of STAT-1 and STAT-3 induced by IL-6. The structure-activity relationship indicated that
introduction of rigid fragment on position 3 or 9 was beneficial for enhancing their activities. Among them,
compounds 2b and 9 exhibited the most satisfactory potency. The study revealed that the compounds 2b and
9 exhibit anti-inflammatory potencies via activating AMPK, and down-regulation of phosphorylation of STAT1
and STAT3 induced by IL-6 in HUVEC cells. These results suggest that BBR derivatives may inhibit the
inflammatory response mediated by the IL-6/STAT signaling pathway through regulation of AMPK, which
provides useful insight into the development of BBR derivatives for treatment of atherosclerosis.
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Figurel Chemical structure of berberine (BBR), and its structure modification strategy
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Reagents and conditions: (a) 195 ‘C, 30-40 mmHg, 60 min; (b) RCOCI, triethylamine, CH3CN, reflux; (c) 2,4-Dimethoxybenzylamine, 120 ‘C; (d) HCI,
CH30H; (€) R1COClI, pyridine, CH,Cl,, reflux.

Schemel Synthesis of 9-substituted BBR derivatives

2d/5d: 2e/5e: 2fisf:
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Reagents and conditions: (a) 2,4-Dimethoxybenzylamine, 120 °C; (b) HCI, CH3OH; (c) RCOCI, triethylamine, CH3CN, reflux; (d) HCI, CH3OH; (e)

RCOCI, triethylamine, CH3CN, reflux.

Scheme 2 Synthesis of 3- and 9-substituted jatrorrhizine derivatives (7—11)
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Table1l Physical propertiesand spectra data of all newly synthesized compounds

No. Y/';id %péc.c) 'H NMR ¥C NMR HR-ESI-MS (m/z)

2a 35 190-192 'H NMR (500 MHz, DMSO-ds) 6 10.02 (s, 1H), 9.08 (s, BC NMR (126 MHz, DMSO-ds) 6 171.2, Cu3H2CINOs
1H), 8.29 (d, J = 9.2 Hz, 1H), 8.21 (d, J = 9.2 Hz, 1H), 7.82 151.0, 150.6, 148.3, 145.1, 138.7, 134.2, [M—Cl]*: 392.1480,
(s, 1H), 7.10 (s, 1H), 6.18 (s, 2H), 4.98 (t, J= 6.4 Hz, 2H), 133.5, 131.5, 127.3, 126.5, 121.8, 121.2, found: 392.149 2
4.03 (s, 3H), 3.23 (t, J=6.4 Hz, 2H), 2.88 (t, J= 7.3 Hz,  121.0, 109.1, 106.2, 102.8, 57.8, 55.8,
2H), 1.77 (h, J= 7.3 Hz, 2H), 1.06 (t, J = 7.4 Hz, 3H). 35.7, 26.8, 18.5, 14.0.

2b 37  204-206 HNMR (500 MHz, DMSO-dg) § 9.52 (s, 1H), 9.08 (s, ¥C NMR (126 MHz, DMSO-ds) 6 174.8, CaoH30CINOs
1H), 8.29 (d, J= 9.2 Hz, 1H), 8.21 (d, J= 9.2 Hz, 1H), 7.84 150.8, 150.6, 148.4, 144.5,138.7, 134.6, [M—Cl]*: 484.211 9,
(s, 1H), 7.12 (s, 1H), 6.19 (s, 2H), 4.98 (t, J= 6.3 Hz, 2H), 133.6, 131.5, 127.2, 126.5, 121.6, 121.4, found: 484.212 3
4.02 (s, 3H), 3.22 (t, J= 6.3 Hz, 2H), 218 (d, J=3.0Hz,  121.0, 109.1, 106.2, 102.8, 57.9, 56.2,
6H), 2.14-2.10 (m, 3H), 1.79 (t, J = 3.0 Hz, 6H). 41.6, 38.8 (3), 36.5 (3), 27.9 (3), 26.8.

2c 41 176-178 H NMR (500 MHz, DMSO-ds) 6 10.06 (s, 1H), 9.11 (s, ¥C NMR (126 MHz, DMSO-dg) 6 162.8,  Cy7H1oCIFsNOg
1H), 8.37 (d, J = 9.3 Hz, 1H), 8.34-8.31 (m, 1H), 8.29 (d,  151.0, 150.7, 149.2, 148.4, 145.2, 1389, [M-CI]*: 510.1159,
J=9.2Hz, 1H), 815 (d, J = 2.9 Hz, 1H), 7.95-7.86 (m, 133.7, 133.6, 132.2, 131.6, 130.8, 130.2, found: 510.114 0
2H), 7.85 (s, 1H), 7.11 (s, 1H), 6.20 (s, 2H), 490 (t, J=6.5 128.0,127.9, 126.5, 123.2, 121.7, 121.3,
Hz, 2H), 4.05 (s, 3H), 3.21 (t, J = 6.4 Hz, 2H). 121.0, 120.7, 109.1, 106.2, 102.8, 58.0,

55.9, 26.8.

2d 33 180-182 H NMR (500 MHz, DMSO-dg) 6 10.04 (s, 1H), 9.12 (s, 13C NMR (126 MHz, DMSO-dg) 6 163.7, Ca7H21Cl,NOs
1H), 8.36 (d, J = 9.3 Hz, 1H), 8.34 (t, J= 1.9 Hz, 1H), 8.29 151.0, 150.6, 148.4, 145.2, 139.5, 138.8, [M-CI]*: 474.110 3,
(d, 3= 9.2 Hz, 1H), 8.25 (dt, J= 7.8, 1.5 Hz, 1H), 7.93 (dt, 135.6, 134.1, 133.6, 131.5, 131.2, 131.0, found: 474.108 6
J=78,15Hz, 1H), 7.85 (s, 1H), 7.73(t, J= 7.8 Hz, 1H),  130.3,129.0, 127.7, 126.5, 121.8, 121.3,
6.19 (s, 2H), 4.98 (s, 2H), 4.91 (t, J= 6.4 Hz, 2H), 404 (s, 121.0, 109.1, 106.2, 102.8, 57.9, 55.9,
3H), 3.21 (t, J = 6.4 Hz, 2H). 45.9, 26.8.

2 27 193-195 H NMR (500 MHz, methanol-ds) 5 9.82 (s, 1H), 8.88 (s,  *C NMR (126 MHz, DMSO-dg) 6 177.9, CasH21CIN2Og

1H), 8.32 (d, J = 9.2 Hz, 1H), 8.28 (d, J = 9.2 Hz, 1H), 7.73 160.5, 159.6, 151.2, 150.7, 148.4, 145.1,
(s, 1H), 6.99 (s, 1H), 6.14 (s, 2H), 5.01-4.93 (m, 2H), 4.12
(s, 3H), 3.28 (t, J = 6.3 Hz, 2H), 2.84 (s, 3H), 2.56 (s, 3H).

[M—CI]": 445.139 4,
138.9, 133.6, 133.2, 131.6, 127.8, 126.5, found: 445.137 7
121.9, 121.3, 121.0, 109.1, 108.1, 106.2,

102.8, 58.0, 55.9, 26.8, 14.2, 12.3.
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No. Y/'Oi')d (”E)pécg IH NMR BCNMR HR-ESI-MS (m/2)
2f 34  180-182 H NMR (500 MHz, DMSO-ds) 6 10.07 (s, 1H), 9.38 (d, 3C NMR (126 MHz, DMSO-dg) § 172.7,  CasH1gBrCIN,Os
J=1.8Hz, 1H), 9.19 (d, J= 2.3 Hz, 1H), 9.09 (s, 1H), 8.82 161.8, 156.2, 151.0, 150.7, 150.0, 148.4, [M—CI]": 505.039 4,
(t,J=21Hz, 1H),837(d, J=9.2Hz,1H),829(d, J= 1452, 140.7, 139.0, 133.6, 133.3,131.6,  found: 505.037 5
9.1Hz, 1H), 7.84 (s, 1H), 7.12 (s, 1H), 6.20 (5, 2H), 489 128.0, 126.6, 121.5, 121.3, 121.2, 121.0,
(t, 3=6.3Hz, 2H), 4.06 (s, 3H), 3.22 (t, J=6.5Hz, 2H).  109.1, 106.2, 102.8, 58.0, 56.0, 26.8.
5a 30 225-227 ‘H NMR (500 MHz, methanol-ds) § 9.47 (s, 1H), 8.79 (s,  **C NMR (126 MHz, DMSO-dg) 5 173.2, C23H23CIN2O,
1H), 8.26 (d, J = 9.2 Hz, 1H), 8.17 (d, J= 9.2 Hz, 1H), 7.69 154.9, 150.5, 148.3, 146.8, 138.0, 133.8, [M—CI]*: 391.1640,
(s, 1H), 6.99 (s, 1H), 6.13 (s, 2H), 5.02-4.93 (m, 2H), 4.12 1313, 127.9, 125.8, 124.6, 1225, 121.4,  found: 391.165 2
(s, 3H), 3.32-3.23 (m, 3H), 2.65 (t, J= 7.4 Hz, 2H), .86 121.1, 109.1, 106.1, 102.8, 57.6, 55.9,
(h, J=7.4Hz, 2H), 1.13 (t, J = 7.4 Hz, 3H). 38.1,26.9,19.1, 14.4.
5b 43 242-244 H NMR (500 MHz, DMSO-dg) 6 9.40 (s, 1H), 9.29 (d, 3C NMR (126 MHz, DMSO-dg) 6 177.9,  CaoH31CIN,O,Cl
J=4.6Hz, 1H), 8.21 (s, 2H), 7.82 (s, 1H), 7.11 (s, 1H), 155.2, 150.3, 148.1, 146.0, 137.8, 133.6, [M—CI]": 483.227 8,
6.18 (s, 2H), 5.00 (t, J = 6.3 Hz, 2H), 4.07-3.96 (m, 3H), 1312, 127.9, 125.7, 124.9, 122.9,121.3,  found: 483.228 0
3.21 (t, J= 6.3 Hz, 2H), 2.07 (s, 9H), 1.76 (s, 6H). 120.9, 108.9, 106.0, 102.5, 57.5, 56.0,
41.3,38.9, 36.6 (3), 28.2 (3), 26.8 (3).
5c 37  245-247 H NMR (500 MHz, DMSO-ds) 6 10.69 (s, 1H), 9.82 (s, C NMR (151 MHz, DMSO-dg) & 165.1, CarH20FsN20s
1H), 9.06 (s, 1H), 8.29 (s, 2H), 8.20 (d, J = 7.6 Hz, 1H), 155.3,150.3, 148.8, 148.1, 146.4, 138.1,  [M—CI]*: 509.131 9,
8.08 (s, 1H), 7.84 (s, 1H), 7.82—-7.68 (m, 2H), 7.10 (s, 1H), 136.2,133.7,131.2, 131.1, 12855, 127.8,  found: 509.129 9
6.19 (s, 2H), 4.96 (t, J = 6.1 Hz, 2H), 4.05 (s, 3H), 3.20 125.7, 120.6, 125.0, 124.8, 121.7, 121.3,
(t, 3=6.2 Hz, 2H). 121.2, 120.9, 108.8, 106.0, 102.5, 57.5,
55.6, 26.7.
5d 39  256-258 H NMR (500 MHz, DMSO-ds) 6 9.79 (s, 1H), 9.05 (s, 3C NMR (126 MHz, DMSO-dg) 6 166.2,  Ca7H22Cl2N20;4
1H), 8.28 (s, 2H), 8.20-8.17 (m, 1H), 8.14 (d, J=7.8Hz, ~ 155.3,150.2, 148.2, 146.4, 1385,138.1, [M—CI]": 473.126 4,
1H), 7.84 (s, 1H), 7.76-7.72 (m, 1H), 7.62 (t, J=7.7 Hz,  134.4,133.7,132.9,131.2,129.3,129.2,  found: 473.124 8
1H), 7.10 (s, 1H), 6.19 (s, 2H), 4.96 (t, J = 6.4 Hz, 2H), 128.6, 128.3, 125.7, 124.9, 122.2, 121.3,
4.90 (s, 2H), 4.04 (s, 3H), 3.20 (t, J = 6.4 Hz, 2H). 121.0, 108.9, 106.0, 102.6, 57.4, 55.6,
46.2, 26.7.
5e 28  243-245 H NMR (500 MHz, DMSO-ds) 6 10.09 (s, 1H), 9.80 (s, 3C NMR (151 MHz, DMSO-dg) 6 171.4, C2sH22CIN3Os
1H), 9.06 (s, 1H), 8.27 (s, 2H), 7.84 (s, 1H), 7.11 (5, 1H),  161.9, 159.3, 155.0, 150.3, 148.1, 146.4, [M—CI]*: 444.155 4,
6.19 (s, 2H), 4.98 (t, J = 6.4 Hz, 2H), 4.07 (s, 3H), 3.21 138.0, 133.6, 131.2, 128.3, 1256, 1245,  found: 444.153 8
(t, 3= 6.4 Hz, 2H), 2.71 (s, 3H), 2.45 (s, 3H). 121.6, 121.2, 120.9, 113.1, 108.9, 106.0,
102.5, 57.5,55.7, 26.7, 13.1, 11.3.
5f 36 205-207 H NMR (500 MHz, DMSO-ds) 6 10.84 (s, 1H), 9.84 (s, C NMR (126 MHz, DMSO-dg) § 1725,  CasH19BrCIN3O4
1H), 9.23 (s, 1H), 9.06 (s, 1H), 9.01 (d, J = 2.2 Hz, 1H), 164.1, 155.3, 153.6, 150.4, 148.3, 148.2,  [M—CI]": 504.055 4,
8.72 (s, 1H), 829 (s, 2H), 7.84 (s, 1H), 7.11 (s, 1H), 6.19  146.3,138.7,138.3,133.7, 131.2, 1287,  found: 504.0535
(s,2H), 4.95 (t, J= 6.3 Hz, 2H), 4.06 (s, 3H), 3.21 (t, J=  125.7,124.7, 121.3, 121.1, 120.9, 120.5,
6.3 Hz, 2H). 108.9, 106.0, 102.6, 57.5, 56.5, 26.7.
7 30  102-104 H NMR (500 MHz, DMSO-ds) 6 10.10 (s, 1H), 10.06 (5,  *C NMR (126 MHz, DMSO-ds) ¢ 160.4, C2sH29CIN2Os
1H), 8.79 (s, 1H), 7.86 (d, J = 8.8 Hz, 1H), 7.67 (s, 1H), 158.5, 150.4, 148.4, 147.7,146.8, 137.3,  [M-CI]*: 473.207 1,
7.53(d, J=88Hz, 1H), 7.14 (d, J=8.3 Hz, 1H), 6.89 (s,  137.0, 133.9, 130.2, 129.0, 125.0, 120.4,  found: 473.205 4
1H), 6.51 (d, J = 2.4 Hz, 1H), 6.51-6.46 (M, 1H), 6.39 (dd, 119.6, 118.4, 118.0, 117.4, 115.6, 109.9,
J=83,24Hz 1H),4.80(t, J=6.5Hz,2H), 465 (d, J=  104.7, 98.9, 57.5, 56.8, 56.0, 55.8 (2),
6.5 Hz, 2H), 3.93 (s, 3H), 3.84 (s, 3H), 3.77 (5, 3H), 3.70  46.9, 26.7.
(s,3H), 3.15 (t, J= 6.3 Hz, 2H).
8 80  207-209 H NMR (600 MHz, DMSO-ds) 6 10.20 (d, J = 5.7 Hz, 3C NMR (126 MHz, DM SO-dg) 6 150.1, CioH19CIN2O3
1H), 9.92 (s, 1H), 8.65 (s, 1H), 7.81 (d, J = 8.6 Hz, 1H), 148.4, 147.0, 143.7,138.1, 136.3, 1326, [M—CI]": 323.1390,
7.62 (s, 1H), 7.31 (d, J = 8.6 Hz, 1H), 6.82 (s, 1H), 6.81 128.8, 123.3, 119.2, 118.6, 115.6, 113.9, found: 323.138 0
(s, 2H), 4.67 (t, J= 6.3 Hz, 2H), 3.95 (s, 3H), 3.90 (s, 3H),  113.2, 109.8, 57.1, 56.8, 55.5, 26.8.
3.11 (t, J= 6.3 Hz, 2H).
9 38 153-155 H NMR (500 MHz, DMSO-dg) 6 10.10 (s, 1H), 8.97 (s, 1H), *C NMR (126 MHz, DMSO-dg) 6 175.2, CaoHa3CIN2Os
7.92 (s, 1H), 7.86 (s, 1H), 7.59 (d, J=8.7 Hz, 1H), 7.22 (s, 160.5, 158.5, 151.4, 148.3, 147.5, 1422, [M—CI]": 635.308 7,
1H), 7.15 (d, J = 8.3 Hz, 1H), 6.58 (t, J= 6.5 Hz, 1H), 6.52 137.7, 135.6, 133.2,130.2, 128.2,126.1,  found: 635.311 7
(d, J=2.4Hz, 1H), 6.41 (dd, J=8.3, 2.4 Hz, 1H), 485 (t, 124.7,123.4, 121.6, 120.3, 118.2, 117.7,
J=6.2 Hz, 2H), 4.68 (d, J = 6.4 Hz, 2H), 3.94 (s, 3H), 3.88 110.4, 104.8, 98.9, 57.5, 57.3, 55.8, 55.8,
(s, 3H), 3.77 (s, 3H), 3.71 (s, 3H), 3.23 (t, J= 6.3 Hz, 2H), 55.7, 46.9, 41.1, 39.0 (3), 36.5 (3),
2.09-2.04 (m, 3H), 2.03-1.99 (m, 6H), 1.78-1.71 (m, 6H).  27.9(3), 26.4.
10 76 215-217 H NMR (500 MHz, DMSO-dg) § 10.48 (s, 1H), 1045 (s,  *3C NMR (126 MHz, DMSO-dg) & 175.4, CaoHa3CIN20O,4
1H), 8.87 (s, 1H), 7.86 (d, J=8.7 Hz, 1H), 7.84 (s, 1H), 7.38  151.4 (2), 147.6, 144.4, 142.1, 1385, [M—CI]*: 485.243 5,
(d, J=85Hz, 1H), 7.20 (s, 1H), 7.02 (s, 2H), 476 (t, J=63 132.0,128.1, 126.2, 123.4,123.1,121.1,  found: 485.241 8
Hz, 2H), 3.99 (s, 3H), 3.93 (s, 3H), 3.22 (t, J= 6.2 Hz, 2H), 114.0,113.7, 110.3,57.3, 57.1, 55.5,
2.10-2.04 (m, 3H), 2.04-1.96 (m, 6H), 1.81-1.67 (m, 6H).  41.1, 39.0 (3), 36.5 (3), 27.9 (3), 26.44.
1 35  186-188 H NMR (500 MHz, DMSO-ds) 6 9.98 (s, 1H), 9.21 (s, 1H),  **C NMR (126 MHz, DMSO-dg) 6 175.2, Ca1H34CINOs

8.27 (d, J= 9.1 Hz, 1H), 8.09 (d, J = 9.1 Hz, 1H), 7.91 (s,
1H), 7.24 (s, 1H), 4.99 (t, J = 6.3 Hz, 2H), 4.12 (s, 3H),
4.10 (s, 3H), 3.95 (s, 3H), 3.24 (t, J = 6.3 Hz, 2H), 2.08—
2.04 (m, 3H), 2.04-2.00 (m, 6H), 1.78-1.71 (m, 6H).

151.5, 151.4, 146.6, 144.4, 142.5, 137.5,
133.3, 128.6, 127.4, 125.9, 124.4, 1235,
122.4,121.9, 110.7, 62.6, 57.7, 57.3, 56.0,
41.2,39.0 (3), 36.5 (3), 27.9 (3), 26.1.

[M—CI]*: 500.243 2,
found: 500.243 4
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Figure 2 BBR analogues inhibited IL-6-induced STAT1 and STAT3 phosphorylation.
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2a—2f, 5a—5f and 7-11 (10 umol-L ™) for 2 h, HUVEC cells were treated with DM SO, slL-6Ra (25 ng-mL )/IL-6 (5 ng-mL™) for 30 min.
The phosphorylation of STAT1 and STAT3 were measured by Western blotting using corresponding antibodies. D: DMSO.  p-Actin

served as the loading control.
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Figure 3 BBR analogues induced ACC and AMPK phosphorylation.
and 7-11 (10 pmol-L ™) for 2 h, HUVEC cells were treated with DMSO, slL-6Ra (25 ng-mL %)/IL-6 (5 ng-mL ") for 30 min.
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phosphorylation of ACC and AMPK were measured by Western blotting using corresponding antibodies. D: DMSO.  p-Actin served
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P<0.001 compared with DM SO treated, IL-6-induced p-ACC group.
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