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✷ ✶ ■♥tr♦❞✉❝t✐♦♥

♥❛❧ ❝❤❡♠✐sts ❤❛✈❡ t♦ str✉❣❣❧❡ ✇✐t❤ r❡❞✉❝❡❞ ✢❡①✐❜✐❧✐t② ✐♥ t❡r♠s ♦❢ t❛r❣❡t ❜❛❧❛♥❝✐♥❣

❛♥❞ ❧❡❛❞ ♦♣t✐♠✐③❛t✐♦♥ t♦ ♦❜t❛✐♥ t❤❡ ❞❡s✐r❡❞ ♣r♦♠✐s❝✉♦✉s ❝❤❛r❛❝t❡r✳ ❉❡♣❡♥❞✐♥❣

♦♥ t❤❡ t❛r❣❡ts ❛♥❞ t❤❡✐r ❜✐♦❝❤❡♠✐❝❛❧ ❛♥❞ t♦♣♦❣r❛♣❤✐❝❛❧ r❡❧❛t✐♦♥✱ t❤✐s ♣r♦❝❡ss ❝❛♥

❜❡ ♠❛♥✐❢♦❧❞ ❛♥❞ ❝❤❛❧❧❡♥❣✐♥❣✳✷ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❞r✉❣ ❝♦❝❦t❛✐❧s

✭❝♦✲♣❤❛r♠❛❝♦t❤❡r❛♣②✱ ❝♦✲♠❡❞✐❝❛t✐♦♥✮ t♦ ❛❞❞r❡ss ♠✉❧t✐❢❛❝t♦r✐❛❧ ❞✐s❡❛s❡s✱ t❤❡ ✉s❡ ♦❢

▼❚▲s ✇♦✉❧❞ ✐♠♣r♦✈❡ ❝♦♠♣❧❡① ♣❤❛r♠❛❝♦❦✐♥❡t✐❝ ✐ss✉❡s✱ s✐♥❝❡ ♦♥s❡t✲t✐♠❡✱ ❤❛❧❢✲❧✐❢❡

❛♥❞ ♠❡t❛❜♦❧✐s♠ ✇♦✉❧❞ ❜❡ ❛❧✐❣♥❡❞ ❢♦r ▼❚▲s✳ ❘✐s❦ ❢❛❝t♦rs ❧✐❦❡ ♣♦t❡♥t✐❛❧ ❞r✉❣ r❡⑧

s✐st❛♥❝❡s ❛r❡ ♠✐♥✐♠✐③❡❞✱ ✇❤✐❧❡ ❞r✉❣✲❞r✉❣ ✐♥t❡r❛❝t✐♦♥s ✇✐❧❧ ❜❡ ❡♥t✐r❡❧② ♦♠✐tt❡❞ ✐♥

❜❡st ❝❛s❡s✳✺✱✾ ❚❤✐s s✐♠♣❧✐✜❡s t❤❡ t❤❡r❛♣❡✉t✐❝ r❡❣✐♠❡♥ ❢♦r ♣❛t✐❡♥ts✱ ♣r♦♠♦t✐♥❣ ❝♦♠⑧

♣❧✐❛♥❝❡✱ ✇❤✐❝❤ ✐s ❡s♣❡❝✐❛❧❧② ❧♦✇ ✐♥ ♥✉♠❡r♦✉s ♥❡✉r♦❧♦❣✐❝❛❧ ❞✐s❡❛s❡s✱ ❡✳❣✳ ♣❛t✐❡♥ts

s✉✛❡r✐♥❣ ❢r♦♠ ❞❡♣r❡ss✐♦♥ ♦r ❝♦❣♥✐t✐✈❡ ✐♠♣❛✐r♠❡♥t✳ ❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ♦❢ ▼❚▲s ✐s

❛♥ ♦♣t✐♠✐③❡❞ ❝♦st ❛♥❞ t✐♠❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❞r✉❣ ❞❡✈❡❧♦♣♠❡♥t ♣r♦❝❡ss✱ ✇❤❡r❡ s❛❢❡t②

❛♥❞ r✐s❦ ❛ss❡ss♠❡♥t ✐♥ ❞r✉❣ ❝♦♠❜✐♥❛t✐♦♥s ♠✉st ❜❡ ♣❡r❢♦r♠❡❞ ❢♦r ❡❛❝❤ ❞r✉❣ ❛♥❞

❛❣❛✐♥ ❢♦r t❤❡✐r ❝♦♠❜✐♥❛t✐♦♥✳ ▼♦st ❛♣♣r❡❝✐❛❜❧❡✱ ✇✐t❤ ▼❚▲s t❤❡ ♣❤❛r♠❛❝♦❞②♥❛♠✐❝

♣♦ss✐❜✐❧✐t② t♦ ❛❝❤✐❡✈❡ ❤✐❣❤❡r t❤❡r❛♣❡✉t✐❝ ❡✣❝❛❝② ❜② s②♥❡r❣✐st✐❝ ♦r ❛❞❞✐t✐✈❡ ❡✛❡❝ts

✐s ❡♥❤❛♥❝❡❞✱ s♦♠❡t❤✐♥❣ ✇❤✐❝❤ ♥❡❡❞s t♦ ❜❡ ♠♦r❡ ❝❛r❡❢✉❧❧② ❡❧✉❝✐❞❛t❡❞ ✐♥ ❝❛s❡ ♦❢ ❞r✉❣

❝♦♠❜✐♥❛t✐♦♥ t❤❡r❛♣✐❡s ✇✐t❤ r❡s♣❡❝t t♦ ❞♦s❡ ❛❞❥✉st♠❡♥t ❛♥❞ ❞r✉❣ ✐♥t❡r❛❝t✐♦♥s✳✷

❚♦ ✐❞❡♥t✐❢② s✉✣❝✐❡♥t ▼❚▲ ❧❡❛❞ ❝♦♠♣♦✉♥❞s✱ t✇♦ ♦♣t✐♦♥s ❛r❡ ♣♦ss✐❜❧❡✿ ❘❛♥❞♦♠

♦r ❢♦❝✉ss❡❞ s❝r❡❡♥✐♥❣ ✭s❡r❡♥❞✐♣✐t♦✉s ❛♣♣r♦❛❝❤✮✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❧✐♠✐t❡❞ ❛❝❝❡ss t♦

t❛r❣❡t✲s♣❡❝✐✜❝ ♣❤❛r♠❛❝♦♣❤♦r❡s ♦r ❦♥♦✇❧❡❞❣❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤❡s ❡✈❛❧✉❛t✐♥❣ ♣r❡✈✐⑧

♦✉s❧② ❞❡s❝r✐❜❡❞ t❛r❣❡t ❛✣♥✐t✐❡s✳✷ ❚❤❡ ❝❤❡♠✐❝❛❧ r❡❛❧✐③❛t✐♦♥ ♦❢ r❛t✐♦♥❛❧ ♠✉❧t✐t❛r❣❡t⑧

✐♥❣ ❞r✉❣ ❞❡s✐❣♥ ♠❛② st❛rt ❢r♦♠ ❛ ❧❡❛❞ str✉❝t✉r❡ ✇✐t❤ ❛♥② ♣r♦✈❡♥ ♠✉❧t✐♣❧❡ t❛r❣❡t

❡✣❝❛❝② ♦r ❢r♦♠ ❛t ❧❡❛st t✇♦ t❛r❣❡t✲s❡❧❡❝t✐✈❡ ❝♦♠♣♦✉♥❞s ✭❋✐❣✉r❡ ✶✮✳✶✵ ❚❤❡ ✜rst

str❛t❡❣② ♠❡❛♥s t❛r❣❡t ❜❛❧❛♥❝✐♥❣ ♦r r❡✜♥❡♠❡♥t ♦❢ ♠✉❧t✐t❛r❣❡t✐♥❣ ♣r♦♣❡rt✐❡s ❜❛s❡❞

♦♥ ♦♥❡ ❧❡❛❞ ❝♦♠♣♦✉♥❞✱ ❡✳❣✳ ❛♣♣❧✐❝❛❜❧❡ ♦♥ r❡tr♦s♣❡❝t✐✈❡❧② ❝❧❛ss✐✜❡❞ ▼❚▲s✳ ❚❤❡

❧❛tt❡r str❛t❡❣② ✐♥❝❧✉❞❡s t❤r❡❡ ♠❛✐♥ s②♥t❤❡t✐❝ ❛♣♣r♦❛❝❤❡s✿ ✐✮ ❧✐♥❦✐♥❣✱ ✐✐✮ ❢✉s✐♥❣ ♦r

✐✐✐✮ ♠❡r❣✐♥❣ ♦❢ t✇♦ ♣❤❛r♠❛❝♦♣❤♦r❡s✱✺✱✶✵✱✶✶ ✇❤✐❝❤ ❛r❡ ❞❡✜♥❡❞ ❛s ❡♥s❡♠❜❧❡ ♦❢ st❡r✐❝

❛♥❞ ❡❧❡❝tr♦♥✐❝ ❢❡❛t✉r❡s✱ ♥❡❝❡ss❛r② t♦ ❡♥s✉r❡ t❤❡ ♦♣t✐♠❛❧ s✉♣r❛♠♦❧❡❝✉❧❛r ✐♥t❡r❛❝⑧

t✐♦♥s ✇✐t❤ ❛ s♣❡❝✐✜❝ ❜✐♦❧♦❣✐❝❛❧ t❛r❣❡t str✉❝t✉r❡ t♦ tr✐❣❣❡r ✭♦r ❜❧♦❝❦✮ ✐ts ❜✐♦❧♦❣✐❝❛❧

r❡s♣♦♥s❡✳✶✷

▲✐♥❦❡❞ ♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣s ♠❛② ❜❡ ❝♦♥♥❡❝t❡❞ ❡✐t❤❡r ✈✐❛ ♠❡t❛❜♦❧✐③❛❜❧❡ ✭❡✳❣✳

❡st❡r✲❜❛s❡❞✮ ❧✐♥❦❡rs t♦ r❡❧❡❛s❡ t✇♦ ❧✐❣❛♥❞s ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡✐r r❡s♣❡❝t✐✈❡ t❛r⑧

❣❡ts ✐♥❞❡♣❡♥❞❡♥t❧② ♦r ✈✐❛ ♠❡t❛❜♦❧✐❝❛❧❧② st❛❜❧❡ ✭♥♦♥✲❝❧❡❛✈❛❜❧❡✮ ❧✐♥❦❡rs✱ ✇❤✐❝❤ ❤❛✈❡

t❤❡✐r ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❡❧✐❣✐❜✐❧✐t② ✐♥ s♣❡❝✐✜❝ t❛r❣❡t✐♥❣ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❤❡t❡r♦⑧

♦❧✐❣♦♠❡rs✳✺ ✭❍❡t❡r♦✮♦❧✐❣♦♠❡r✐③❛t✐♦♥ r❡♣r❡s❡♥ts ❛ ❝♦♠♠♦♥ ♣❤❡♥♦♠❡♥♦♥ ✐♥ ●✲Pr♦⑧

t❡✐♥ ❝♦✉♣❧❡❞ r❡❝❡♣t♦r ✭●P❈❘✮ r❡s❡❛r❝❤✱ ✐♥ ✇❤✐❝❤ r❡❝❡♣t♦rs ❝❛♥ ✐♥✢✉❡♥❝❡ ❡❛❝❤

♦t❤❡r✬s ❜✐♥❞✐♥❣ ❛♥❞ s✐❣♥❛❧❧✐♥❣✱ ❛♥❞ ✐s ❣❛✐♥✐♥❣ ♠♦r❡ ❛♥❞ ♠♦r❡ ✐♠♣♦rt❛♥❝❡ ❢♦r ✉♥⑧

❞❡rst❛♥❞✐♥❣ ♦❢ r❡❝❡♣t♦r ❢✉♥❝t✐♦♥ ❛♥❞ ❛ss♦❝✐❛t❡❞ ♣❛t❤♦❧♦❣✐❡s✳✶✸✕✶✺ ❍♦✇❡✈❡r✱ ❧✐♥❦❡❞

▼❚▲s ♠❛② s✉✛❡r ❢r♦♠ ✐♥❛❞❡q✉❛t❡ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ❞❡♣❡♥❞✐♥❣ ♦♥ ♠♦❧❡⑧
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t❛r❣❡t ✐♥ ▼❚▲ ❞❡s✐❣♥ ❢♦r ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❡st❛❜❧✐s❤❡❞ t❛r❣❡ts ✐♥ ❈◆❙ ❞✐s♦r❞❡rs✱

♣r♦❜❛❜❧② ❡♥❧❛r❣✐♥❣ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡✐r ❛❢♦r❡♠❡♥t✐♦♥❡❞ ✐♥❞✐❝❛t✐♦♥s✳✼✽ ❋r♦♠ t❤❡

♠❡❞✐❝✐♥❛❧ ❝❤❡♠✐str② ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❍✸❘s ❛r❡ ✈❛❧✉❛❜❧❡ t❛r❣❡ts ✐♥ ♠✉❧t✐t❛r❣❡t✐♥❣

❞r✉❣ ❞❡s✐❣♥ ❞✉❡ t♦ ❞❡❝✐s✐✈❡ ❙❆❘ ❢♦r ❍✸❘ ❧✐❣❛♥❞s ❛♥❞ t❤❡ ❤✐❣❤ t♦❧❡r❛❜✐❧✐t② ❢♦r

str✉❝t✉r❛❧ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❧✐❣❛♥❞s ❛r❜✐tr❛r② r❡❣✐♦♥✳ ❚❤✉s✱ ♥✉♠❡r♦✉s ♣♦t❡♥t ❍✸❘

▼❚▲s ❤❛✈❡ ❜❡❡♥ ❞❡s❝r✐❜❡❞ ❛s ♣♦ss✐❜❧❡ ♠❡❞✐❝❛t✐♦♥s ❢♦r ❞✐st✐♥❝t ❈◆❙ ❞✐s♦r❞❡rs✱

s❤♦✇✐♥❣ ❛✉①✐❧✐❛r② ❛❝t✐✈✐t② ❛t ♦t❤❡r ●P❈❘s ✭❡✳❣✳ ❞♦♣❛♠✐♥❡✱ s❡r♦t♦♥✐♥✱ ♠✉s❝❛r✐♥❡

r❡❝❡♣t♦rs✮✱ ❡♥③②♠❡s ✭❡✳❣✳ ❍◆▼❚✱ ❝❤♦❧✐♥❡st❡r❛s❡s✮✱ ♥❡✉r♦tr❛♥s♠✐tt❡r tr❛♥s♣♦rt❡rs

♦r ❡✈❡♥ s✐❣♥❛❧❧✐♥❣ ♠♦❧❡❝✉❧❡s s✉❝❤ ❛s ♥✐tr♦❣❡♥ ♠♦♥♦①✐❞❡✳✼✽

❖❢ ♣❛rt✐❝✉❧❛r ✐♥t❡r❡st ❢♦r ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡s✱ ❍✸❘ ❛♥t❛❣♦♥✐sts ♠❛② ❝♦✉♥⑧

t❡r❜❛❧❛♥❝❡ t❤❡ ♥❡✉r♦tr❛♥s♠✐tt❡r ❞②sr❡❣✉❧❛t✐♦♥ ❞✉❡ t♦ ♥❡✉r♦❞❡❣❡♥❡r❛t✐♦♥✱ ❜② ✐♥❞✉❝⑧

✐♥❣ ❤❡t❡r♦r❡❝❡♣t♦r✲♠❡❞✐❛t❡❞ r❡❧❡❛s❡ ♦❢ s❡✈❡r❛❧ ♥❡✉r♦tr❛♥s♠✐tt❡rs✱ ✐✳❡✳ ❞♦♣❛♠✐♥❡ ♦r

❛❝❡t②❧❝❤♦❧✐♥❡✳ ❚❤✉s✱ s❡❧❡❝t✐✈❡ ❛♥❞ ♠✉❧t✐t❛r❣❡t✐♥❣ ❍✸❘ ❛♥t❛❣♦♥✐sts ♠❛② ♣r♦✈✐❞❡

t❤❡r❛♣❡✉t✐❝ ♣♦t❡♥t✐❛❧ ❛♥❞ r❡❧❡✈❛♥❝❡ ✐♥ ❜♦t❤ ❆❧③❤❡✐♠❡r✬s ❛♥❞ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡✱

t❤❡ ♠♦st ♣r❡✈❛❧❡♥t ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡s✱ ❜② ❡s♣❡❝✐❛❧❧② ❛❞❞r❡ss✐♥❣ ❝♦❣♥✐t✐✈❡

❛♥❞✴♦r s❧❡❡♣ s②♠♣t♦♠♦❧♦❣✐❡s✳

✶✳✹✳✶ ❆❧③❤❡✐♠❡r✬s ❉✐s❡❛s❡

❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ✭❆❉✮✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② s✐❣♥✐✜❝❛♥t ❧♦ss ♦❢ ♠❡♠♦r② ❛♥❞ ❝♦❣♥✐t✐✈❡

❢✉♥❝t✐♦♥s✱ ❛✛❡❝ts ♠♦r❡ t❤❛♥ ✸✺ ♠✐❧❧✐♦♥ ♣❡♦♣❧❡ ✇♦r❧❞✇✐❞❡✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♠♦st

♣r❡✈❛❧❡♥t ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡✳ ❊❧❞❡r❧② ♣❡♦♣❧❡ ❤❛✈❡ ❛♥ ❡s♣❡❝✐❛❧❧② ❤✐❣❤ r✐s❦

t♦ ❞❡✈❡❧♦♣ ❆❉ ✇✐t❤ ❛ st❡❛❞✐❧② ✐♥❝r❡❛s✐♥❣ ✐♥❝✐❞❡♥❝❡ ❛t ❛♥ ❛❣❡ ❛❜♦✈❡ ✻✺ ②❡❛rs✳✼✾✱✽✵

❚❤❡ ❡①❛❝t ♠❡❝❤❛♥✐s♠s ♦❢ t❤✐s ♣r♦❣r❡ss✐✈❡ ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡ ❛r❡ ♥♦t ❢✉❧❧②

✉♥❞❡rst♦♦❞✱ ❜✉t ❛ ♥✉♠❜❡r ♦❢ ❦❡② ❞❡t❡r♠✐♥❛♥ts ❤❛s ❜❡❡♥ ✐❞❡♥t✐✜❡❞✳✼✾ ❆❝❝✉♠✉❧❛t✐♦♥

♦❢ ♠✐s❢♦❧❞❡❞ ❛♠②❧♦✐❞ β ♣❡♣t✐❞❡s ✭❆β✮ ❛♥❞ t❛✉ ♣r♦t❡✐♥s r❡s✉❧ts ✐♥ ❢♦r♠❛t✐♦♥ ♦❢ ❆β

♣❧❛q✉❡s ❛♥❞ ♥❡✉r♦✜❜r✐❧❧❛r② t❛♥❣❧❡s✱ r❡s♣❡❝t✐✈❡❧②✱ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♠❛✐♥ ♣❛t❤♦❧♦❣✐⑧

❝❛❧ ✜♥❞✐♥❣s t❤♦✉❣❤t t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❆❉✳✼✾✱✽✶ ❍♦✇❡✈❡r✱ t❤❡ ❡❛r❧② ❛♥❞ s♦❧✉❜❧❡

♣❡♣t✐❞❡ ❛❣❣r❡❣❛t❡s ✇❡r❡ ✐❞❡♥t✐✜❡❞ t♦ ❜❡ t❤❡ t♦①✐❝ s♣❡❝✐❡s ❛s t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢

❧❛r❣❡r ✐♥s♦❧✉❜❧❡ ♣❧❛q✉❡s ❛❧♦♥❡ ❞✐❞ ♥♦t ❝♦rr❡❧❛t❡ ✇✐t❤ ❝♦❣♥✐t✐✈❡ ✐♠♣❛✐r♠❡♥t✳✽✷ ❚♦①✐❝

❆β ❝❛✉s❡s ❛ s✐❣♥✐✜❝❛♥t ❛♥❞ ♣r♦❣r❡ss✐✈❡ ❧♦ss ♦❢ ❡s♣❡❝✐❛❧❧② ❝❤♦❧✐♥❡r❣✐❝ ♥❡✉r♦♥❛❧ ❝❡❧❧s

✐♥ t❤❡ ❜r❛✐♥✱ ♠♦st❧② t❤❡ ❝❡r❡❜r❛❧ ❝♦rt❡①✱ ✐♥❞✉❝✐♥❣ ❝♦❣♥✐t✐✈❡ ❞❡❢❡❝ts✳✽✸ ■♥❤✐❜✐t✐♥❣

t❤❡ ❝②t♦❝❤r♦♠❡ ❝ ♦①✐❞❛s❡✱ ❆β ❛❝❝✉♠✉❧❛t✐♦♥ ❧❡❛❞s t♦ ♦✈❡r❛❧❧ ♠✐t♦❝❤♦♥❞r✐❛❧ ✐♠♣❛✐r⑧

♠❡♥t✱ ♣r♦♠♦t✐♥❣ ♦①✐❞❛t✐✈❡ str❡ss ❛♥❞ ❛♣♦♣t♦s✐s ♦❢ ♥❡✉r♦♥❛❧ ❝❡❧❧s ❞✉❡ t♦ ❝②t♦❝❤r♦♠❡

❝ r❡❧❡❛s❡✳✼✾ ❚❤❡ ❧♦ss ✭❡✳❣✳ ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣✉s✮ ❛♥❞ ❆β✲♠❡❞✐❛t❡❞ ❞✐sr✉♣t✐♦♥ ♦❢

s②♥❛♣s❡s r❡s✉❧ts ✐♥ ❛ ❞❡❝r❡❛s❡ ♦❢ ♣r❡s②♥❛♣t✐❝ ♥❡✉r♦tr❛♥s♠✐tt❡r r❡❧❡❛s❡✱ ❡s♣❡❝✐❛❧❧②

❛✛❡❝t✐♥❣ t❤❡ ❛❝❡t②❧❝❤♦❧✐♥❡ ✭❆❈❤✮ s✐❣♥❛❧❧✐♥❣✱ ✇❤✐❝❤ ♣❧❛②s ❛ ❦❡② r♦❧❡ ✐♥ ♠❡♠♦r② ❛♥❞

♦t❤❡r ❝♦❣♥✐t✐✈❡ ❢✉♥❝t✐♦♥s✳✼✾✱✽✶

❚♦ ❞❛t❡✱ t❤❡r❛♣❡✉t✐❝❛❧ ♦♣t✐♦♥s ❛r❡ s②♠♣t♦♠❛t✐❝ tr❡❛t♠❡♥ts✱ ✐✳❡✳ ✇✐t❤ ❝❤♦❧✐♥⑧

❡st❡r❛s❡ ✭❈❤❊✮ ✐♥❤✐❜✐t♦rs ♦r ◆ ✲♠❡t❤②❧✲❉✲❛s♣❛rt❛t❡ ✭◆▼❉❆✮ r❡❝❡♣t♦r ❛♥t❛❣♦♥✐st



✶✳✹ ❚❤❡r❛♣❡✉t✐❝ P♦t❡♥t✐❛❧ ♦❢ ❍✸❘ ❆♥t❛❣♦♥✐sts ✶✸

♠❡♠❛♥t✐♥❡ ❢♦r ♠✐❧❞ t♦ s❡✈❡r❡ ❛♥❞ ♠♦❞❡r❛t❡ t♦ s❡✈❡r❡ ❆❉✱ r❡s♣❡❝t✐✈❡❧②✱ ❜♦t❤ ✇✐t❤

❧✐♠✐t❡❞ ❡✣❝❛❝② ❞✉❡ t♦ t❤❡ ♠✉❧t✐❢❛❝t♦r✐❛❧ ❝❤❛r❛❝t❡r ❛♥❞ ♣r♦❣r❡ss✐♦♥ ♦❢ ❆❉✳ ❖✈❡r

t❤❡ ❧❛st ❞❡❝❛❞❡s✱ ♥✉♠❡r♦✉s ❛❞❞✐t✐♦♥❛❧ t❛r❣❡ts ❤❛✈❡ ❜❡❡♥ ✐❞❡♥t✐✜❡❞✱ ✇❤✐❝❤ ❝❛♥ ❜❡

r♦✉❣❤❧② ❞✐✈✐❞❡❞ ✐♥t♦ ✏s②♠♣t♦♠❛t✐❝✑ ✭❡✳❣✳ ♥❡✉r♦tr❛♥s♠✐tt❡r r❡❝❡♣t♦rs✱ ♥❡✉r♦tr❛♥s⑧

♠✐tt❡r✲❝❛t❛❜♦❧✐③✐♥❣ ❡♥③②♠❡s✮ ❛♥❞ ✏❞✐s❡❛s❡✲♠♦❞✐❢②✐♥❣✑ t❛r❣❡ts ✭❡✳❣✳ ✐♥✈♦❧✈❡❞ ✐♥ ❆β

♣r♦❞✉❝t✐♦♥✱ tr❛♥s♣♦rt ❛♥❞ ❞❡❣r❛❞❛t✐♦♥✮✳✽✹ ❇❛s❡❞ ♦♥ t❤❡s❡ ✈❛r✐♦✉s t❛r❣❡ts ❛♥❞ t❤❡✐r

✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛♥✐s♠s ♦❢ ❛❝t✐♦♥✱ ❈✉♠♠✐♥❣s ❛♥❞ ❝♦❧❧❡❛❣✉❡s r❡❝❡♥t❧② ❞✐st✐♥❣✉✐s❤❡❞

❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✇✐t❤✐♥ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❤❡r❛♣❡✉t✐❝ ❆❉ ♣✐♣❡❧✐♥❡ ✐♥ ✷✵✶✼✱

✐✳❡✳ t❛✉✲✴❛♠②❧♦✐❞✲r❡❧❛t❡❞ ✭✐♥❝❧✉❞✐♥❣ ✐♠♠✉♥❡ t❤❡r❛♣②✮✱ ♥❡✉r♦tr❛♥s♠✐tt❡r✲❜❛s❡❞✱

♥❡✉r♦♣r♦t❡❝t✐✈❡✴❛♥t✐♦①✐❞❛t✐✈❡ ♦r ❛♥t✐✲✐♥✢❛♠♠❛t♦r② ❛♣♣r♦❛❝❤❡s✳✽✺ ❊s♣❡❝✐❛❧❧② t❤❡

❞❡✈❡❧♦♣♠❡♥t ♦❢ ✐♠♠✉♥♦t❤❡r❛♣❡✉t✐❝s ✭❡✳❣✳ ❆β ❛♥t✐❜♦❞✐❡s✮ ✐s t❤❡ s✉❜❥❡❝t ♦❢ t❤❡

❞✐s❡❛s❡✲♠♦❞✐❢②✐♥❣ str❛t❡❣✐❡s✱ ❝✉rr❡♥t❧② ❜❡✐♥❣ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ ✐♥❝r❡❛s❡❞ ❡✛♦rt t♦

❞❡❝❡❧❡r❛t❡ ❆❉ ♣r♦❣r❡ss✐♦♥ ✐♥ ❡❛r❧② st❛❣❡s✳

❚❤❡ s②♠♣t♦♠❛t✐❝ ♣❤❛r♠❛❝♦t❤❡r❛♣②✱ ✐♥ ❝♦♥tr❛st✱ ✐s ♣r✐♠❛r② r❡♣r❡s❡♥t❡❞ ❜② s♠❛❧❧

♠♦❧❡❝✉❧❡ ❞r✉❣ ❞❡s✐❣♥✳✽✺ ❚❤❡ ♠❛❥♦r✐t② ♦❢ s♠❛❧❧ ♠♦❧❡❝✉❧❡s ✐♥ ❝❧✐♥✐❝❛❧ ♣❤❛s❡ ■■ ❛♥❞

■■■ ❜❡❧♦♥❣ t♦ t❤❡ ❝❧❛ss ♦❢ ♥❡✉r♦tr❛♥s♠✐tt❡r✲❜❛s❡❞ ❛♣♣r♦❛❝❤❡s✱ ✐♥❝❧✉❞✐♥❣ ♥❡✉r♦tr❛♥s⑧

♠✐tt❡r✲❝❛t❛❜♦❧✐③✐♥❣ ❡♥③②♠❡ ✐♥❤✐❜✐t♦rs ✭❡✳❣✳ ♠♦♥♦❛♠✐♥❡ ♦①✐❞❛s❡ ✭▼❆❖✮ ♦r ❛❝❡t②❧⑧

❝❤♦❧✐♥❡✲✴❜✉t②r②❧❝❤♦❧✐♥❡st❡r❛s❡ ✐♥❤✐❜✐t♦rs✮ ♦r r❡❝❡♣t♦r ❧✐❣❛♥❞s ✭❡✳❣✳ ♠✉s❝❛r✐♥✐❝ ▼✶

r❡❝❡♣t♦r ❛❣♦♥✐sts✮✳ ❍❡♥❝❡✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❞r✉❣s r❡❣✉❧❛t✐♥❣ ♥❡✉r♦tr❛♥s♠✐tt❡r

❧❡✈❡❧s st✐❧❧ r❡♣r❡s❡♥ts ❛ ❝♦♠♠♦♥ ❛♣♣r♦❛❝❤ ✐♥ s②♠♣t♦♠❛t✐❝ t❤❡r❛♣② ♦❢ ♣s②❝❤♦t✐❝ ❛♥❞

❝♦❣♥✐t✐✈❡ ✐ss✉❡s✳ ❙♦ ❢❛r✱ ❛❝❡t②❧❝❤♦❧✐♥❡st❡r❛s❡ ✭❆❈❤❊✮ ✐♥❤✐❜✐t♦rs ✭❆❈❤❊■✮✱ ❡♥❤❛♥❝⑧

✐♥❣ ❆❈❤ ❧❡✈❡❧s ✐♥ t❤❡ s②♥❛♣t✐❝ ❝❧❡❢t ❜② ♣r❡✈❡♥t✐♦♥ ♦❢ ❆❈❤ ❞❡❣r❛❞❛t✐♦♥✱ r❡♣r❡s❡♥t

t❤❡ ♠♦st r❡❧✐❛❜❧❡ t❤❡r❛♣❡✉t✐❝ tr❡❛t♠❡♥t ♦❢ ❝♦❣♥✐t✐✈❡ ✐♠♣❛✐r♠❡♥t ✐♥ ❆❉✳✽✻ ❆❈❤❊■s

❧✐❦❡ r✐✈❛st✐❣♠✐♥❡ ✭❊①❡❧♦♥❘©✮ ♦r ❞♦♥❡♣❡③✐❧ ✭❆r✐❝❡♣t ❘©✮✱ ❜♦t❤ ❛♣♣r♦✈❡❞ ❢♦r ❆❉✱ ❛r❡

❛❧s♦ ❛♣♣r♦✈❡❞ ♦r ✐♥ ❧❛t❡ ❝❧✐♥✐❝❛❧ st❛❣❡s ❢♦r P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡ r❡❧❛t❡❞ ❞❡♠❡♥t✐❛✱

r❡s♣❡❝t✐✈❡❧②✳✽✼ ❆s ❞✐s❡❛s❡✲♠♦❞✐❢②✐♥❣ str❛t❡❣✐❡s✱ ♥❡✉r♦♣r♦t❡❝t✐✈❡ ❛♥❞ ❛♥t✐♦①✐❞❛t✐✈❡

❛❣❡♥ts ❤❛✈❡ ❛❝t✉❛❧❧② ❛ ❣r❡❛t s❤❛r❡ ✐♥ ❝❧✐♥✐❝❛❧ ♣❤❛s❡ ■■ tr✐❛❧s✳ ❈♦✉♥t❡r❛❝t✐♥❣ t❤❡

❝②t♦t♦①✐❝✐t② ♦❢ ❆β ❡✳❣✳ ❜② r❡❞✉❝✐♥❣ ♦①✐❞❛t✐✈❡ str❡ss ❤❡❧♣s t♦ ♣r❡✈❡♥t ♥❡✉r♦♥❛❧ ❝❡❧❧

❞❡❛t❤ ❛♥❞ ♣r♦❜❛❜❧② t♦ ♣r♦✈✐❞❡ ❞❡❝❡❧❡r❛t✐♦♥ ♦❢ ❆❉ ♣r♦❣r❡ss✐♦♥✳ ❇❡s✐❞❡ ❝♦♠♣♦✉♥❞s

s❤♦✇✐♥❣ r❛❞✐❝❛❧ s❝❛✈❡♥❣✐♥❣ ♣r♦♣❡rt✐❡s ✭✏❛♥t✐♦①✐❞❛♥ts✑✮✱ ✐♥❤✐❜✐t♦rs ♦❢ ▼❆❖ ❆✴❇

❛r❡ ❞✐s❝✉ss❡❞ ❛s ♣♦t❡♥t ♥❡✉r♦♣r♦t❡❝t✐✈❡s✱ ❛ ♣r♦♣❡rt② ✇❤✐❝❤ ✐s ❛ss✉♠❡❞ ❢♦r ♠✉❧t✐♣❧❡

❛♣♣r♦✈❡❞ ▼❆❖ ❇ ✐♥❤✐❜✐t♦rs✳✽✽✱✽✾ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ▼❆❖ ❇ ✐♥❤✐❜✐t♦rs ❛❧s♦ r❡♣r❡s❡♥t

❛ ♠❛✐♥ str❛t❡❣② ✐♥ t❤❡ tr❡❛t♠❡♥t ♦❢ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡ ❛♥❞ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞

♠♦r❡ ❡①t❡♥s✐✈❡❧② ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤✳ ■♥ ❜r✐❡❢✱ ▼❆❖s ❛r❡ ♠✐t♦❝❤♦♥❞r✐❛❧

❡♥③②♠❡s ❜❡✐♥❣ ❝♦♥s✐❞❡r❡❞ ❛s s♦✉r❝❡ ♦❢ ♦①✐❞❛t✐✈❡ str❡ss ❛s t❤❡② ❣❡♥❡r❛t❡ r❡❛❝t✐✈❡

♦①②❣❡♥ s♣❡❝✐❡s ✭❘❖❙✮ ❛s ❛ s❡❝♦♥❞ ♣r♦❞✉❝t✳ ❚❤✉s✱ ✐♥❤✐❜✐t♦rs ♦❢ ▼❆❖ ♠✐❣❤t ♣r❡⑧

✈❡♥t ♠✐t♦❝❤♦♥❞r✐❛❧ ❞✐sr✉♣t✐♦♥ ❛♥❞ ♣r♦❣r❡ss✐♦♥ ♦❢ ♥❡✉r♦❞❡❣❡♥❡r❛t✐♦♥✳✾✵ ❚❤❡ ♠❛r⑧

❦❡t❡❞ ▼❆❖ ✐♥❤✐❜✐t♦r r❛s❛❣✐❧✐♥❡ ✭❆③✐❧❡❝t❘©✮ ❥✉st ❡♥t❡r❡❞ ❛ ♣❤❛s❡ ■■ ❝❧✐♥✐❝❛❧ tr✐❛❧ ❢♦r

❡✈❛❧✉❛t✐♦♥ ♦❢ ✐ts ❡✛❡❝ts ♦♥ t❤❡ r❡❣✐♦♥❛❧ ❜r❛✐♥ ♠❡t❛❜♦❧✐s♠ ✐♥ ♠✐❧❞ t♦ ♠♦❞❡r❛t❡ ❆❉



✶✹ ✶ ■♥tr♦❞✉❝t✐♦♥

✭◆❈❚✵✷✸✺✾✺✺✷✮✳ ❉✉r✐♥❣ ❆❉ ♥❡✉r♦❞❡❣❡♥❡r❛t✐♦♥✱ ♥❡✉r♦✜❜r✐❧❧❛r② t❛♥❣❧❡s ❛❝❝✉♠✉⑧

❧❛t❡ ✐♥ t❤❡ ❜r❛✐♥ ❛♥❞ t❤❡ ❚▼◆ ✐s ❛✛❡❝t❡❞ ✐♥ ❡❛r❧② st❛❣❡s✱ ✇✐t❤ ❛ s✐❣♥✐✜❝❛♥t ❤✐❣❤

❧♦ss ♦❢ ❤✐st❛♠✐♥❡r❣✐❝ ♥❡✉r♦♥s ✭❃✺✵✪✮ ✐♥ ❚▼◆ r❡❣✐♦♥✳✾✶✕✾✸ ❆❞❞✐t✐♦♥❛❧❧②✱ ❡♥❤❛♥❝❡❞

❡①♣r❡ss✐♦♥ ♦❢ ❍◆▼❚ ❛♥❞ ❍✸❘ ♠❘◆❆ ✐♥ t❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ✇❛s ♦❜s❡r✈❡❞✱ ❜✉t

s✉r♣r✐s✐♥❣❧② ♦♥❧② ✐♥ ❢❡♠❛❧❡ ❆❉ ♣❛t✐❡♥ts✱✾✸ ✇❤✐❧❡ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ ❍✸❘

❞❡♥s✐t✐❡s ✇❡r❡ ♦❜s❡r✈❡❞ ❝♦♠♣❛r✐♥❣ ❆❉ ❛♥❞ ❝♦♥tr♦❧ ❜r❛✐♥s✳✾✹ ❍♦✇❡✈❡r✱ ❡st✐♠❛t✐♥❣

t❤❡ ❝❛♣❛❝✐t✐❡s ♦❢ ❍✸❘ ❛♥t❛❣♦♥✐sts ❢♦r ❆❉ t❤❡r❛♣②✱ t❤❡ ❜❧♦❝❦❛❞❡ ♦❢ ❍✸❘s r❡s✉❧ts ✐♥

❡♥❤❛♥❝❡❞ ❆❈❤ ❝♦♥❝❡♥tr❛t✐♦♥s ❞✉❡ t♦ ✐ts ❤❡t❡r♦r❡❝❡♣t♦r ❛❝t✐✈✐t② s✐♠✐❧❛r t♦ ❆❈❤❊

✐♥❤✐❜✐t✐♦♥✳✺✺ ■♥ ❝♦♥tr❛st t♦ ❆❈❤❊s✱ t❤✐s ❡✛❡❝t ✇✐❧❧ ❜❡ ❡st❛❜❧✐s❤❡❞ ♣r❡❞♦♠✐♥❛♥t❧② ✐♥

t❤❡ ❜r❛✐♥ ❞✉❡ t♦ t❤❡✐r ♠♦r❡ ❡①❝❧✉s✐✈❡ ❧♦❝❛❧✐③❛t✐♦♥ ✐♥ t❤❡ ❈◆❙✳

❚❤❡ ❍✸❘ ✇❛s ❛❧r❡❛❞② ✐❞❡♥t✐✜❡❞ ❛s ❛ ♣♦t❡♥t✐❛❧ t❛r❣❡t ❢♦r tr❡❛t♠❡♥t ♦❢ ❝♦❣♥✐t✐✈❡

✐♠♣❛✐r♠❡♥t ✐♥ ♥✉♠❡r♦✉s st✉❞✐❡s✳✽✸✱✾✺✕✾✼ ❙✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ♦❢ ♠❡♠♦r② ❝❛♣❛❝✐t② ✐♥

r♦❞❡♥t ♠♦❞❡❧s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ❢♦r s❡✈❡r❛❧ ❍✸❘ ❛❣♦♥✐sts ✭❡✳❣✳ ❘❆▼❍ ♦r ✐♠❡t✐t✺✻✮

✐♥❤✐❜✐t✐♥❣ t❤❡ r❡❧❡❛s❡ ♦❢ ❆❈❤✳ ■♥ ❛❞❞✐t✐♦♥✱ st✉❞✐❡s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❍✸❘ ❦♥♦❝❦

♦✉t ✭❍✸❘
✲✴✲✮ ♠✐❝❡ r❡✈❡❛❧❡❞ r❡❞✉❝❡❞ r❡s♣♦♥s❡ t♦ ♠❡♠♦r② ❞❡✜❝✐ts ❝❛✉s❡❞ ❜② t❤❡

♠✉s❝❛r✐♥✐❝ ❛❝❡t②❧❝❤♦❧✐♥❡ r❡❝❡♣t♦r ❛♥t❛❣♦♥✐st s❝♦♣♦❧❛♠✐♥❡✳✾✽ ◆✉♠❡r♦✉s ❍✸❘ ❛♥t❛⑧

❣♦♥✐sts✱ s✉❝❤ ❛s t❤✐♦♣❡r❛♠✐❞❡✱ ❝✐♣r♦①✐❢❛♥✱ ❆❇❚✲✷✸✾ ♦r ♣✐t♦❧✐s❛♥t ✭❋✐❣✉r❡ ✺✮✱✾✾✕✶✵✸

✇❡r❡ s❤♦✇♥ t♦ st✐♠✉❧❛t❡ ❆❈❤ tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❞❡♠♦♥str❛t❡ ♣r♦✲❝♦❣♥✐t✐✈❡ ❛♥❞

♠❡♠♦r②✲❡♥❤❛♥❝✐♥❣ ❡✛❡❝ts ✐♥ r♦❞❡♥ts✳✾✼ ❚❤❡ ♣♦t❡♥t ❍✸❘ ❛♥t❛❣♦♥✐st ●❙❑✲✷✸✾✺✶✷

r❡❛❝❤❡❞ ❝❧✐♥✐❝❛❧ ♣❤❛s❡ ■■ ❢♦r tr❡❛t♠❡♥t ♦❢ ♠✐❧❞ t♦ ♠♦❞❡r❛t❡ ❆❉ ✭◆❈❚✵✶✵✵✾✷✺✺✮✱

s❤♦✇✐♥❣ ✐♠♣r♦✈❡♠❡♥t ♦❢ ❡♣✐s♦❞✐❝ ♠❡♠♦r②✱ ❜✉t ❢❛✐❧❡❞ t♦ ❡♥❤❛♥❝❡ ❝♦❣♥✐t✐✈❡ ❞❡✜❝✐ts

✐♥ ✇♦r❦✐♥❣ ♠❡♠♦r② ♦r ❛♥② ♦t❤❡r ❞♦♠❛✐♥s ♦❢ ❝♦❣♥✐t✐♦♥✳✶✵✹ ❆ ❢❡✇ ♦t❤❡r ❍✸❘ ❛♥t❛⑧

❣♦♥✐sts ♣r♦❝❡❡❞❡❞ t♦ ❝❧✐♥✐❝❛❧ ♣❤❛s❡ ■■ st✉❞✐❡s✱ ✐✳❡✳ ▼❑✲✵✷✹✾✶✵✺ ❛♥❞ ❆❇❚✲✷✽✽✶✵✻

♦r ❙❆❘✲✶✶✵✽✾✹ ✭❝♦♠❜✐♥❡❞ ✇✐t❤ ❞♦♥❡♣❡③✐❧❀ ◆❈❚✵✶✷✻✻✺✷✺✮✱ s❤♦✇✐♥❣ ♥♦ ❡✣❝❛❝② ♦r

❧❛❝❦✐♥❣ ❞✐s❝❧♦s❡❞ r❡s✉❧ts✱ r❡s♣❡❝t✐✈❡❧②✳✾✼✱✶✵✼ ■♥ ✷✵✶✺✱ ❛ ♠❡t❛✲❛♥❛❧②s✐s ♦❢ ❝❧✐♥✐❝❛❧ tr✐❛❧s

❢♦r ❍✸❘ ❛♥t❛❣♦♥✐sts ❞✐s❝❧♦s❡❞ ♥♦ ❝❧✐♥✐❝❛❧ ❡✣❝❛❝② ✐♥ ❆❉ t❤❡r❛♣②✳✶✵✽ ❍♦✇❡✈❡r✱ ♦♥❧②

❢❡✇ ♣❧❛❝❡❜♦✲❝♦♥tr♦❧❧❡❞ ❝❧✐♥✐❝❛❧ tr✐❛❧s ✇❡r❡ ♣❡r❢♦r♠❡❞ s♦ ❢❛r✱ ❤❡♥❝❡✱ ❛ ✜♥❛❧ ❥✉❞❣❡⑧

♠❡♥t ♦♥ t❤❡ t❤❡r❛♣❡✉t✐❝ r❡❧❡✈❛♥❝❡ ♦❢ ❍✸❘ ❛♥t❛❣♦♥✐sts ❢♦r ❝♦❣♥✐t✐✈❡ ✐♠♣❛✐r♠❡♥t ✐♥

❆❉ ❝❛♥♥♦t ❜❡ ♠❛❞❡ ②❡t✳✶✵✽

❉❡s♣✐t❡ t❤❡ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞ s②♠♣t♦♠❛t✐❝❛❧❧② ❞r✐✈❡♥ ❛♣♣r♦❛❝❤✱ ❛ ❢❡✇ ♣r❡⑧

❝❧✐♥✐❝❛❧ st✉❞✐❡s ✐♥❞✐❝❛t❡ t❤❛t ❍✸❘ ❛♥t❛❣♦♥✐sts ♠❛② ❝♦♥tr✐❜✉t❡ t♦ ❞❡❝❡❧❡r❛t❡ ❆❉ ♣r♦⑧

❣r❡ss✐♦♥ ❜② ♥❡✉r♦♣r♦t❡❝t✐✈❡ ♠❡❝❤❛♥✐s♠s ❛❣❛✐♥st ❆β t♦①✐❝✐t② ♦r ❛tt❡♥✉❛t✐♦♥ ♦❢ t❛✉

♣r♦t❡✐♥ ❤②♣❡r♣❤♦s♣❤♦r②❧❛t✐♦♥✳✶✶✵✱✶✶✶ ❚❤❡ ❍✸❘✲♠❡❞✐❛t❡❞ ♥❡✉r♦tr❛♥s♠✐tt❡r r❡❧❡❛s❡

st✐♠✉❧❛t❡ ♣♦sts②♥❛♣t✐❝ s✐❣♥❛❧❧✐♥❣ ❧❡❛❞✐♥❣ t♦ ✐♥❝r❡❛s❡❞ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ♦❢ ❈❘❊❇✱ ❛

tr❛♥s❝r✐♣t✐♦♥ ❢❛❝t♦r ✐♥✈♦❧✈❡❞ ✐♥ ❝♦❣♥✐t✐✈❡ ♣r♦❝❡ss❡s ❛♥❞ ●❙❑✸β ✐♥❤✐❜✐t✐♦♥ ✈✐❛ t❤❡

❝♦♥st✐t✉t✐✈❡ ❛❝t✐✈❡ ❆❦t ♣❛t❤✇❛②✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡s t♦ t❛✉ ❤②♣❡r♣❤♦s♣❤♦r②❧❛t✐♦♥✳✽✸

❚❤❡s❡ ❡✛❡❝ts ✇❡r❡ s❤♦✇♥ ❢♦r ❆❇❚✲✷✸✾✱✶✶✵ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ✇✐t❤ ❧✐♠✐t❡❞ ❝❧✐♥✐❝❛❧

r❡❧❡✈❛♥❝❡ ❞✉❡ t♦ s❡✈❡r❡ s✐❞❡ ❡✛❡❝ts ✭❡✳❣✳ ◗❚ ♣r♦❧♦♥❣❛t✐♦♥✮✳✾✻✱✶✶✷ ▼♦r❡ r❡❝❡♥t❧②✱

❙❆❘✲✶✶✵✽✾✹ ✇❛s ♣r♦✈❡♥ t♦ ❞❡❝r❡❛s❡ t❛✉ ❤②♣❡r♣❤♦s♣❤♦r②❧❛t✐♦♥ ♣r❡✈❡♥t✐♥❣ s✉❜s❡⑧
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✶✳✹ ❚❤❡r❛♣❡✉t✐❝ P♦t❡♥t✐❛❧ ♦❢ ❍✸❘ ❆♥t❛❣♦♥✐sts ✶✾

♥♦r♠❛❧✐③❡❞ ❞♦♣❛♠✐♥❡ ❧❡✈❡❧s ✐♥ t❤❡ s②♥❛♣t✐❝ ❝❧❡❢t✳ ❍♦✇❡✈❡r✱ ❛❧t❤♦✉❣❤ ▲✲❉❖P❆ ✐s

s✉✣❝✐❡♥t ❛♥❞ ✉s❡❢✉❧ ✐♥ st❛❣❡s ♦❢ P❉ ✇❤❡r❡ s♦♠❡ ❡♥❞♦❣❡♥♦✉s ❞♦♣❛♠✐♥❡ ✐s st✐❧❧ ❛✈❛✐❧⑧

❛❜❧❡✱ ✐ts s❤♦rt ❤❛❧❢✲❧✐❢❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ♣r♦❣r❡ss✐♦♥ ♦❢ P❉ ❧❡❛❞s t♦ ✐♥s✉✣❝✐❡♥t ❛♥❞

r❡❞✉❝❡❞ r❡s♣♦♥s✐✈❡♥❡ss ❛❢t❡r t❤r❡❡ t♦ ✜✈❡ ②❡❛rs ♦❢ t❤❡r❛♣② ♦r ✐♥ ❧❛t❡r P❉ st❛❣❡s✳

❆ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ P❉ ♣❛t✐❡♥ts ❞❡✈❡❧♦♣ ♠♦t♦r ✢✉❝t✉❛t✐♦♥s ✭❖◆✴❖❋❋ ♣❡r✐♦❞s✮

❛♥❞✴♦r ▲✲❉❖P❆✲✐♥❞✉❝❡❞ ❞②s❦✐♥❡s✐❛ ✭▲■❉✮✳ ❚❤❡s❡ ❝♦♠♣❧✐❝❛t✐♦♥s ❛r❡ ♣♦♦r❧② ✉♥⑧

❞❡rst♦♦❞✱ ❜❡✐♥❣ ❤②♣♦t❤❡t✐❝❛❧❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞✐s❡❛s❡ ♣r♦❣r❡ss✐♦♥ ❛♥❞ ❝❛✉s❡❞ ❜②

♣❤❛r♠❛❝♦❦✐♥❡t✐❝ ❛❧t❡r❛t✐♦♥s ❡✳❣✳ ❧♦ss ♦❢ ♣r❡s②♥❛♣t✐❝ st♦r❛❣❡ ❝❛♣❛❝✐t② ♦❢ ▲✲❉❖P❆

♦r ✐♥t❡st✐♥❛❧ ❛❜s♦r♣t✐♦♥✳✶✺✾✱✶✻✵ ❙✉❜s❡q✉❡♥t ❞♦s✐♥❣ ❛❞❥✉st♠❡♥ts ♦r ❛❞❥✉♥❝t✐✈❡ ♣❤❛r⑧

♠❛❝♦t❤❡r❛♣✐❡s ✭❡✳❣✳ ✇✐t❤ ❈❖▼❚ ♦r ▼❆❖ ✐♥❤✐❜✐t♦rs✶✻✶✮ ❝❛♥ ❤❡❧♣ r❡st♦r❡ t❤❡ t❤❡r⑧

❛♣❡✉t✐❝ ❡✣❝❛❝②✳

❆s ❛♥ ❛❧t❡r♥❛t✐✈❡✱ ❞♦♣❛♠✐♥❡ r❡❝❡♣t♦r ❛❣♦♥✐sts r❡♣r❡s❡♥t ❛ t❤❡r❛♣❡✉t✐❝ ♦♣t✐♦♥

❛s ♠♦♥♦t❤❡r❛♣② ❢♦r ❡❛r❧② st❛❣❡s ✇✐t❤ ♠✐❧❞ t♦ ♠♦❞❡r❛t❡ ♠♦t♦r s②♠♣t♦♠s✱ ❜❡✐♥❣

❝♦♠♣❛r❛❜❧② ❡✛❡❝t✐✈❡ ✇✐t❤ ▲✲❉❖P❆ ✐♥ ②♦✉♥❣❡r ♣❛t✐❡♥ts ✭❁✻✺✲✼✵ ②❡❛rs✮✱ ❜✉t ✇✐t❤

❛ r❡❞✉❝❡❞ ♣♦t❡♥t✐❛❧ ❢♦r ❞②s❦✐♥❡s✐❛s✳ ❚❤❡② ❝❛♥ ❜❡ ❛❧s♦ ❝♦♠❜✐♥❡❞ ✇✐t❤ ▲✲❉❖P❆

✐♥ ❛❞✈❛♥❝❡❞ P❉ st❛❣❡s t♦ ✐♥❝r❡❛s❡ t❤❡r❛♣❡✉t✐❝ ❡✣❝✐❡♥❝②✳✶✻✷✕✶✻✹ ❉♦♣❛♠✐♥❡ r❡❝❡♣⑧

t♦r ❛❣♦♥✐sts ♠✐♠✐❝ ❞♦♣❛♠✐♥❡✬s ❡✛❡❝ts ✈✐❛ st✐♠✉❧❛t✐♦♥ ♦❢ ♣♦sts②♥❛♣t✐❝ ❞♦♣❛♠✐♥❡

r❡❝❡♣t♦rs✱ ♣r❡❢❡r❡♥t✐❛❧❧② ❉✷✴❉✸ r❡❝❡♣t♦rs ✭❉✷❘✴❉✸❘✮✳
✶✻✹ ❉♦♣❛♠✐♥❡ r❡❝❡♣t♦r ❛❣♦⑧

♥✐sts ❛r❡ str✉❝t✉r❛❧❧② ❞✐✈✐❞❡❞ ✐♥t♦ ❡r❣♦❧✐♥❡ ❞❡r✐✈❛t✐✈❡s✱ ❤❛✈✐♥❣ ❛ ❧♦♥❣ ❤✐st♦r② ✐♥

P❉✱ ❛♥❞ ♠♦r❡ r❡❝❡♥t❧② ❞❡✈❡❧♦♣❡❞ ♥♦♥✲❡r❣♦❧✐♥❡s✳ ❊r❣♦❧✐♥❡s✱ s✉❝❤ ❛s ❜r♦♠♦❝r✐♣⑧

t✐♥❡ ✭P❡r❧♦❞❡❧ ❘©✮✱ s❤♦✇ ❧❡ss ❞♦♣❛♠✐♥❡ r❡❝❡♣t♦r s✉❜t②♣❡ s❡❧❡❝t✐✈✐t② ❝♦♠♣❛r❡❞ t❤❛t

♦❢ ♥♦♥✲❡r❣♦❧✐♥❡ ❛❣♦♥✐sts ❛♥❞ ♠♦st ❞✐s❛❞✈❛♥t❛❣❡♦✉s❧② ❛❧s♦ ✐♥t❡r❛❝t ✇✐t❤ ✈❛r✐♦✉s

♦✛✲t❛r❣❡t ●P❈❘s ❧✐❦❡ s❡r♦t♦♥❡r❣✐❝ ♦r ❛❞r❡♥❡r❣✐❝ r❡❝❡♣t♦rs ❧❡❛❞✐♥❣ t♦ ♥✉♠❡r♦✉s

❛❞✈❡rs❡ ❡✛❡❝ts✳ ◆♦♥✲❡r❣♦❧✐♥❡s✱ ✐♥ ❝♦♥tr❛st✱ ♣r❡❞♦♠✐♥❛♥t❧② t❛r❣❡t ❉✷✲❧✐❦❡ r❡❝❡♣⑧

t♦r s✉❜t②♣❡s ✇✐t❤ ❤✐❣❤ s❡❧❡❝t✐✈✐t② ♦✈❡r ❞✐st✐♥❝t ❛♠✐♥❡r❣✐❝ r❡❝❡♣t♦rs✱ t❤✉s✱ ❤❛✈✐♥❣ ❛

♠♦r❡ ❢❛✈♦✉r❛❜❧❡ s✐❞❡ ❡✛❡❝t ♣r♦✜❧❡✳✶✻✺✱✶✻✻ ❋♦r ♠❛♥② ♥♦♥✲❡r❣♦❧✐♥❡s✱ ❡✳❣✳ ♣r❛♠✐♣❡①♦❧❡✱

♥❡✉r♦♣r♦t❡❝t✐✈❡ ❢❡❛t✉r❡s ❤❛✈❡ ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ✐♥ ♣r❡❝❧✐♥✐❝❛❧ st✉❞✐❡s✱ ♣r♦❜❛❜❧②

❞✉❡ t♦ ❛♥t✐♦①✐❞❛♥t ❛♥❞ ❛♥t✐✲❛♣♦♣t♦t✐❝ ❡✛❡❝ts✳ ❍♦✇❡✈❡r✱ t❤❡s❡ s✉❣❣❡st❡❞ ❞✐s❡❛s❡⑧

♠♦❞✐❢②✐♥❣ ❡✛❡❝ts ❝♦✉❧❞ ♥♦t ❜❡ ♣r♦✈❡❞ ✐♥ ♣❛t✐❡♥ts s♦ ❢❛r✳✶✻✹ ❚♦ ❞❛t❡✱ ♣r❛♠✐♣❡①♦❧❡

✭▼✐r❛♣❡① ❘©✮✱ ❛ ❉✸❘✲♣r❡❢❡rr✐♥❣ ❛❣♦♥✐st ✇✐t❤ ✇❡❧❧✲❞❡✜♥❡❞ ❡✣❝❛❝② ❛♥❞ s❛❢❡t② ♣r♦✜❧❡✱

✐s t❤❡ ♠♦st ♣r❡s❝r✐❜❡❞ ❞♦♣❛♠✐♥❡ ❛❣♦♥✐st ❢♦r P❉ ✇♦r❧❞✇✐❞❡✳✶✻✼

▼♦♥♦❛♠✐♥❡ ♦①✐❞❛s❡ ✭▼❆❖❀ ❊❈ ✶✳✹✳✸✳✹✮ ❇ ✐♥❤✐❜✐t♦rs ✭❋✐❣✉r❡ ✶✵✮✱ s✉❝❤ ❛s s❡❧❡❣✐⑧

❧✐♥❡ ✭❊❧❞❡♣r②❧ ❘©✮✱ r❛s❛❣✐❧✐♥❡ ✭❆③✐❧❡❝t❘©✮ ♦r t❤❡ ♠♦st r❡❝❡♥t❧② ❛♣♣r♦✈❡❞ s❛✜♥❛♠✐❞❡

✭❳❛❞❛❣♦❘©✮✱ ❛r❡ ♣r❡❞♦♠✐♥❛♥t❧② ✉s❡❞ ❛s ❛❞❥✉♥❝t✐✈❡ t❤❡r❛♣②✱ ❜✉t ❝❛♥ ❜❡ ❛❧s♦ ❛♣♣❧✐❡❞

❛s ♠♦♥♦t❤❡r❛♣② ✐♥ ❡❛r❧② st❛❣❡s ♦❢ P❉✳✶✺✼ ▼❆❖s ❛r❡ ✢❛✈✐♥ ❛❞❡♥✐♥❡ ❞✐♥✉❝❧❡♦t✐❞❡

✭❋❆❉✮✲❝♦♥t❛✐♥✐♥❣ ❡♥③②♠❡s✱ ❧♦❝❛❧✐③❡❞ ✐♥ t❤❡ ♠✐t♦❝❤♦♥❞r✐❛ ♦✉t❡r ♠❡♠❜r❛♥❡✱ ✇❤✐❝❤

♠❡t❛❜♦❧✐③❡ ✈❛r✐♦✉s ♥❡✉r♦tr❛♥s♠✐tt❡rs ❛❢t❡r ❝❡❧❧✉❧❛r r❡✉♣t❛❦❡ ❢r♦♠ t❤❡ s②♥❛♣t✐❝

❝❧❡❢t✳ ❚✇♦ ✐s♦❢♦r♠s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✱ ▼❆❖ ❆ ❛♥❞ ▼❆❖ ❇✱ ❞✐✛❡r✐♥❣ ✐♥ t❤❡✐r

❈◆❙ ❛♥❞ ❝❡❧❧✉❧❛r ❧♦❝❛❧✐③❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡✐r s✉❜str❛t❡ ❛♥❞ ✐♥❤✐❜✐t♦r s❡❧❡❝t✐✈✐t②✳



✷✵ ✶ ■♥tr♦❞✉❝t✐♦♥

▼♦st r❡❧❡✈❛♥t ❢♦r ♣❤❛r♠❛❝♦t❤❡r❛♣②✱ ▼❆❖ ❇✱ ❧♦❝❛❧✐③❡❞ ♠❛✐♥❧② ✐♥ ❣❧✐❛❧ ❝❡❧❧s ❜✉t

❛❧s♦ s❡r♦t♦♥❡r❣✐❝ ♥❡✉r♦♥s✱ ♠❡t❛❜♦❧✐③❡s ❞♦♣❛♠✐♥❡✱ ✇❤✐❧❡ t❤❡ ▼❆❖ ❆ ✐s♦❢♦r♠✱ ❡①⑧

♣r❡ss❡❞ ✐♥ ❛❧❧ ♦t❤❡r ♥❡✉r♦♥s✱ ♣r❡❞♦♠✐♥❛♥t❧② ❞❡❣r❛❞❡s s❡r♦t♦♥✐♥ ✭✺✲❍❚✮ ✐♥ t❤❡ ❤✉⑧

♠❛♥ ❜r❛✐♥✳ ❍♦✇❡✈❡r✱ ✐♥ ❛❜s❡♥❝❡ ♦❢ ▼❆❖ ❇✱ ▼❆❖ ❆ ❝❛♥ t❛❦❡ ♦✈❡r t❤❡ ❞❡❣r❛❞❛t✐♦♥

♦❢ ❞♦♣❛♠✐♥❡✳✶✻✽✱✶✻✾ ❚❤❡ ✐♥✐t✐❛❧ ▼❆❖✲❞❡♣❡♥❞❡♥t ♥❡✉r♦tr❛♥s♠✐tt❡r ❜r❡❛❦❞♦✇♥✱ ❡①⑧

❡♠♣❧✐✜❡❞ ❢♦r ❞♦♣❛♠✐♥❡ ✭❋✐❣✉r❡ ✶✵✮✱ ✐♥✈♦❧✈❡s ♦①✐❞❛t✐✈❡ ❞❡❛♠✐♥❛t✐♦♥✱ ✇❤✐❧❡ ✐♥t❡r♠❡⑧

❞✐❛t❡ ♣r♦❞✉❝ts ✇✐❧❧ ❜❡ r❛♣✐❞❧② ♠❡t❛❜♦❧✐s❡❞✳✶✻✽ ■♥❤✐❜✐t✐♦♥ ♦❢ ▼❆❖ ❇ ✇♦✉❧❞ ❞❡❝r❡❛s❡

❞♦♣❛♠✐♥❡ ❝❛t❛❜♦❧✐s♠ ❛♥❞ ❡♥❤❛♥❝❡ ❞♦♣❛♠✐♥❡ ❛✈❛✐❧❛❜✐❧✐t②✱ r❡♣r❡s❡♥t✐♥❣ ❛♥ ✐♥❞✐r❡❝t

❞♦♣❛♠✐♥❡r❣✐❝ ♣❤❛r♠❛❝♦t❤❡r❛♣② ✐♥ P❉✳ ❚❤❡ ❛❣❡✲❞❡♣❡♥❞❡♥t ✐♥❝r❡❛s❡ ❛♥❞ ❡♥❤❛♥❝❡❞

▼❆❖ ❇ ❡①♣r❡ss✐♦♥ ✐♥ ❆❉ ❛♥❞ P❉ ♣❛t✐❡♥ts s✉❣❣❡sts ❛ ❦❡② r♦❧❡ ✐♥ ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡

❞✐s❡❛s❡s✳✾✵ ❆s ▼❆❖s ❛r❡ ♠✐t♦❝❤♦♥❞r✐❛❧ ❡♥③②♠❡s✱ t❤❡✐r ♣❛t❤♦♣❤②s✐♦❧♦❣✐❝❛❧ ❝❛♣❛❝⑧

✐t② ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♦✈❡r❛❧❧ ♠✐t♦❝❤♦♥❞r✐❛❧ ❞②s❢✉♥❝t✐♦♥✱ ❛ ♣r♦♣♦s❡❞ ❞❡t❡r♠✐♥✐♥❣

❢❛❝t♦r ✐♥ ♥❡✉r♦❞❡❣❡♥❡r❛t✐♦♥✳✶✼✵✕✶✼✷ ❚❤✐s ♠❛② ❧❡❛❞ t♦ ❞✐sr✉♣t✐♦♥ ♦❢ ❝❡❧❧✉❧❛r ❡♥❡r❣②✱

✐✳❡✳ ❛❞❡♥♦s✐♥❡ tr✐♣❤♦s♣❤❛t❡ ✭❆❚P✮ s✉♣♣❧②✱ ❛♥❞ ❞r✐✈❡s ♦①✐❞❛t✐✈❡ str❡ss✱ ✇❤✐❝❤ ♠✐❣❤t

♦✈❡r✇❤❡❧♠ t❤❡ ❛♥t✐♦①✐❞❛t✐✈❡ ❝❛♣❛❝✐t② ♦❢ t❤❡ ❝❡❧❧✳ ◆❡✉r♦♥❛❧ ❝❡❧❧s ❤❛✈❡ ❤✐❣❤ ❡♥❡r❣❡t✐❝

❆❚P ❞❡♠❛♥❞s✱ s♦ t❤❡② ❛r❡ ❡s♣❡❝✐❛❧❧② s❡♥s✐t✐✈❡ t♦ ♠✐t♦❝❤♦♥❞r✐❛❧ ❞②s❢✉♥❝t✐♦♥✳✶✻✾✱✶✼✶

❍✐st♦r✐❝❛❧ ✐♥t❡r❡st✐♥❣✱ ❛♥t✐❝❤♦❧✐♥❡r❣✐❝ ❞r✉❣s r❡♣r❡s❡♥t❡❞ t❤❡ ♦♥❧② ♣❤❛r♠❛❝♦t❤❡r⑧

❛♣② ❢♦r P❉ ❜❡❢♦r❡ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ▲✲❉❖P❆ ✐♥ ✶✾✻✾✳ ❆s t❤❡ ❧♦ss ♦❢ ❞♦♣❛♠✐♥❡r❣✐❝

s✐❣♥❛❧❧✐♥❣ ♦❝❝✉rs ❞✉r✐♥❣ P❉ ♣r♦❣r❡ss✐♦♥✱ t❤❡ str✐❛t❛❧ ❡①❝✐t❛t♦r② ❝❤♦❧✐♥❡r❣✐❝ s②s⑧

t❡♠✱ ✐♠♣❧❡♠❡♥t❡❞ ❛♥❞ ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❞♦♣❛♠✐♥❡ ✐♥ t❤❡ ❜❛s❛❧ ❣❛♥❣❧✐❛ ❝✐r❝✉✐t✱ ❣❛✐♥s

t❤❡ ✉♣♣❡r ❤❛♥❞✳ ❍♦✇❡✈❡r✱ ❝♦♠♣❧❡① ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ t❤❡s❡ ♥❡✉r♦tr❛♥s♠✐tt❡rs

✇✐t❤✐♥ t❤❡ ❜❛s❛❧ ❣❛♥❣❧✐❛ ❝✐r❝✉✐t ✭❛♥❞ s✉❜✲❝✐r❝✉✐ts✮ ❛r❡ ♣♦♦r❧② ✉♥❞❡rst♦♦❞✱✶✼✸ ✇❤✐❧❡ ❛

✐♥tr❛✲str✐❛t❛❧ ❞♦♣❛♠✐♥❡✴❆❈❤ ✐♠❜❛❧❛♥❝❡ ✐s ❜❡❧✐❡✈❡❞ t♦ ❛t ❧❡❛st ♣❛rt❧② ❛✛❡❝t P❉ ♠♦⑧

t♦r s②♠♣t♦♠♦❧♦❣②✱ ♣❛rt✐❝✉❧❛r❧② tr❡♠♦rs ❛♥❞ ♠✉s❝❧❡ st✐✛♥❡ss✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❞✉❡

t♦ ❛ ♣r♦❣r❡ss✐✈❡ ❧♦ss ♦❢ str✐❛t❛❧ ❝❤♦❧✐♥❡r❣✐❝ ♠❛r❦❡rs ❛❝❝♦♠♣❛♥②✐♥❣ P❉✱ s✐❞❡ ❡✛❡❝ts

♦♥ ❝♦❣♥✐t✐✈❡ ♣❡r❢♦r♠❛♥❝❡ ❤❛✈❡ ❜❡❡♥ ❞❡s❝r✐❜❡❞ ❢♦r ❛♥t✐❝❤♦❧✐♥❡r❣✐❝ ❞r✉❣s✳✶✼✸ ◆♦✇❛⑧

❞❛②s ❛♥t✐❝❤♦❧✐♥❡r❣✐❝ t❤❡r❛♣② ✇❛s ♣r♦✈❡♥ t♦ ❜❡ ♦❢ ❧✐♠✐t❡❞ ✈❛❧✉❡ ❢♦r t❤❡ ♠❛❥♦r✐t② ♦❢

P❉ ♣❛t✐❡♥ts ✇✐t❤ ❞♦♠✐♥❛t✐♥❣ s✐❞❡ ❡✛❡❝ts✳✶✺✷✱✶✻✸

◆♦t❡✇♦rt❤②✱ t❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❏❛♠❡s P❛r❦✐♥s♦♥✬s ❛♥❞ t❤❡ ❝✉rr❡♥t ✉♥⑧

❞❡rst❛♥❞✐♥❣ ♦❢ P❉✱ ✐s t❤❡ ♦✈❡r❛❧❧ r❡❝♦❣♥✐t✐♦♥ ♦❢ ❛ ❣r❡❛t ✈❛r✐❡t② ♦❢ P❉✲❛ss♦❝✐❛t❡❞

♥♦♥✲♠♦t♦r s②♠♣t♦♠s✱ ✇❤✐❝❤ ♦❢t❡♥ ❛♣♣❡❛r ♣r✐♦r t♦ ♠♦t♦r s②♠♣t♦♠s✱ ❜✉t t❡♥❞ t♦

✇♦rs❡♥ ✇✐t❤ ❞✐s❡❛s❡ ♣r♦❣r❡ss✐♦♥✳ ❇❡s✐❞❡ ❣❛str♦✐♥t❡st✐♥❛❧ ❛♥❞ ❝❛r❞✐♦✈❛s❝✉❧❛r ❝♦♠♣❧✐⑧

❝❛t✐♦♥s ❢r♦♠ ❝♦♠♠♦♥ ❛✉t♦♥♦♠✐❝ ❞②s❢✉♥❝t✐♦♥s ❛♥❞ ❞❡♣r❡ss✐♦♥✱ ❛♥①✐❡t②✱ ❞❡♠❡♥t✐❛

♦r ♣s②❝❤♦s✐s✱ s❧❡❡♣ ✐♠♣❛✐r♠❡♥t r❡♣r❡s❡♥ts ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❈◆❙✲r❡❧❛t❡❞ ♥♦♥✲♠♦⑧

t♦r s②♠♣t♦♠s ✇❤✐❝❤ ❝❛♥ ❛❧s♦ ♦❝❝✉r ❛s ❧♦♥❣✲t❡r♠ s✐❞❡ ❡✛❡❝ts ❛❢t❡r ❞♦♣❛♠✐♥❡r❣✐❝

tr❡❛t♠❡♥t✳✶✻✵✱✶✼✹✱✶✼✺ ◆♦♥✲♠♦t♦r s②♠♣t♦♠s✱ ❡s♣❡❝✐❛❧❧② ♣s②❝❤✐❛tr✐❝ ♦♥❡s✱ ❡①❤✐❜✐t ❛

❤✐❣❤ ❧❡✈❡❧ ♦❢ s✉✛❡r✐♥❣ ❛♥❞ ♠❛② ❧❡❛❞ t♦ r❡❞✉❝❡❞ ❝♦♠♣❧✐❛♥❝❡ ❛♥❞ ❝♦♦♣❡r❛t✐✈✐t② ♦❢

P❉ ♣❛t✐❡♥ts✱ t❤❡r❡❢♦r❡ ♥❡❡❞ t♦ ❜❡ t❤❡r❛♣❡✉t✐❝❛❧❧② ❛❞❞r❡ss❡❞ ✇✐t❤ s✐♠✐❧❛r ❡✛♦rt t♦

♠♦t♦r ❝♦♠♣❧✐❝❛t✐♦♥s✳ ❆ ❜r♦❛❞ s♣❡❝tr✉♠ ♦❢ ❝♦♠♠♦♥ ♣❤❛r♠❛❝♦t❤❡r❛♣❡✉t✐❝s✱ ✐✳❡✳
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✶✳✹ ❚❤❡r❛♣❡✉t✐❝ P♦t❡♥t✐❛❧ ♦❢ ❍✸❘ ❆♥t❛❣♦♥✐sts ✷✸

s❛♠❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✐♠♠❡♣✐♣ ❛❧♦♥❡ r❡s✉❧t❡❞ ✐♥ s✐❣♥✐✜❝❛♥t ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ♣❛r❦✐♥⑧

s♦♥✐❛♥ ❡✛❡❝ts✳✶✾✻ ■♥ ❝♦♥❝❧✉s✐♦♥✱ st✉❞✐❡s ♦♥ ❍✸❘ ❛❝t✐✈❛t✐♦♥✴❜❧♦❝❦❛❞❡ t♦ ♠♦❞✉❧❛t❡

❧♦❝♦♠♦t♦r ❛❝t✐✈✐t② r❡♠❛✐♥ ❝♦♥tr♦✈❡rs✐❛❧ ❞✉❡ t♦ ✐♥❝♦♥s✐st❡♥t r❡♣♦rts✳ ❚♦ ❞❛t❡✱ t❤❡r❡

✐s ♥♦ ❡✈✐❞❡♥❝❡✱ t❤❛t ❍✸❘ ❛♥t❛❣♦♥✐sts ❛❧♦♥❡ ❛r❡ ❛❜❧❡ t♦ ✐♠♣r♦✈❡ ♠♦t♦r s②♠♣t♦♠s

✐♥ P❉ ✐ts❡❧❢✱ ✇❤❡r❡❛s ❛ ♣♦s✐t✐✈❡ ✐♥✢✉❡♥❝❡ ♦♥ ❞♦♣❛♠✐♥❡r❣✐❝ tr❡❛t♠❡♥ts ✐s ❧✐❦❡❧②✳

❆ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ P❉ ♣❛t✐❡♥ts ✭❛❜♦✉t ✼✺✪✮ ❞❡✈❡❧♦♣ s❡r✐♦✉s ❝♦❣♥✐t✐✈❡ ❞②s⑧

❢✉♥❝t✐♦♥ ❛♥❞ ❞❡♠❡♥t✐❛ ✇✐t❤ ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡ ♣r♦❣r❡ss✐♦♥✱✶✼✺ ✇❤✐❝❤ ♦❢t❡♥

♠❡❛♥s t❤❡ ❧♦ss ♦❢ ❛✉t♦♥♦♠② ✐♥ t❤❡✐r ❞❛✐❧② ❧✐❢❡✳ ❉✉❡ t♦ s✐♠✐❧❛r ♦♥❣♦✐♥❣ ♣❛t❤♦❣❡♥⑧

❡s✐s✱ P❉✲r❡❧❛t❡❞ ❞❡♠❡♥t✐❛ ❝❛♥ ♦❢t❡♥ ❜❡ tr❡❛t❡❞ ✇✐t❤ ❝♦♠♠♦♥ ❆❉ t❤❡r❛♣❡✉t✐❝s✳

❆s ❝♦♠♣r❡❤❡♥s✐✈❡❧② ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ♣❛r❛❣r❛♣❤✱ ❍✸❘ ❛♥t❛❣♦♥✐sts ♣r♦✈✐❞❡

♣r♦✲❝♦❣♥✐t✐✈❡ ❡✛❡❝ts✱ ♠♦st ♣r♦❜❛❜❧② ❜② ❆❈❤ ♠♦❞✉❧❛t✐♦♥✳✾✺✱✾✼ ❚❤❡r❡❢♦r❡✱ t❤❡s❡ ❝♦♠⑧

♣♦✉♥❞s ♠✐❣❤t ❜❡ ❡✛❡❝t✐✈❡ ✐♥ P❉✲❛❝❝♦♠♣❛♥②✐♥❣ ❞❡♠❡♥t✐❛✳

❙❧❡❡♣ ✐♠♣❛✐r♠❡♥t ✐s ♦❢t❡♥ ❡①♣❡r✐❡♥❝❡❞ ❜② P❉ ♣❛t✐❡♥ts✳✶✼✺ ❊❉❙✱ ♠❛♥✐❢❡st❡❞ ❛s

s✉❞❞❡♥✲♦♥s❡t s❧❡❡♣ ❞✉r✐♥❣ t❤❡ ❞❛②✱ r❡♣r❡s❡♥ts t❤❡ ♠♦st ♣r❡✈❛❧❡♥t s❧❡❡♣ ❞✐sr✉♣t✐♦♥

✐♥ P❉ ♣❛t✐❡♥ts✱ ❤❛✈✐♥❣ ❛ s❡✈❡r❡ ✐♠♣❛❝t ♦♥ q✉❛❧✐t② ♦❢ ❧✐❢❡✳ ❚②♣✐❝❛❧❧②✱ ❊❉❙ ❛❝❝♦♠⑧

♣❛♥✐❡s ♦r ❜❡❝❛♠❡ ❛❣❣r❛✈❛t❡❞ ❜② ❞♦♣❛♠✐♥❡r❣✐❝ tr❡❛t♠❡♥t✱ ❡s♣❡❝✐❛❧❧② ❜② ❞♦♣❛♠✐♥❡

❛❣♦♥✐sts ❜✉t ♠❛② ❛❧s♦ ♦❝❝✉r ♦❝❝❛s✐♦♥❛❧❧② ✐♥ ✉♥tr❡❛t❡❞ ♦r ▲✲❉❖P❆ ♣❛t✐❡♥ts✳✶✺✸✱✶✻✵✱✶✼✺

❚❤❡s❡ ❞②s❢✉♥❝t✐♦♥s ♠✐❣❤t ❛♣♣❡❛r ❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ ♣r♦❣r❡ss✐♥❣ ❜r❛✐♥ ♣❛t❤♦❧♦❣②✱

❡✈✐❞❡♥t❧② ❛❧s♦ r❡s✉❧t✐♥❣ ✐♥ ❛❧t❡r❛t✐♦♥s ✇✐t❤✐♥ t❤❡ ❤✐st❛♠✐♥❡r❣✐❝ s②st❡♠✳✶✼✱✻✵✱✶✼✽ ❍✐s⑧

t❛♠✐♥❡ ✐s ❛ ❦❡② ♣❧❛②❡r ✐♥ s❧❡❡♣✲✇❛❦❡ r❡❣✉❧❛t✐♦♥ ❛♥❞ ❝✐r❝❛❞✐❛♥ r❤②t❤♠✱ ✇❤❡r❡ t❤❡

❤✐st❛♠✐♥❡r❣✐❝ s②st❡♠ ♠❛✐♥t❛✐♥s t❤❡ ✇❛❦✐♥❣ st❛t❡✱ ❞❡♠♦♥str❛t✐♥❣ ✐♥❝r❡❛s❡❞ ♥❡✉⑧

r♦♥❛❧ ✜r✐♥❣ r❛t❡s✳✷✸✱✶✾✼✕✶✾✾ ❈◆❙✲♣❡♥❡tr❛t✐♥❣ ❍✶❘ ❛♥t❛❣♦♥✐sts ❝❛♥ ❤❛✈❡ s❡❞❛t✐✈❡ ❡❢⑧

❢❡❝ts ❜✉t ❧❛❝❦ t❤❡r❛♣❡✉t✐❝❛❧ r❡❧❡✈❛♥❝❡ ❢♦r s❧❡❡♣ ❞✐s♦r❞❡rs ❞✉❡ t♦ ❧♦♥❣ ❤❛❧❢✲❧✐✈❡s ❛♥❞

♣❡r✐♣❤❡r❛❧ s✐❞❡ ❡✛❡❝ts✳ ❆s ❧❛t❡r ❞✐s❝♦✈❡r❡❞✱ ❍✸❘s ♠♦❞✉❧❛t❡ ✇❛❦❡❢✉❧♥❡ss✱ r❛✐s✐♥❣

❣r❡❛t ❡①♣❡❝t❛t✐♦♥s ❢♦r t❤❡ t❤❡r❛♣❡✉t✐❝ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❍✸❘ ❧✐❣❛♥❞s ✐♥ s❧❡❡♣✲✇❛❦❡

❞✐s♦r❞❡rs✳✷✾ ❍✸❘
✲✴✲ ♠✐❝❡ s❤♦✇ ❝❤r♦♥✐❝❛❧ ❡♥❤❛♥❝❡❞ ❤✐st❛♠✐♥❡ ♥❡✉r♦tr❛♥s♠✐ss✐♦♥

r❡s✉❧t✐♥❣ ✐♥✱ ❛♠♦♥❣ ♦t❤❡r ♣❤❡♥♦t②♣❡s✱ s❧❡❡♣✲✇❛❦❡ ❛❜♥♦r♠❛❧✐t✐❡s ❞✉❡ t♦ ❛❜♦❧✐s❤⑧

♠❡♥t ♦❢ t❤❡ ♥❡❣❛t✐✈❡ ❢❡❡❞❜❛❝❦ ♦♥ ❤✐st❛♠✐♥❡ r❡❧❡❛s❡ ✈✐❛ ❍✸❘ ❛✉t♦r❡❝❡♣t♦rs✳✷✵✵ ❆❝⑧

❝♦r❞✐♥❣❧②✱ ❝♦♠♣♦✉♥❞s ✐♠♣❛✐r✐♥❣ ❤✐st❛♠✐♥❡r❣✐❝ r❡❧❡❛s❡ ❡♥❤❛♥❝❡s s❧❡❡♣✱ ✇❤✐❝❤ ✇❛s

❞❡♠♦♥str❛t❡❞ ❡✳❣✳ ❢♦r t❤❡ ❤✐st❛♠✐♥❡ s②♥t❤❡s✐s ✐♥❤✐❜✐t♦r α✲✢✉♦r♦♠❡t❤②❧❤✐st✐❞✐♥❡

❛s ✇❡❧❧ ❛s ❍✸❘ ❛✉t♦r❡❝❡♣t♦r ❛❣♦♥✐sts✳✷✸✱✶✾✾✱✷✵✵ ❆ ♥✉♠❜❡r ♦❢ ✐♠✐❞❛③♦❧❡✲❜❛s❡❞ ❍✸❘

❛♥t❛❣♦♥✐sts✱ ❡✳❣✳ ❝✐♣r♦①✐❢❛♥✱ ❡①❤✐❜✐t s✐❣♥✐✜❝❛♥t ✇❛❦❡✲♣r♦♠♦t✐♥❣ ❡✛❡❝ts ✐♥ ✈❛r✐♦✉s

❛♥✐♠❛❧ ♠♦❞❡❧s✳✶✾✽✱✷✵✶✕✷✵✸ ❘❡❝❡♥t❧②✱ t❤✐♦♣❡r❛♠✐❞❡ ✇❛s s❤♦✇♥ t♦ ♠♦❞✉❧❛t❡ t❤❡ ❝✐r❝❛⑧

❞✐❛♥ r❤②t❤♠✱ ❜✉t ❛❧s♦ ✐♠♣r♦✈❡ ❝♦❣♥✐t✐✈❡ ❞❡✜❝✐ts ✐♥ t❤❡ ✻✲❖❍❉❆ ♠♦✉s❡ ♠♦❞❡❧✳✷✵✸
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✷✻ ✶ ■♥tr♦❞✉❝t✐♦♥

❢♦♦❞✲s❝❤❡❞✉❧❡❞ r❛ts ♦r ❜② ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❤②♣♦t❤❛❧❛♠✐❝ ❤✐st❛♠✐♥❡ ✐♥ ❤✉♥❣r② r❛ts

tr❛✐♥❡❞ t♦ ❛❝❝❡ss ❛ ❢♦♦❞ r❡s❡r✈♦✐r✳✷✷✺✕✷✷✼ ❚❤❡s❡ ❝❤❛♥❣❡s ♦♥ ❤✐st❛♠✐♥❡ ♦r ❤✐st❛♠✐♥❡

t✉r♥♦✈❡r ❝♦✉❧❞ ♥♦t ❜❡ ❞❡♠♦♥str❛t❡❞ ✐♥ ❛❞ ❧✐❜✐t✉♠ ❢❡❞ r❛ts✱ t❤✉s✱ ❜❡✐♥❣ ❝♦♥♥❡❝t❡❞

t♦ ❛ st❛t❡ ♦❢ ❛r♦✉s❛❧ ♦r ❡①♣❡❝t❛t✐♦♥ ♦❢ ❢♦♦❞ ♦♥❧②✳✷✷✻ ❆♠♦♥❣ ❤✐st❛♠✐♥❡ r❡❝❡♣t♦rs✱

❡s♣❡❝✐❛❧❧② ❍✶❘s ❛♥❞ ❍✸❘s ❛r❡ ✐♥✈❡st✐❣❛t❡❞ r❡❣❛r❞✐♥❣ ❡❛t✐♥❣ ❜❡❤❛✈✐♦✉r✳✼✻✱✷✷✽ ❍✶❘
✲✴✲

♠✐❝❡ s❤♦✇ ✐♥❝r❡❛s❡❞ ❢♦♦❞ ✐♥t❛❦❡ ❛♥❞ ✈✐s❝❡r❛❧ ❛❞✐♣♦s✐t②✳✷✷✾ ❆ s✐♠✐❧❛r ♦❜❡s❡ ♣❤❡♥♦⑧

t②♣❡ ✇❛s ♦❜s❡r✈❡❞ ❜② ❚❛❦❛❤❛s❤✐ ❛♥❞ ❝♦❧❧❡❛❣✉❡s ✐♥ ❍✸❘
✲✴✲ ♠✐❝❡✳✷✸✵ ❍♦✇❡✈❡r✱ ❝♦♥⑧

tr❛❞✐❝t♦r② ♦❜s❡r✈❛t✐♦♥s ✇❡r❡ ♠❛❞❡ ❜② ♦t❤❡r ✇♦r❦✐♥❣ ❣r♦✉♣s ❝❧❛✐♠✐♥❣ ♥♦ s✐❣♥✐✜❝❛♥t

❛❧t❡r❛t✐♦♥ ✐♥ ❜♦❞② ✇❡✐❣❤t ♦❢ ❍✸❘
✲✴✲ ♠✐❝❡✳✾✽✱✷✷✽ ❆s ❡①❝❡ss✐✈❡ ❤✐st❛♠✐♥❡ st✐♠✉❧❛t✐♦♥

✈✐❛ ♣♦sts②♥❛♣t✐❝ ❍✶❘s ♥♦r♠❛❧❧② r❡s✉❧ts ✐♥ r❡❞✉❝❡❞ ✇❡✐❣❤t ❣❛✐♥✱ t❤❡ ♠❛♥✐❢❡st❛t✐♦♥

♦❢ ♦✈❡r✇❡✐❣❤t ✐♥ ❍✸❘
✲✴✲ ♠✐❝❡ s❡❡♠s ♣❛r❛❞♦① ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❤✐st❛♠✐♥❡

r❡❧❡❛s❡ ♠♦❞✉❧❛t✐♦♥ ✈✐❛ ♣r❡s②♥❛♣t✐❝ ❍✸❘s✳ ❍♦✇❡✈❡r✱ t❤✐s ❝✐r❝✉♠st❛♥❝❡ ♠❛② ❜❡

❡①♣❧✐❝❛❜❧❡ ❜② ❤✐st❛♠✐♥❡ ♦✈❡rst✐♠✉❧❛t✐♦♥ r❡s✉❧t✐♥❣ ✐♥ ❞❡s❡♥s✐t✐③❛t✐♦♥ ♦❢ ♣♦sts②♥❛♣⑧

t✐❝ r❡❝❡♣t♦rs✳✷✸✵ ■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ♠❛② ❛❧r❡❛❞② r❡✢❡❝t ❛ ❤✐❣❤❡r

❝♦♠♣❧❡①✐t② ♦❢ ❤✐st❛♠✐♥❡ r❡❝❡♣t♦r✲♠❡❞✐❛t❡❞ ❢♦♦❞ ✐♥t❛❦❡ ❛♥❞ ❡♥❡r❣② ❡①♣❡♥❞✐t✉r❡✱

✐♥ ♣❛rt✐❝✉❧❛r ❢♦r ❍✸❘s ❛s ♣❛♥✲r❡❝❡♣t♦r ♠♦❞✉❧❛t♦rs✳ ❚❤❡ ❤✐❣❤❧② ♣♦t❡♥t ❛♥❞ ❝❡♥⑧

tr❛❧ ❛❝t✐♥❣ ❍✶❘ ❛❣♦♥✐st ✷✲✭✸✲✭tr✐✢✉♦r♦♠❡t❤②❧✮♣❤❡♥②❧✮❤✐st❛♠✐♥❡ r❡❞✉❝❡❞ ❞❛✐❧② ❢♦♦❞

✐♥t❛❦❡✱ ❛s ❞✐❞ ❛ ❢❡✇ ❍✶❘ ❛♥t❛❣♦♥✐sts ✭❡✳❣✳ ❝❤❧♦r♣❤❡♥✐r❛♠✐♥❡ ❛♥❞ ♣②r✐❧❛♠✐♥❡✮✳ ■♥

❝♦♥tr❛st✱ ♥✉♠❡r♦✉s ❍✶❘ ❛♥t❛❣♦♥✐sts✱ ✐✳❡✳ ❛♥t✐❛❧❧❡r❣✐❝s✱ ❡♥❤❛♥❝❡❞ ✐t✳✼✻ ❋✉rt❤❡r♠♦r❡✱

s❝❤✐③♦♣❤r❡♥✐❝ ♣❛t✐❡♥ts tr❡❛t❡❞ ✇✐t❤ ❛t②♣✐❝❛❧ ❛♥t✐♣s②❝❤♦t✐❝s s❤♦✇ ❛♥ ✐♥❝r❡❛s❡❞ ✐♥❝✐⑧

❞❡♥❝❡ ♦❢ ♦❜❡s✐t② ✇✐t❤ ❤✐❣❤❡st ✇❡✐❣❤t ❣❛✐♥ ♦❜s❡r✈❡❞ ❢♦r ❝❧♦③❛♣✐♥❡ ❛♥❞ ♦❧❛♥③❛♣✐♥❡✱

❛ s✐❞❡ ❡✛❡❝t ❤❛♠♣❡r✐♥❣ ♣❛t✐❡♥ts ❝♦♠♣❧✐❛♥❝❡✳✷✸✶ ❚❤✐s ♦❜s❡r✈❛t✐♦♥✱ ✐♥✐t✐❛❧❧② ❝♦♥s✐❞⑧

❡r❡❞ ❛s ❝♦✲✐♥❝✐❞❡♥❝❡✱ ✇❛s ❧❛t❡r ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ❡①tr❛♦r❞✐♥❛r② ❤✐❣❤ ❛✣♥✐t② ✇✐t❤

❛♥t❛❣♦♥✐st✐❝ ❜❡❤❛✈✐♦✉r ♦❢ ❝❧♦③❛♣✐♥❡ ❛♥❞ ♦❧❛♥③❛♣✐♥❡ ❛t ❍✶❘ r❡❝❡♣t♦rs ✭❑✐ ❂ ✶✳✷ ♥▼

❛♥❞ ❑✐ ❂ ✷✳✵ ♥▼✱ r❡s♣❡❝t✐✈❡❧②✷✸✷✮✳✷✸✶✱✷✸✸

❆ ♠♦r❡ ❝♦♥❣r✉❡♥t ❡①♣❡r✐♠❡♥t❛❧ s✐t✉❛t✐♦♥ ♠❛② ❜❡ ♦❜s❡r✈❡❞ ❢♦r ❍✸❘ ❛♥t❛❣♦♥✐sts✱

✇❤❡r❡ ♥✉♠❡r♦✉s ✜rst ❣❡♥❡r❛t✐♦♥ ✐♠✐❞❛③♦❧❡✲❜❛s❡❞ ✭❝✐♣r♦①✐❢❛♥✱ t❤✐♦♣❡r❛♠✐❞❡✱ ❝❧♦❜❡♥⑧

♣r♦♣✐t✮ ❛♥❞ ♠♦r❡ r❡❝❡♥t r❡♣r❡s❡♥t❛t✐✈❡s s✉❝❤ ❛s ❆❇❚✲✷✸✾ ❞❡❝r❡❛s❡ ❢♦♦❞ ✐♥t❛❦❡ ✐♥

r♦❞❡♥ts✱ ❡✈❡♥ t❤♦✉❣❤✱ t❤✐♦♣❡r❛♠✐❞❡✱ ❜❡✐♥❣ ❡①t❡♥s✐✈❡❧② st✉❞✐❡❞✱ ❧❛❝❦ ❛♥t✐✲♦❜❡s❡ ❡❢⑧

✜❝❛❝② ✐♥ ❛ ❢❡✇ st✉❞✐❡s✳✼✻ ❚❤✐♦♣❡r❛♠✐❞❡ ✇❛s ❛❧s♦ s❤♦✇♥ t♦ s✉♣♣r❡ss ❤②♣❡r♣❤❛❣✐❛

✐♥❞✉❝❡❞ ❜② t❤❡ ♦r❡①✐❣❡♥✐❝ ♥❡✉r♦♣❡♣t✐❞❡ ❨ ✐♥ ♠✉❧t✐♣❧❡ st✉❞✐❡s✱✷✸✹✱✷✸✺ ❛♥ ❡✛❡❝t ✇❤✐❝❤

❝❛♥ ❜❡ ❛tt❡♥✉❛t❡❞ ❜② ❍✶❘ ❛♥t❛❣♦♥✐sts s✉❝❤ ❛s t❤❡ ❛♥t✐♣s②❝❤♦t✐❝ ♦❧❛♥③❛♣✐♥❡ st✐♠✉⑧

❧❛t✐♥❣ t❤❡ s❛♠❡ ♣❛t❤✇❛②✳✷✸✻ ❏✉st r❡❝❡♥t❧② ♣✐t♦❧✐s❛♥t ✇❛s ❛❧s♦ ❢♦✉♥❞ t♦ r❡❞✉❝❡ ❜♦❞②

✇❡✐❣❤t ❛♥❞ ❢✉rt❤❡r♠♦r❡ ✐♠♣r♦✈❡ ♠❡t❛❜♦❧✐❝ ♣❛r❛♠❡t❡rs ✭✐✳❡✳ ♣❧❛s♠❛ tr✐❣❧②❝❡r✐❞❡

❧❡✈❡❧s✮ ✐♥ ♦❜❡s❡ ♠✐❝❡✱✷✸✼ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ♣r❡✈✐♦✉s ♦❜s❡r✈❛t✐♦♥s ♦❢ ♣✐t♦❧✐s❛♥t

❝♦✉♥t❡r❛❝t✐♥❣ ♦❧❛♥③❛♣✐♥❡✲✐♥❞✉❝❡❞ ❤②♣❡rtr✐❣❧✐❝❡r②❞❡♠✐❛✳✷✸✽ ❚❤✉s✱ ❛ ♥✉♠❜❡r ♦❢ ❍✸❘

❛♥t❛❣♦♥✐sts✱ ♣❛rt✐❝✉❧❛r❧② ♥♦♥✲✐♠✐❞❛③♦❧❡s✱ ✇❡r❡ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ✐♥✈❡st✐❣❛t❡❞ ❢♦r t❤❡✐r

❛♥t✐✲♦❜❡s✐t② ♣♦t❡♥t✐❛❧ ✐♥ ❞✐❡t✲✐♥❞✉❝❡❞ ♦❜❡s❡ r♦❞❡♥ts✳ ❚❤❡ ♠♦st ♣r♦❣r❡ss❡❞ r❡♣⑧

r❡s❡♥t❛t✐✈❡s ✇❡r❡ ❞❡✈❡❧♦♣❡❞ ❜② ◆♦✈♦ ◆♦r❞✐s❦✱ ❛ ❝♦♠♣❛♥② ❤♦❧❞✐♥❣ s❡✈❡r❛❧ ♣❛t❡♥t
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✷✽ ✷ ❙❝♦♣❡ ❛♥❞ ❖❜❥❡❝t✐✈❡s

✷ ❙❝♦♣❡ ❛♥❞ ❖❜❥❡❝t✐✈❡s

❚❤❡ ❞❡s✐❣♥ ♦❢ ♠✉❧t✐t❛r❣❡t✐♥❣ ❧✐❣❛♥❞s ✭▼❚▲s✮ r❡♣r❡s❡♥t ❛ ♥♦✈❡❧✱ ❤✐❣❤❧② ♣r♦♠✐s✐♥❣

❛♣♣r♦❛❝❤ ❢♦r tr❡❛t♠❡♥t ♦❢ ♠✉❧t✐❢❛❝t♦r✐❛❧ ❞✐s❡❛s❡s✱ s✉❝❤ ❛s ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s⑧

❡❛s❡s✱ ✇✐t❤ ❛ ❤✐❣❤ ♥❡❡❞ ❢♦r ♠♦r❡ ❝♦♠♣r❡❤❡♥s✐✈❡ ♣❤❛r♠❛❝♦t❤❡r❛♣② ♦♣t✐♦♥s✳ ▼❚▲s

♠❛② ♣r♦✈✐❞❡ ❤✐❣❤❡r ❡✣❝❛❝② ❜② ❛❞❞r❡ss✐♥❣ s②♥❡r❣✐st✐❝❛❧❧② ♠✉❧t✐♣❧❡ t❛r❣❡ts✱ t❤✉s✱

r❡♣r❡s❡♥t✐♥❣ ❛ ✈❛❧✉❛❜❧❡ ❛❧t❡r♥❛t✐✈❡ t♦ ❝❧❛ss✐❝❛❧ ❝♦♠❜✐♥❛t✐♦♥ t❤❡r❛♣✐❡s ❛♣♣❧✐❡❞ ✐♥

♠✉❧t✐❢❛❝t♦r✐❛❧ ❞✐s❡❛s❡s✳✷✱✸

❚❤❡ ●✲♣r♦t❡✐♥ ❝♦✉♣❧❡❞ ❤✐st❛♠✐♥❡ ❍✸ r❡❝❡♣t♦r ✭❍✸❘✮ ❞❡♠♦♥str❛t❡ ❛ ✉♥✐q✉❡ ♣❛♥⑧

♥❡✉r♦tr❛♥s♠✐tt❡r r❡❣✉❧❛t✐♦♥ ❝❛♣❛❝✐t②✱ s❤♦✇✐♥❣ ❛ ❜r♦❛❞ s♣❡❝tr✉♠ ♦❢ ♣♦ss✐❜❧❡ ❛♣♣❧✐⑧

❝❛t✐♦♥s ✐♥ ❝❡♥tr❛❧ ♥❡r✈♦✉s s②st❡♠ ✭❈◆❙✮ ❞✐s♦r❞❡rs✱ ❡s♣❡❝✐❛❧❧② ❝♦❣♥✐t✐✈❡ ❛♥❞ s❧❡❡♣

❞✐s♦r❞❡rs✳✻✹ ■♥ ♣❛rt✐❝✉❧❛r✱ ❛s t❛r❣❡t ✐♥ ♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❞❡s✐❣♥ ❛ ♣r♦♠✐s✐♥❣ t❤❡r⑧

❛♣❡✉t✐❝ ✉t✐❧✐t② ❢♦r ❍✸❘ ❧✐❣❛♥❞s ✐s ❛ss✉♠❡❞✱ ❡✳❣✳ ✐♥ t❤❡r❛♣② ♦❢ ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡

❞✐s❡❛s❡s✳

❚❤✐s ❝✉♠✉❧❛t✐✈❡ t❤❡s✐s ❛✐♠s t♦ ♣r❡s❡♥t ❡①♣❧♦r❛t✐✈❡ ❛♣♣r♦❛❝❤❡s ♦❢ ❍✸❘✲❜❛s❡❞

♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❞❡s✐❣♥ t♦ ❝♦♠❜❛t ♠✉❧t✐❢❛❝t♦r✐❛❧ ❈◆❙ ❞✐s❡❛s❡s ✈✐❛ s✐♠✉❧t❛♥❡⑧

♦✉s ❜❧♦❝❦❛❞❡ ♦❢ t❤❡ ❍✸❘ ❛♥❞ ❡✐t❤❡r ♦t❤❡r ●✲♣r♦t❡✐♥ ❝♦✉♣❧❡❞ r❡❝❡♣t♦rs ✭●P❈❘s✮ ♦r

♥❡✉r♦tr❛♥s♠✐tt❡r✲❝❛t❛❜♦❧✐③✐♥❣ ❡♥③②♠❡s✳ ❈♦♠❜✐♥❡❞ t❛r❣❡ts t♦ ❜❡ ❛❞❞r❡ss❡❞ ✇✐t❤

❍✸❘s ✐♥❝❧✉❞❡ t❤❡r❛♣❡✉t✐❝❛❧❧② ❡st❛❜❧✐s❤❡❞ t❛r❣❡ts✱ ✐✳❡✳ ♠♦♥♦❛♠✐♥❡ ♦①✐❞❛s❡s ♦r ❝❤♦⑧

❧✐♥❡st❡r❛s❡ ✐♥ P❛r❦✐♥s♦♥✬s ♦r ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ t❤❡r❛♣②✱ ❜✉t ❛❧s♦ ♠♦r❡ ✐♥♥♦✈❛t✐✈❡

t❛r❣❡ts ♣r♦♣♦s❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ❞✐s♦r❞❡rs✳ ❙tr❛t❡❣✐❡s ❢♦r ❧❡❛❞ ✐❞❡♥⑧

t✐✜❝❛t✐♦♥ ✐♥ ♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❞❡s✐❣♥ ❜❛s❡❞ ❡✐t❤❡r ♦♥ ❝♦♠♣♦✉♥❞ s❝r❡❡♥✐♥❣✱ ✐♥

t❤✐s ❝❛s❡ ❛ ❝♦♥❞❡♥s❡❞ ❧✐❜r❛r② ♦❢ ❍✸❘ ❛♥t❛❣♦♥✐sts ✭s❡r❡♥❞✐♣✐t♦✉s ❛♣♣r♦❛❝❤✮✱ ♦r ♦♥

✈❛❧✐❞ st✼r✉❝t✉r❡✲❛❝t✐✈✐t② r❡❧❛t✐♦♥s❤✐♣ ✭❙❆❘✮ ❛ss✉♠♣t✐♦♥s ❡✳❣✳ ✈❡r✐✜❡❞ ❤✐st♦r✐❝❛❧❧②

❛♥❞✴♦r ❝♦♠♣✉t❛t✐♦♥❛❧✲❛ss✐st❡❞ ✭❦♥♦✇❧❡❞❣❡✲❜❛s❡❞ ❛♣♣r♦❛❝❤✮✳✺✱✶✵ ❙✉❜s❡q✉❡♥t ♦♣t✐⑧

♠✐③❛t✐♦♥ ♦❢ ✐❞❡♥t✐✜❡❞ ❧❡❛❞s ❛♥❞ ✐♥✐t✐❛❧ ♣r♦♦❢✲♦❢✲❝♦♥❝❡♣t ✐♥ ✈✐✈♦ st✉❞✐❡s ♠❛② ♣r♦✈✐❞❡

❛ s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ ❢♦r ✉t✐❧✐t② ♦❢ ❍✸❘ ▼❚▲s ✐♥ t❤❡r❛♣② ♦❢ ❈◆❙ ❞✐s♦r❞❡rs✳
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Ciproxifan, a histamine H3 receptor 
antagonist, reversibly inhibits 
monoamine oxidase A and B
s. Hagenow1, A. stasiak2, R. R. Ramsay3 & H. stark1

Ciproxifan is a well-investigated histamine H3 receptor (H3R) inverse agonist/antagonist, showing 
an exclusively high species-specific affinity at rodent compared to human H3R. It is well studied 
as reference compound for H3R in rodent models for neurological diseases connected with 
neurotransmitter dysregulation, e.g. attention deficit hyperactivity disorder or Alzheimer’s disease. 
In a screening for potential monoamine oxidase A and B inhibition ciproxifan showed efficacy on 
both enzyme isoforms. Further characterization of ciproxifan revealed IC50 values in a micromolar 

concentration range for human and rat monoamine oxidases with slight preference for monoamine 

oxidase B in both species. the inhibition by ciproxifan was reversible for both human isoforms. 

Regarding inhibitory potency of ciproxifan on rat brain MAO, these findings should be considered, 
when using high doses in rat models for neurological diseases. As the H3R and monoamine oxidases 
are all capable of affecting neurotransmitter modulation in brain, we consider dual targeting ligands 
as interesting approach for treatment of neurological disorders. since ciproxifan shows only moderate 

activity at human targets, further investigations in animals are not of primary interest. on the other 

hand, it may serve as starting point for the development of dual targeting ligands.

Ciproxifan (cyclopropyl 4-(3-(1H-imidazol-4-yl)propyloxy)phenyl methanone) is a well characterized 
species-specific histamine H3 receptor (H3R) inverse agonist/antagonist (Fig. 1). It shows exclusively high affinity 
at rodent H3R in a sub-nanomolar range (Ki (rH3R) =  0.4–6.2 nM and Ki (mH3R) =  0.5–0.8 nM), while binding 
to human H3R is only moderate (Ki =  46–180 nM) with negligible selectivity e.g. over human adrenergic α 2A and 
α 2C receptors1–3 (Table 1). Ciproxifan’s inverse agonism/antagonism at histamine H3 receptors is manifested in 
improvement of wakefulness and attention in vivo4,5. It is commonly used as reference H3R antagonist, e.g. in 
rodent models studying cognitive impairment6, Alzheimer’s disease7 or attention deficit hyperactivity disorder 
(ADHD)8. It was also tested in animal models for schizophrenia9, sleeping disorders10 or most recently autism11.

The H3R (for review, e.g. see Sander et al.5 or Gemkow et al.12), a G-protein coupled receptor displaying con-
stitutive activity (basal activity without binding of an agonist), inhibits the release of several neurotransmitters 
like dopamine, histamine, serotonin or acetylcholine4. In consequence, inverse agonism/antagonism of the H3 
receptor leads to accelerated release of mentioned neurotransmitters which is why H3 receptor inverse agonists/
antagonists like ciproxifan are recognized as promising therapeutics for treatment of several neuropathological 
diseases13. During a screening for monoamine oxidase A (MAO A) and B (MAO B) inhibitors, ciproxifan was 
found to be an inhibitor for both enzyme isoforms. MAOs are expressed in neurons and glial cells, localized in the 
cell on the outer membrane of mitochondria and critically involved in degradation of neurotransmitters in the 
brain. In humans MAO A is predominantly found in adrenergic, catecholaminergic and dopaminergic neurons 
and deactivates serotonin, dopamine, norepinephrine and epinephrine. Human MAO B participates in dopamine 
degradation and is mainly expressed in serotonergic neurons and glial cells14,15. Therefore, MAO inhibitors are 
frequently investigated for treatment of depression and Parkinson’s disease16. In this study, we further investigated 
ciproxifan’s capability to inhibit human MAO A and MAO B in vitro by determination of IC50 values and revers-
ibility of its inhibition.
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Results
IC50 determinations for human MAo. The IC50 values of ciproxifan for human membrane-bound MAO 
(hMAO) were measured spectrophotometrically using kynuramine (KYN) and benzylamine (BZA) as MAO 
B substrates, while for MAO A only KYN was used. We found IC50 values for ciproxifan in a micromolar range 

Figure 1. (a) Inhibition curves for ciproxifan obtained with a spectrophotometric assay using human 
recombinant membrane-bound MAO A and MAO B. (b) Inhibition curves for ciproxifan in rat brain MAO 
A and MAO B measured radiometrically. Kynuramine (KYN, a) or serotonin (5-HT, b) were used as MAO A 
substrates. Kynuramine (KYN, a), benzylamine (BZA, a) or phenylethylamine (PEA, b) were used as MAO 
B substrates. Data represent mean ±  s.e.m. of at least n =  3 independent experiments each performed at least 
in duplicates (global fit). The Ki values of ciproxifan for human histamine H3 receptors (hH3R, ∆ ) and rat 
histamine H3 receptors (rH3R, ▲ ) are indicated in the graphs1.

Receptor Ki [nM] Receptor Ki [nM]

rH3R 0.4–6.22,3,27–29 gpβ 1
b 125892

mH3R 0.5–0.830 gp M3
c 31622

mkH3R 4127 gp5-HT3
c > 3,1622

hH3R 46–1801,3,27 gp5-HT1B
d > 10,0002

hH1R > 10,0003 r5-HT1 1659831

hH2R > 10,0003 r5-HT2A
e 158482

hH4R 18623 r5-HT3 3023

hα 2C 633 r5-HT4
f > 1,9952

hα 2A 433

rα 1D
a 3,9812

Table 1.  Published affinity data for ciproxifan. gp =  guinea pig, h =  human, m =  mouse, mk =  monkey, 
r =  rat. arat aorta. bguinea pig atrium. cguinea pig ileum. dguinea pig iliac. erat tail. frat esophagus.
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(IC50, MAO A =  11 µ M and IC50, MAO B =  2 µ M), showing an about 5-fold higher preference for MAO B (IC50, MAO B/
IC50, MAO A =  0.2) (Fig. 1, Table 2).

l-Deprenyl, clorgyline, safinamide and moclobemide were tested as reference compounds using the same 
spectrophotometric method. The irreversible MAO B selective inhibitor l-deprenyl showed an IC50 value of 
37 nM for MAO B (Table 2). For clorgyline, an irreversible MAO A selective inhibitor, an IC50 value of 8 nM for 
MAO A were found. The reversible inhibitors safinamide and moclobemide gave IC50 values of 49 nM (MAO B) 
and 568 µ M (MAO A), respectively (Table 2).

IC50 determinations for rat brain MAo. The IC50 values of ciproxifan for rat brain MAO (rMAO) were obtained 
radiometrically using serotonin (5-HT) and phenylethylamine (PEA) as MAO A and MAO B substrates, respectively. 
Similar to hMAO, ciproxifan displayed IC50 values in the micromolar concentration range (IC50, MAO A =  38 µ M and  
IC50, MAO B =  15 µ M), again with slight preference for MAO B (IC50, MAO B/IC50, MAO A =  0.4) (Table 2).

Reversibility of human MAo inhibition. In order to determine whether ciproxifan shows a reversi-
ble or irreversible inhibition type, dilution experiments using the spectrophotometric assay were performed, 
where hMAOs were preincubated with ciproxifan (10 ×  IC50). After preincubation probes were diluted 
100-fold, measured at saturated substrate conditions and the remaining enzyme activity was compared to that 
of MAO preincubated without ciproxifan. For both hMAO isoforms no considerable decrease in enzyme activ-
ity after preincubation with ciproxifan compared to control (set to 100%) were observed, suggesting a revers-
ible inhibition type (Table 2). The remained enzyme activities for hMAO A and hMAO B preincubated with 
ciproxifan were 107.7 ±  3.4% and 91.4 ±  9.7%, respectively. In order to verify the test procedure, l-deprenyl 
was tested in the same manner showing decreased remaining enzyme activity of hMAO B (51.1 ±  2.9%) after 
preincubation.

Discussion
Ciproxifan is frequently used as the reference histamine H3 receptor (H3R) antagonist in rodent models for neu-
rological diseases like cognition6, Alzheimer’s disease7 or sleep-wake disorders10,17, because of its explicit high 
affinity and efficacy in rodent H3R (Ki <  1.0 nM) which is about 30- to 100-fold lower than that at the human 
H3R. In our study we showed an additional property of ciproxifan. It inhibits human and rat MAO A and MAO 
B reversibly in a micromolar concentration range with a slight preference for MAO B.

We consider a combined activity pattern of ligands at H3R and MAO as new interesting approach for the treat-
ment of neurological diseases. These are often associated with a neurotransmitter dysregulation, assumed to be 
adjustable by H3R blockade12. Neurotransmitter levels could be also modulated by inhibition of their degradation. 
MAOs are enzymes involved in oxidative deamination of neurotransmitters in neuronal cells after reuptake from 
the synaptic cleft. Therefore, deactivation of MAO A or MAO B is a principle well established in therapy of neuro-
logical disorders like depression and Parkinson’s disease18. Additionally, MAOs are thought to promote oxidative 
stress when highly expressed in neuronal tissues. This can force increased neuronal cell death, a condition observed 
in Alzheimer’s disease19. Thus, we hypothesize that reversible or more probably irreversible MAO inhibitors and 
H3R inverse agonists/antagonists can have overlapping pharmacological utilities, suggesting ligands, interacting 
with both targets, as promising candidates for treatment of neurodegenerative diseases. Concerning ciproxifan, 
which displays IC50 values for both hMAO isoforms only in a micromolar range, we found its inhibition far too 
low for therapeutic efficacy in humans, which is anyway limited by its low affinity at human H3R. For example, 
safinamide, a MAO B selective reversible inhibitor most recently approved as first add-on treatment of Parkinson’s 
disease, is active in submicromolar concentration ranges (IC50 =  0.048–0.112 µ M for hMAO B; IC50, MAO B/ 
IC50, MAO A <  0.00120–22). Additionally, imidazole-containing drugs like ciproxifan are potential inhibitors of 
cytochrome P450 enzymes by coordination of the heme iron atom23. So, it may only serve as prospective starting 

IC50 [µM] ± s.e.m (n) IC50 [µM] ± s.e.m (n)

Inhibition Type

hMAO rMAO

A B A B

Substrate KYN BZA KYN 5-HT PEA

Ciproxifan 11.4 ±  1.2 (5)
4.3 ±  0.7 

(5)
2.1 ±  0.3 (9)

37.5 ±  0.2 
(3)

15.4 ±  0.3 
(3)

Reversible

Safinamide n.d. n.d.
0.049 ±  0.001 

(4)
n.d. n.d. Reversible20

Moclobemide 568 ±  115 (3) n.d. n.d. n.d. n.d. Reversible32

l-Deprenyl 29.6 ±  3.9 (9) n.d.
0.037 ±  0.004 

(5)
n.d. n.d. Mixed/Irreversible33

Clorgyline
0.008 ±  0.001 

(4)
n.d. 1.3 ±  0.2 (4) n.d. n.d. Mixed/Irreversible33

Table 2.  IC50 values and type of inhibition for ciproxifan, l-deprenyl, clorgyline, safinamide and 
moclobemide using kynuramine (KYN) or serotonin (5-HT) and benzylamine (BZA) or phenylethylamine 
(PEA) as MAO A and MAO B substrates, respectively. IC50 values are given as means ±  standard errors of 
means (s.e.m.) of n independent experiments, each performed at least in duplicates. n.d. =  not determined, 
l-deprenyl IC50 =  0.036 µ M33, clorgyline IC50 =  0.0065 µ M33, safinamide IC50 =  0.048 µ M20, moclobemide 
IC50 =  361 µ M32.
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point for investigation of dual targeting ligands in the future. Since ciproxifan is frequently used in rodent mod-
els for several neurological diseases, its MAO inhibition should be taken into consideration in retrospect or in 
the future using rodent models as possible accompanying effect. Ciproxifan has about four orders of magnitude 
higher activity at rH3R compared to the in-cell target rMAO. However, with a calculated log P value of 2.7624 we 
assume good membrane penetration by ciproxifan23. Additionally, it could be shown that ciproxifan can reach 
brain concentrations up to approximately 10 µ M when applied i.p. to rats17, evidencing that partial rMAO inhibi-
tion is at least conceivable under test conditions.

Taken together, the moderate and reversible MAO inhibitory properties of ciproxifan are interesting newly 
described properties which may interact with some previous animal screening data at high ciproxifan dosages. It 
can still be taken as a reference H3R antagonist, but its MAO A and MAO B inhibitory properties may be consid-
ered in retrospect on high dosage screenings.

Nevertheless, ciproxifan may serve as starting point for the design of dual targeting ligands combining H3 
receptor inverse agonism/antagonism and MAO inhibition, possibly favourable in treatment various neurological 
diseases. Since ciproxifan inhibited rat brain MAO also in micromolar concentration ranges, its activity has to be 
take into consideration in the future as a possible accompanying effect, when using it in rat models for neurolog-
ical diseases. In retrospect, some of its effects explored in different species were probably contributed by its MAO 
A/B inhibitory properties.

Methods
All authors confirmed that all methods were carried out in accordance with relevant guidelines and regulations.

Spectrophotometric IC50 determination using human MAo. Enzyme studies were carried out 
using human recombinant membrane-bound MAO A and MAO B (Sigma-Aldrich, St. Louis, MO). Pipetting 
of assays were fully automated using a pipetting robot in a total assay volume of 100 µ L or performed manually 
in a total assay volume of 200 µ L. IC50 values were obtained by measuring enzymatic conversion rates at inhib-
itor concentrations between 10−9 M and 10−3 M in the presence of kynuramine (KM =  40 µ M for MAO A and 
KM =  25 µ M for MAO B) or benzylamine (KM =  165 µ M) using 2 ×  KM substrate concentrations, while reactions 
were started by addition of MAO A (10 ng µ L−1) or MAO B (12.5 ng µ L−1). For optimal enzyme activity all 
assays were carried out under potassium phosphate buffered conditions (50 mM, pH =  7.4). Initial velocities 
were determined spectrophotometrically by a microplate reader at 30 °C by following product formation of 
5-hydroxyquinoline and benzaldehyde at 316 nm and 250 nm, respectively, over a period of at least 30 minutes 
(interval of 20–30 seconds). Initial velocities, expressed as mAU min−1, were obtained from the linear phase 
of product formation (see Supplementary Information, Fig. 1). Data were analysed using GraphPad PRISM 
version 6. For IC50 determinations initial velocities for each experiment were normalized (expressed as per-
centage), plotted against inhibitor concentrations and fitted using the non-linear regression “log inhibitor vs. 
response (three parameters)”. IC50 values were determined in at least three independent experiments, each 
performed at least in duplicates.

Radiometric IC50 determination using rat brain MAo. Wistar male rats were sacrificed, the brains 
were quickly excised from the skulls, cleaned of residual meninges and frozen on dry ice. For each experiment the 
crude homogenates prepared from pooled brain from three rats were used. Enzyme activity of MAO A or MAO B 
was measured using radioactive substrate (PerkinElmer/NEN): serotonin (5-[2-14C]-hydroxytryptamine binox-
alate) or β -[ethyl-1-14C]-phenyl-ethyl-amine hydrochloride (PEA), respectively, with the procedure described 
by Fowler and Tipton 198125 with some modification according to Gómez et al.26. IC50 values were determined 
using six different concentrations of ciproxifan between 10−9 M and 5 ×  10−4 M at fixed concentration of sub-
strate (200 µ M serotonin or 20 µ M PEA). For IC50 determinations values were normalized (expressed as per-
centage), plotted against inhibitor concentrations and fitted using the non-linear regression “log inhibitor vs. 
response (three parameters)”. IC50 values were determined in three independent experiments, each performed 
in duplicates.

Reversibility of human MAo inhibition. Reversibility of hMAO inhibition by ciproxifan was assessed 
by dilution experiments. Supplied MAOs (5 mg mL−1 in potassium phosphate 100 mM, sucrose 0.25 M, EDTA 
0.1 mM, glycerol 5%) were preincubated with inhibitor (10 ×  IC50) or water at 30 °C for 15 minutes in a water 
bath. The inhibitor volume represented one-tenth of the total preincubation volume. After preincubation, probes 
were 100-fold diluted with potassium phosphate buffer (100 mM, pH =  7.4) to yield a final concentration of 12.5 
ng µ L−1 for the enzyme. Enzymatic conversion rates were determined in the presence of kynuramine for hMAO 
A and benzylamine for hMAO B at saturating substrate concentrations (10 ×  KM) under potassium phosphate 
buffer conditions (50 mM, pH =  7.4). Spectrophotometric measurements were carried out as described for  
IC50 determinations over a period of at least 30 minutes for hMAO A and hMAO B, respectively (interval of 
20–30 seconds). Initial velocities, obtain from the linear phase of product formation, of hMAO preincubated with 
inhibitor (10 ×  IC50) were compared to hMAO preincubated with water (control) to define reversible or irrevers-
ible inhibition mode (see Supplementary Information, Fig. 2). Initial velocities, expressed as mAU min−1, were 
normalized and given as percent of control.
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Spectrophotometric IC50 determination using human MAO  
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Figure 1. Kinetic measurements of one representative experiment of ciproxifan (eight concentrations, 3 x 10-11
 to 

10-4 M) with MAO B using kynuramine (2 x KM, 50 µM). Enzyme conversion rates were given as mAU min-1 over a 
period of 60 minutes (R2 >0.97). 
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Figure 2. Kinetic measurements of reversibility studies for ciproxifan (left) and L-deprenyl (right) with MAO B. 
Graphs show one representative experiment for ciproxifan and l-deprenyl each. MAO B were preincubated with 
water (control) and inhibitor (10 x IC50) for 15 minutes at 30°C. After preincubation samples were diluted (100 x) 
and enzyme conversion rates were measured as mAU min-1 (at 215 nm) in the presence of benzylamine 
(10 x KM). 
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a b s t r a c t

The design of multi-targeting ligands was developed in the last decades as an innovative therapeutic

concept for Parkinson's disease (PD) and other neurodegenerative disorders. As the monoamine oxidase

B (MAO B) and the histamine H3 receptor (H3R) are promising targets for dopaminergic regulation, we

synthetized dual-targeting ligands (DTLs) as non-dopaminergic receptor approach for the treatment of

PD. Three series of compounds were developed by attaching the H3R pharmacophore to indanone-

related MAO B motifs, leading to development of MAO B/H3R DTLs. Among synthesized indanone

DTLs, compounds bearing the 2-benzylidene-1-indanone core structure showed MAO B preferring in-

hibition capabilities along with nanomolar hH3R affinity. Substitution of C5 and C6 position of the 2-

benzylidene-1-indanones with lipophilic substituents revealed three promising candidates exhibiting

inhibitory potencies for MAO B with IC50 values ranging from 1931 nM to 276 nM and high affinities at

hH3R (Ki< 50 nM). Compound 3f ((E)-5-((4-bromobenzyl)oxy)-2-(4-(3-(piperidin-1-yl)propoxy)benzy-

lidene)-2,3-dihydro-1H-inden-1-one, MAO B IC50¼ 276 nM, hH3R Ki ¼ 6.5 nM) showed highest prefer-

ence for MAO B over MAO A (SI> 36). Interestingly, IC50 determinations after preincubation of enzyme

and DTLs revealed also nanomolar MAO B potency for 3e (MAO B IC50¼ 232 nM), a structural isomer of

3f, and 3d (MAO B IC50¼ 541 nM), suggesting time-dependent inhibition modes. Reversibility of inhi-

bition for all three compounds were confirmed by dilution studies in excess of substrate. Thus, indanone-

substituted derivatives are promising lead structures for the design of MAO B/hH3R DTLs as novel

therapeutic approach of PD therapy.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Parkinson's disease (PD) is one of the most common central

nervous system (CNS) disorder affecting 1.5% of the global popu-

lation older than 65 years. Recognizing PD as high complex and

multifactorial dysregulation forced researchers to come up with

more and more imaginative approaches for medicinal therapy.

Challenging the “one-drug one-target” paradigm, showing mostly

inadequate therapeutical efficacy, the development of multi-

targeting ligands attracted notice over the last decades, where

only a few entered the drug market. Due to the fact that multi-

targeting drugs, addressing more than one target simultaneously,

promise several improvements compared to selective drugs, i.e.

potential synergistic efficacy, less drug-drug interactions, easier

dosing schedule, and a unified pharmacokinetic profile [1e4], great

effort has been brought to the design of such ligands for treatment

of PD. As a common strategy in PD therapy monoamine oxidase

Abbreviations: AChE, acetylcholinesterase; anal. calc., elementary analysis

calculated; BuChE, butyrylcholinesterase; Calcd, calculated; CDCl3, deuterated

chloroform; CI, confidence interval; CNS, central nervous system; NOESY, nuclear

overhauser enhancement spectroscopy; DMSO-d6, deuterated dimethyl sulfoxide;

DTL, dual-targeting ligand; eq, equivalent; ESI-MS, electronspray ionization mass

spectrometry; FAD, flavine adenine dinucleotide; GPCR, G-protein coupled recep-

tor; HMT, histamine methyltransferase; HPLC, high performance liquid chroma-

tography; HRMS, high resolution mass spectrometry; AD, Alzheimer's disease; LE,

ligand efficacy; LELP, ligand efficiency dependent lipophilicity; LipE, ligand-

lipophilicity efficiency; MTL, multi-targeting ligand; MAO, monoamine oxidase;

mp, melting point; NMR, nuclear magnetic resonance; 6-OHDA, 6-hydroxydop-

amine; PD, Parkinson's disease; ppm, parts per million; RFU, relative fluorescence

units; SD, standard deviation; SI, selectivity index; TLC, thin layer chromatography.
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(MAO) B inhibitors are approved as mono- and add-on therapy

[5,6]. MAOs are mitochondrial membrane-bound FAD-containing

enzymes playing a key role in neurotransmitter degradation. In

addition to their localizations in brain regions, the two isoforms A

and B differ in substrate and inhibitor specificities. While MAO A

inhibitors are used in treatment of depression, the MAO B isoform

predominantly degrades dopamine in human brain, thus, repre-

senting a well-established target for PD therapy. Among irrevers-

ible inhibitors like L-deprenyl or rasagiline, safinamide is the only

approved reversible MAO B inhibitor in PD therapy. As dual-

targeting approach for PD treatment, ligands addressing MAO B

and adenosine A2A receptors, a G-protein coupled receptor (GPCR),

were recently suggested as indirect non-dopaminergic therapy [7].

The human histamine H3 receptor (hH3R), a class A GPCR pre-

dominantly expressed in the CNS, serves as pan-neurotransmitter

modulator in the human brain due to its heteroreceptor activity.

Activation of presynaptic H3Rs may decrease the release of dopa-

mine and other neurotransmitters [8,9], meaning that H3R inverse

agonism/antagonism might provide a hitherto hardly investigated

opportunity for the treatment of PD [10]. Although their exact

utility in PD treatment can be hardly estimated so far, H3R antag-

onists show promising features to improve motor but especially

non-motor symptoms, i.e. cognitive or sleep impairment [11,12]. As

H3Rs are co-expressed with dopamine D1 and D2 receptors in the

basal ganglia [12], Ferrada et al. demonstrated the potentiation of

dopamine agonist-induced locomotor activation by the H3R

antagonist thioperamide [13], indicating a potential benefit of H3R

antagonists on motor control in PD patients when applied with

dopamine agonists. Recently, thioperamide was also proven to

counteract memory and sleep impairment in a 6-OHDA PD mouse

model [14], while wake-promoting effects for thioperamide and

numerous other H3R antagonists could be also shown previously

in vivo and clinical trials [15,16]. To date, pitolisant (Wakix®) is the

only H3R inverse agonist/antagonist on the drug market approved

for the treatment of narcolepsy with and without catalepsy and

already in Phase III clinical trials for excessive daytime sleepiness in

PD patients (clinicaltrials.gov). Numerous H3R ligands are

described, showing additional affinity to other GPCRs, ion channels,

transporters or even enzymes [2]. Additionally, the dopamine

modulation capacities of MAO B and H3R as well as their co-

localization especially in the substantia nigra [12,13], which is

predominantly affected by loss of dopaminergic neurons in PD

patients, strongly encouraged us to design MAO B/H3R dual-

targeting ligands (DTL) as possible and innovative approach to

modulate the dopamine imbalance in PD patients. To overcome

drawbacks associated with irreversible MAO inhibition, such as

slow recovery of MAO expression levels after inactivation, we have

focussed on reversible MAO B inhibition strategies. Numerous

structural classes of MAO B inhibitors are described, while espe-

cially structural related (benzylidene-)chromones and coumarine

derivatives [17] as well as recently described (2-benzylidene-)

indanones [18,19] showed highly selective and reversible inhibition

properties in nanomolar concentration ranges. Compounds I and II

(Fig. 1) are potent and selective reversible MAO B inhibitors,

Fig. 1. H3R antagonists/inverse agonists ciproxifan [20] and UCL2190 (hH3R Ki¼ 1.6 nM [125I]iodoproxyfan replacement studies [24]), as well as potent reversible (2-benzylidene-)

indanone MAO B inhibitors (I and II) [18,19] taken as lead structures for three series of potential dual-targeting ligands (DTLs).

A. Affini et al. / European Journal of Medicinal Chemistry 148 (2018) 487e497488
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showing IC50 values in low nanomolar concentrations ranges

[18,19]. We recently found ciproxifan (Fig. 1), a common reference

H3R inverse agonist/antagonist, to have MAO B preferring inhibi-

tion potency (MAO B IC50 ¼ 2.1 mM) [20], while the probability of

MAO inhibition by already described H3R ligands could be also

shown elsewhere [21]. Preserving the alkyloxyphenyl linker of

ciproxifan, the imidazole moiety, associated with adverse side ef-

fects, was replaced by piperidine as shown for UCL2190 [22] (Fig. 1)

fitting a pharmacologically more favourable H3R pharmacophore

[22,23]. Accordingly, three series of DTLs were synthetized by

attaching piperidine- or pyrrolidine(alkyloxy)phenyl H3R structural

elements to already described (2-benzylidene-)indanone MAO B

inhibitor scaffolds in different positions. The first series of MAO B/

H3R DTLs (1a-e) were synthesized by attachment of the H3R motif

to the C5 or C6 position of an indanone core structure related to

compound I. Variations in alkyl chain length between the aromatic

core A and the amine as well as in size of the aliphatic heterocycle

(piperidino or pyrrolidino group) were performed. A second set of

DTLs were obtained by introduction of the H3R pharmacophore in

either C5 or in C6 position of the more lipophilic 2-benzylidene-

indanone derivative II (2a-c). A third series of compounds (3a-f)

was received by connecting the H3R pharmacophore to the ben-

zylidene ring B at the C40 position [19].

2. Chemistry

In the present study, the commercially available 5- and 6-

methoxy-1-indanone were used for the synthesis of the corre-

sponding hydroxy derivatives. The demethylation of phenol ethers

was achieved with yields higher than 90% [25]. Precursors were

then synthesized by alkylation of piperidine with 2-chloroethan-1-

ol or 3-chloropropan-1-ol [26]. UCL2190 was obtained with 60%

yield via nucleophilic exchange between 3-(piperidin-1-yl)propan-

1-ol and cyclopropyl 4-fluorophenyl methanone (Scheme 1)

[22,27]. Precursors were obtained after chlorination of the alcohol

derivatives in quantitative yield [28,29]. Williamson ether reaction

was then performed to alkylate 6- or 7-hydroxy-1-indanone with

1-(2-chloroethyl)piperidine/pyrrolidine or 1-(3-chloropropyl)

piperidine/pyrrolidine [30]. The first series of compounds, 1a-e,

was obtained with a yield ranging from 72% to 85% (Scheme 1).

Afterwards, some of the latter compounds were combined with

benzaldehyde via aldol condensation to obtain the corresponding

2-benzylidene-1-indanone derivatives 2a-c in good yields

(80e90%) (Scheme 2) [31]. The synthesis of compounds 3a-f started

with the alkylation of the commercially available 4-

hydroxybenzaldehyde with 1-(3-chloropropyl)piperidine hydro-

chloride. The obtained aldehyde was converted into several 2-

benzylidene-1-indanone derivatives via aldol condensation with

the corresponding commercially available indanones (Scheme 2).

For the synthesis of these compounds the same procedure

described for the second series of products were used. For 2-

benzylidene-1-indanone derivatives the isomers were deter-

mined to be in E-conformation using 2D NMR (NOESY) [32]. The

structures of final compounds were confirmed by 1HNMR, 13C NMR

and ESI-HRMS, while their purities were verified by elementary

analysis.

3. Pharmacology

All compounds were screened for MAO A/B inhibition at one

concentration (usually 10 mM) and revealed mostly MAO B prefer-

ring inhibitory potencies, while series three DTLs (3a-f) were the

most potent ones (1a-e< 2a-c< 3a-f) (Table 1). Concerning their

affinity at hH3R, first series of compounds (1a-e) showed only poor

hH3R affinity (Ki> 100 nM). This could be improved in second (2a-

c) and third series (3a-f) of DTLs yielding desired nanomolar H3R

affinities. DTLs providing more than 76% (þþþ) inhibition for MAO

B and high affinity for hH3R (Ki< 100 nM) were further character-

ized to obtain IC50 values for both isoforms as well as modes of

inhibition (Table 2).

4. Discussion

In our study, we could obtain the final products in high yields, by

performing only few synthetic steps. In general, synthesis of pre-

cursor molecules was the most laborious part, while combining the

H3R pharmacophore with the indanone or the benzylic moiety

could be easily performed by Williamson ether reaction. For lead

structure optimization, based on our prior description of ciproxifan

possessing only moderate MAO and hH3R activities [20], its

Scheme 1. General procedure for the synthesis of first series of indanone DTLs 1a-e (m¼ 1,2; n¼ 2,3). (I): Piperidine or pyrrolidine, 2-chloroethan-1-ol or 3-chloropropan-1-ol,

K2CO3, KI, acetone, reflux, 72 h; (II) Cyclopropyl 4-fluorophenyl methanone, acetonitrile, NaH, N2, r.t./reflux (III): SOCl2, toluene, N2, 0
�C/60 �C, 3 h; (IV) AlCl3, toluene, N2, reflux,

3 h; (V) K2CO3, KI, acetone, reflux, 24 h.
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analogue UCL2190 bearing a piperidine moiety instead of an

imidazole was synthesized and investigated for its MAO inhibition

properties. Surprisingly, UCL2190 provides a more favourable

selectivity profile for MAO B in addition to an about 30-fold higher

hH3R affinity (Ki ¼ 11 nM; 95% CI¼ [3.5, 33], Fig. 1) compared to

ciproxifan, representing an optimized lead structure for synthesis

of MAO B/H3R DTLs. It has been shown previously, that indanone

derivatives substituted in C6 and C5 position are potent inhibitors

of the human MAO B [18]. Within the first series of indanone DTLs

(1a-e), most of the compounds exhibit inhibition potency for both

MAO isoforms< 50% at 10 mM, with 1b showing highest MAO B

inhibition properties (72± 4.3%) (Table 1). Furthermore, none of

these compounds show the desired hH3R affinity, most probably

due to the lack of an additional lipophilic group in the molecule, as

frequently observed in the arbitrary region of H3R antagonists [23].

The more lipophilic 2-benzylidene-1-indanone DTLs 2a-c

(Table 1), showed more preferred and improved MAO B inhibition

with highest inhibition found for 2a (81± 4.5%), which still lacks

H3R affinity. Thus, as it could be previously shown, that substitution

of the benzylidene moiety in the C40 positionwith lipophilic groups

(e.g. halogens or alkyl chains) or basic/polar moieties (e.g. tertiary

amines) is tolerated by MAO B [19], in the series three DTLs (3a-f)

the H3R pharmacophore was attached to the C40 position of the

benzylidene (Table 1). All of these compounds showed inhibition

capability for MAO B > 60% and hH3R affinity in low nanomolar

concentration ranges (Ki< 50 nM). The DTLs with most potentMAO

B inhibition properties 3d (94± 8.7%), 3e (64± 6.5%) and 3f

(87± 3.8%) at 10, 2 and 5 mM, respectively, were further evaluated.

All three showed IC50 values in low micromolar to nanomolar

concentration ranges (Table 2), while highest inhibition properties

for MAO B with optimized preference (SI> 36) over MAO A was

found for DTL 3f (Fig. 2).

To investigate time dependency and reversibility of inhibition

two setups were performed for DTLs 3d-f: (a) IC50 shift experi-

ments after pre-incubation of enzyme and inhibitors (30min,

37 �C) (Table 2) and (b) 50� dilution experiments after pre-

incubation of enzyme and inhibitors (30min and 60min, 37 �C)

with excess of substrate (Fig. 3). Interestingly, the IC50 values do not

show significant difference to non-preincubated ones for 3f, while a

3.5-fold and 6.3-fold shift of IC50 values to nanomolar concentra-

tions was shown for 3d and 3e, respectively, suggesting a slow

reversible or tight binding inhibition mode within our test condi-

tions. The dilution experiments under saturated substrate condi-

tions, however, revealed a reversible mode of inhibition for all three

DTLs, indicated by recovery of enzyme activity after dilution. This

would be consistent with findings for structural related (E)-3-

heteroarylidenechroman-4-ones and (E)-3-benzylidenechroman-

4-ones showing comparable behaviour and differences within a

series of compounds [34,35]. Tight binding inhibitors which do not

form covalent bonds with the active site can behave similar to

typical covalent binding “suicide inhibitors” like L-deprenyl in

reversibility studies [17,34]. In vivo they might have a safer phar-

macological profile with longer duration times than reversible in-

hibitors, but lacking the suicide inactivation of MAOs. Reversible

inhibitors are known to have less severe side effects, such as hy-

pertensive crisis or slow recovery of MAO expression levels after

suicide inactivation [17,36] associated with irreversible and non-

selective MAO inhibitors. However, since they do not inactivate

the enzyme, reversible MAO inhibitors need higher target affinities

to compete with the endogenous ligands, which remains a

demanding step in MAO B drug design [37].

For early evaluation of drug-likeness of most promising DTLs,

ligand efficacy (LE), ligand efficiency dependent lipophilicity (LELP)

and ligand-lipophilicity efficiency (LipE) were calculated for hH3R

and MAO B [33] (Supporting Information). The high lipophilic DTLs

3e and 3f showed improved MAO B affinity but at the cost of LE due

to the high molecular weight (Table 2). Instead, DTL 3d displays

best drug-like physicochemical parameters for both targets repre-

senting the most lead-like DTL within this small series. Regarding

proposed multi-targeting properties, the overlapping of pharma-

cophoric elements of H3R antagonists and AChE/BuChE inhibitors

(e.g. piperidinopropyloxy element) most probably result in poten-

tial AChE/BuChE inhibition potency for our MAO B/H3R DTLs.

Recently, the multi-target ligand contilisant, combining affinity at

Scheme 2. Synthetic route for the design of second and third series of 2-benzylidene-1-indanone DTLs 2a-c (n¼ 2,3) and 3a-f. Compounds 2a-c: I) NaOH, ethanol, r.t., 30min.

Compounds 3a-f: II) K2CO3, KI, acetone, reflux, 24 h; III) corresponding indanone, NaOH, ethanol, r.t., 30min.

A. Affini et al. / European Journal of Medicinal Chemistry 148 (2018) 487e497490

✸✳✷ P✉❜❧✐❝❛t✐♦♥ ✷ ✹✶



H3Rs, MAOs and cholinesterases in vitro, demonstrated a pro-

cognitive effect in mice [38]. Additionally, potent antioxidative 2-

benzylidene-1-indanones were described previously, combining

nanomolar AChE and Ab aggregation inhibition as possible drugs

for Alzheimer's disease (AD) therapy [32]. Finding some additional

AChE/BuChE inhibition properties, however, might result in a

beneficial multi-targeting ligand (MTL) profile, where several MTLs

are already described especially for treatment of cognitive impair-

ments and AD [38e40]. From structural point of view our 2-

benzylidene-1-indanone DTLs may act as Michael acceptors,

which are able to form adducts with proteins, especially with

cysteine residues [41,42]. To address this problem, compound 3d

was incubated with an excess of acetylcysteine at physiological pH

and monitored by ESI-MS for up to three days. No thiol adduct was

observed, suggesting that formation of adducts with proteins are

unlikely for our 2-benzylidene-1-indanone DTLs.

In conclusion, we were able to design hH3R/MAO B DTLs by

attaching a generally accepted H3R antagonist pharmacophore in

different positions to previously described indanone and 2-

benzylidene-1-indanone MAO B inhibitor motifs. Within this

study three 2-benzylidene-1-indanone DTLs were obtained,

showing promising capabilities with MAO B inhibition properties

(IC50¼ 232e541 nM after preincubation) and affinity at the human

H3R (Ki¼ 2.2e32 nM). These DTLs (3d, 3e and 3f) were obtained by

attaching the H3R pharmacophore to the C40 position of the ben-

zylidene ring B, substituted either with fluoride (3d) or a bulky,

lipophilic element (3e, 3f) on the indanone ring A. Compound 3f

were the most MAO B preferring inhibitor (MAO SI> 36) showing a

reversible inhibition mode, while 3d and 3e provide interesting,

more balanced MAO profiles with presumed tight binding, but still

reversible inhibition mode. Thus, we successfully described

promising MAO B/H3R DTLs, suitable as a starting point, for further

optimization and development of potent DTLs or MTLs for the

treatment of Parkinson's disease.

5. Experimental part

5.1. Reagent and instrumentation

Reagents and solvents for synthesis were purchased from

Sigma-Aldrich, VWR Chemicals, Fisher Scientific, Panreac Appli-

Chem, Alfa Aesar and Chemsolute and were used without further

purifications (unless stated otherwise). 1H NMR and 13C NMR were

recorded on a Bruker AMX spectrometer (Bruker, Germany) at 300

Table 1

H3R and MAO screening data of novel MAO B/H3R dual-targeting ligands.

Pos. n m R Inhibition at 10 mM* Ki [nM]

[95% CI]

MAO A MAO B hH3R

1a 6 2 1 e þ 6118

[3129, 11963]

1b 6 3 2 e þþ 304

[122, 758]

1c 5 2 1 þ e 345

[103, 1148]

1d 5 2 2 e þ 205

[81, 520]

1e 5 3 2 e þ 159

[37, 678]

2a 6 2 e þþþ 696

[302, 1605]

2b 6 3 e þþ 39

[8.9, 169]

2c 5 3 e þþ 3.9

[0.6, 26]

3a e þþ 2.1

[0.5, 10]

3b 6 -OCH3 þþ þþ 11

[3.5, 38]

3c 5 -OCH3 e þþ 33

[12, 89]

3d 5 -F þþ
a

þþþ
a 2.2

[0.6, 8.1]

3e 6 -OCH2-Ph-4-Br þ
a

þ þ
a 32

[13, 81]

3f 5 -OCH2-Ph-4-Br þ
a

þþ þ
a 6.5

[1.5, 29]

Ki values for the hH3R are given as mean within the 95% confidence interval (CI). * MAO inhibition was calculated as percentages related to control at a test concentration of

10 mM and given as �25% (�), 26e50% (þ), 51e75% (þþ), 76e100% (þþþ).
a Fluorimetric assay with a test concentration of 10, 2 and 5 mM for 3d, 3e and 3f, respectively; Ph¼ phenyl.
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Table 2

H3R Affinity and MAO IC50 values (with and without preincubation) for most potent 2-benzylidene-1-indanone MAO B/H3R dual-targeting ligands.

Compound Pre-incubation

37 �C

[min]

IC50 [nM]

[95% CI]

(n)

MAO SIa

MAO A MAO B MAO B LEb

3d 0 9178

[4169, 20207]

(4)

1931

[926, 4025]

(4)

4.8 0.28

30 541

[362, 807]

(5)

3e 0 5514

[3567, 8522]

(7)

1455

[840, 2522]

(4)

3.7 0.22

30 232

[70, 769]

(5)

0.25

3f 0 >10 000

(3)

276

[197, 385]

(6)

>36 0.25

30 262

[185, 372]

(5)

0.25

UCL2190 0 >50 000

(3)

3884

[1816, 8311]

(3)

>12 0.35

Safinamide 0 >50 000

(4)

53

[20, 141]

(4)

>940 0.45

30 21

[13, 33]

(4)

0.48

L-Deprenyl 0 >30 000

(4)

42

[23, 74]

(4)

>710 0.72

30 3.9

[2.2, 6.8]

(5)

0.82

Ki and IC50 values for human H3R and MAO A/B, respectively, are given as mean within the 95% confidence interval (CI) of n independent experiments each performed at least

in duplicates.
a Selectivity index (SI)¼ IC50 MAOA/IC50 MAO B.
b LE¼ pIC50/HA (heavy atoms), LE� 0.3, LE was calculated as previously described [33].

Fig. 2. Monoamine oxidase A (,) and B (;) IC50 curves of compound 3f. Data are

given as mean (normalized to control)± standard deviation (SD) of one representative

experiment performed in duplicates.

Fig. 3. Reversibility of inhibition after preincubation of MAO B and inhibitors for 0, 30

and 60min prior to 50� dilution, measured under saturated substrate assay condi-

tions. Data are given as mean (normalized to each control)± standard deviation (SD) of

at least two independent experiments, each performed in duplicates (global fit).
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and 75MHz respectively, where CDCl3 or DMSO-d6 were used as a

solvent. Tetramethylsilane was used as standard and chemical

shifts are reported in parts permillion (ppm). Spinmultiplicities are

given as s (singlet), d (doublet), dd (doublet of doublets), t (triplet),

q (quintet) or m (multiplet). Approximate coupling constants (J) in

Hertz (Hz). Number and assignment of protons (ax, axial; eq,

equatorial; ph, phenyl; ind, indanone; prop, propyl; pip, piperidine;

eth, ethyl; cycloprop, cyclopropyl; pyr, pyrrolidine). Elementary

analyses (C, H, N) were measured on a CHN-Rapid (Heraeus, Ger-

many) and were within 0.4% of the theoretical values for all final

compounds. Electrospray ionization mass spectrometry (ESI-MS)

was performed on an amaZon speed (Bruker, Germany) in positive

polarity. Data are listed as mass number ([MþHþ]) and relative

intensity (%). High-resolution mass spectra (HRMS) were run in

electrospray ionization (ESI) mode. Melting points (m.p., uncor-

rected) were determined on a M� 564 Büchi melting point appa-

ratus (Büchi, Germany). Preparative column chromatography was

performed on silica gel 60M, 0.04e0.063mm (Macherey-Nagel,

Germany) and thin-layer chromatography (TLC) was carried out

using pre-coated silica gel 60 with fluorescence indicator at UV

254 nm (Macherey-Nagel, Germany).

5.2. Synthesis of precursors

1-(2-Chloroethyl or 3-chloropropyl)piperidine and 1-(2-

chloroethyl)pyrrolidine as well as 4-(3-(piperidin-1-yl)propoxy)

benzaldehyde were synthetized as described previously [26,43,44].

Demethylation of the 5- or 6-hydroxy-1-indanone was achieved by

using well described general methods [25,45]. The precursors were

used as starting material for the preparation of the final DTLs (se-

ries 1-3).

5.3. Synthesis of cyclopropyl(4-(3-(piperidin-1-yl)propoxy)phenyl)

methanone hydrochloride (UCL2190) [22,27]

3-(Piperidine-1-yl)propan-1-ol (1 eq) was treated with NaH (5

eq, 60% suspension mineral oil) at room temperature under inert

atmosphere for 3 h. The freshly prepared 3-(piperidine-1-yl)prop-

anolate was heated with cyclopropyl-4-fluorophenyl methanone (2

eq) in acetonitrile for 24 h under reflux. The mixture was concen-

trated under reduced pressure and the residue extracted with

dichloromethane and 2N NaOH solution. The organic extract was

dried over MgSO4, evaporated and transformed into hydrogen

chloride. The white solid was obtained in a yield of 62%: m.p.

174.6 �C.
1H NMR (300MHz, DMSO-d6) d 7.99e7.90 (m, 2H, ph-3,7H),

7.03e6.94 (m, 2H, ph-4,6H), 4.21e4.09 (t, 2H, J¼ 5.8, prop-1H2),

3.62e3.37 (m, 2H, prop-3H2), 3.29e3.16 (m, 2H, pip-2,6Heq),

3.02e2.81 (m, 2H, pip-2,6Hax), 2.79e2.69 (m, 1H, COCHCH2),

2.23e2.10 (m, 2H, prop-2H2), 2.01e1.30 (m, 6H, pip-3,5H2, pip-4Heq/

ax), 1.14e1.01 (m, 4H, Cycloprop-2,3H2);
13C NMR (75MHz, DMSO-

d6) d 204.6 (CO), 162.4 (ph-5C), 129.7 (Ph-3,7C), 129.4 (ph-6,4C),

128.2 (Ph-2C), 73.1 (prop-1C), 58.5 (prop-3C), 57.1 (pip-2,6C) 27.7

(prop-2C), 25.9 (pip-3,5C), 24.5 (pip-4C), 18.1 (COCHCH2), 12.6

(Cycloprop-2,3(CH2)2); ESI-MS m/z: calcd for C18H25NO2 (MHþ),

288.1964, found 288.1958.

5.4. Synthesis of the 1-indanone derivatives 1a-e [26,30]

The appropriately hydroxy phenols (1.2 eq) and chloride pre-

cursors (1 eq) were reflux in absolute acetone together with po-

tassium carbonate (3.2 eq) and potassium iodide (1 eq). After 24 h,

the reaction was cooled down. The inorganic materials were

removed by filtration and the filtrate was concentrated under

vacuum. The crude product was taken up in methylene chloride

and 2N NaOH solution. The organic phase was then washed with

saturated NaCl-solution and water, dryed over sodium sulfate, and

concentrated under vacuum. The resulting oil was purified by col-

umn chromatography (CH2Cl2/MeOH, 9/1).

5.4.1. 6-(2-(Pyrrolidin-1-yl)ethoxy)-2,3-dihydro-1H-inden-1-one

hydrochloride (1a)

Yield: 76%; m.p. 195.2 �C. 1H NMR (300MHz, D2O) d 7.48e7.41

(d, 1H, J¼ 8.5, phind-7H), 7.31e7.25 (dd, 1H, J¼ 8.5, phind-5H),

7.13e7.08 (d, 1H, J¼ 2.5, phind-4H), 4.38e4.25 (t, 2H, J¼ 5.0, eth-

1H2), 3.72e3.51 (m, 4H, COCH2, COCH2CH2), 3.20e3.05 (m, 2H, eth-

2H2), 3.04e2.92 (m, 2H, pyr-2,5Heq), 2.70e2.57 (m, 2H, pyr-2,5Hax),

2.21e1.80 (m, 4H, pyr-3,4H2);
13C NMR (75MHz, DMSO-d6) d 206.4

(CO), 157.6 (phind-6C), 148.7 (COCphind-7C), 138.4 (COCH2CH2C),

128.4 (phind-7C), 123.9 (phind-6C), 106.4 (phind-4C), 64.3 (prop-1C),

54.0 (pyr-2,5C), 52.1 (prop-2C), 37.2 (COCH2), 25.3 (COCH2CH2),

23.0 (pyr-3,4C); ESI-HRMS m/z: calcd for C15H19NO2 (MHþ),

246.1494, found 246.1495. Anal. calc.: C, 61.96; H, 7.28; N, 4.82.

Found: C, 62.43; H, 7.06; N, 4.98.

5.4.2. 6-(3-(Piperidin-1-yl)propoxy)-2,3-dihydro-1H-inden-1-one

(1b)

Yield: 81%; m.p. 59.1 �C. 1H NMR (300MHz, DMSO-d6)

d 7.64e7.57 (d, 1H, J¼ 8.7, phind-7H), 7.28e7.21 (dd, 1H, J¼ 8.4,

phind-5H), 7.09e7.04 (m, 1H, J¼ 2.28, phind-4H), 4.07e3.97 (t, 2H,

J¼ 6.4, prop-1H2), 3.06e2.94 (t, 2H, J¼ 5.3, COCH2), 2.68e2.59 (m,

2H, COCH2CH2), 2.42e2.33 (t, 2H, J¼ 6.9, prop-3H2), 2.32e2.20 (m,

4H, pip-2,6Heq/ax), 1.93e1.77 (q, 2H, J¼ 6.7, prop-2H2), 1.56e1.43 (m,

4H, pip-3,5H2), 1.42e1.30 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz,

DMSO-d6) d 208.7 (CO), 160.9 (phind-6C), 150.3 (COCphind-7C),

140.5 (COCH2CH2C), 130.5 (phind-7C), 128.1 (phind-5C), 108.1 (phind-

4C), 69.0 (prop-1C), 57.7 (prop-3C), 56.8 (pip-2,6C), 39.3 (COCH2),

28.8 (COCH2CH2), 28.2 (pip-3,5C), 27.3 (prop-2C), 26.8 (pip-4C);

ESI-HRMS m/z: calcd for C17H23NO2 (MHþ), 274.1807, found

274.1800. Anal. calc.: C, 74.68; H, 8.48; N, 5.12. Found: C, 74.76; H,

8.68; N, 5.06.

5.4.3. 5-(2-(Pyrrolidin-1-yl)ethoxy)-2,3-dihydro-1H-inden-1-one

hydrochloride (1c)

Yield: 75%; m.p. 193.8 �C. 1H NMR (300MHz, D2O) d 7.59e7.53

(d, 1H, J¼ 8.6, phind-7H), 7.07e7.01 (m, 1H, phind-4H), 6.99e6.91

(dd, 1H, J¼ 8.6, phind-6H), 4.43e4.33 (t, 2H, J¼ 5.0, eth-1H2),

3.73e3.58 (m, 4H, COCH2, COCH2CH2), 3.24e3.07 (m, 2H, eth-2H2),

3.06e2.98 (m, 2H, pyr-2,5Heq), 2.67e2.55 (m, 2H, pyr-2,5Hax),

2.20e1.86 (m, 4H, pyr-3,4H2);
13C NMR (75MHz, DMSO-d6) d 204.7

(CO), 163.3 (phind-5C), 158.5 (COCphind-7C), 130.8 (COCH2CH2C),

125.01(phind-7C), 116.1 (phind-4C), 111.4 (phind-6C), 64.1 (prop-1C),

54.1 (pyr-2,5C), 52.8 (prop-2C), 36.4 (COCH2), 25.8 (COCH2CH2),

22.9 (pyr-3,4C); ESI-HRMS m/z: calcd for C15H19NO2 (MHþ),

246.1494, found 246.1484. Anal. calc.: C, 62.93; H, 7.22; N, 4.89.

Found: C, 62.69; H, 7.09; N, 5.03.

5.4.4. 5-(2-(Piperidin-1-yl)ethoxy)-2,3-dihydro-1H-inden-1-one

hydrochloride (1d)

Yield: 72%;m.p.194.4 �C. 1HNMR (300MHz, D2O) d 7.51e7.43 (d,

1H, J¼ 8.6, phind-7H), 7.28e7.21 (m, 1H, phind-4H), 6.96e6.88 (dd,

1H, J¼ 8.5, phind-6H), 4.43e4.31 (t, 2H, J¼ 5.0, eth-1H2), 3.65e3.42

(m, 4H, COCH2, COCH2CH2), 3.10e2.88 (m, 4H, pip-2,6Heq, eth-2H2),

2.64e2.50 (m, 2H, pip-H2,6ax), 2.03e1.30 (m, 6H, pip-3,5H2, pip-

4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 204.7 (CO), 163.3 (phind-

5C), 158.5 (COCphind-7C), 130.7 (COCH2CH2C), 125.1 (phind-7C),

116.1 (phind-4C), 111.4 (phind-6C), 66.1 (prop-1C), 54.9 (prop-2C),

52.9 (pip-2,6C), 36.4 (COCH2), 25.8 (COCH2CH2), 22.6 (pip-3,5C),

21.5 (pip-4C); ESI-HRMSm/z: calcd for C16H21NO2 (MHþ), 260.1651,

found 260.1642. Anal. calc.: C, 64.97; H, 7.50; N, 4.74. Found: C,
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64.52; H, 7.55; N, 4.88.

5.4.5. 5-(3-(Piperidin-1-yl)propoxy)-2,3-dihydro-1H-inden-1-one

(1e)

Yield: 85%; m.p. 60.1 �C. 1H NMR (300MHz, DMSO-d6)

d 7.64e7.57 (d, 1H, J¼ 8.5, ph-7H), 7.18e7.11 (m, 1H, ph-4H),

7.05e6.96 (dd, 1H, J¼ 8.5, ph-6H), 4.24e4.11 (t, 2H, J¼ 6.4, prop-

1H2), 3.19e3.04 (t, 2H, J¼ 6.0, COCH2), 2.76e2.61 (m, 2H,

COCH2CH2), 2.51e2.40 (t, 2H, J¼ 7.3, prop-3H2), 2.40e2.28 (m, 4H,

pip-2,6Heq/ax), 2.03e1.88 (q, 2H, J¼ 6.7, prop-2H2),1.65e1.51 (m, 4H,

pip-3,5H2), 1.50e1.38 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz,

DMSO-d6) d 204.6 (CO), 164.1 (ph-5C), 158.6 (COCph-7C), 130.4

(COCH2CH2C), 124.9 (ph-7C), 115.9 (ph-4C), 111.1 (ph-6C), 66.3

(prop-1C), 53.4 (prop-3C), 52.2 (pip-2,6C), 36.1 (COCH2), 25.8

(COCH2CH2), 23.5 (prop-2C), 22.7 (pip-3,5C), 21.7 (pip-4C); ESI-

HRMS m/z: calcd for C17H23NO2 (MHþ), 274.1807, found 274.1800.

Anal. calc.: C, 74.69; H, 8.48; N, 5.12. Found: C, 74,82; H, 8.58; N,

5.01.

5.5. Synthesis of 2-benzylidene-1-indanone derivatives 2a-c [31]

A water solution of sodium hydroxide (1.5 eq) was added at

room temperature to an ethanol solution of the appropriately

indanone (1 eq) and the commercially available benzaldehyde (1

eq). After 30min, therewas the formation of a precipitate. The solid

was filtered off and extracted with ethyl acetate and 2N NaOH

solution. The crude material was dried over sodium sulfate and

concentrated under vacuum. The resulting solid was elementary

pure without further purification steps.

5.5.1. (E)-2-Benzylidene-6-(2-(piperidin-1-yl)ethoxy)-2,3-dihydro-

1H-inden-1-one (2a)

Yield: 90%; m.p. 130.1 �C. 1H NMR (300MHz, DMSO-d6)

d 7.86e7.72 (m, 2H, ph1-2,6H), 7.63e7.41 (m, 5H, ph1-CH, phind-

5,7H, ph1-3,5H), 7.37e7.20 (m, 2H, ph1-4H, phind-4H), 4.20e4.10 (t,

2H, J¼ 5.5, eth-1H2), 4.04 (s, 2H, C¼CCH2), 2.76e2.62 (t, 2H, J¼ 5.2,

eth-2H2), 2.48e2.32 (m, 4H, pip-2,6Heq/ax), 1.60e1.44 (m, 4H, pip-

3,5H2),1.43e1.29 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6)

d 193.1 (CO), 158.4 (phind-6C), 142.6 (COCphind-7C), 138.3 (ph1-CH),

135.8 (C¼CCH2C), 134.8 (COC¼C), 132.7 (ph1-1C), 130.7 (ph1-2,6C),

129.8 (ph1-4C), 128.9 (ph1-3,5C), 127.5 (phind-7C), 123.9 (phind-5C),

106.3 (phind-4C), 66.0 (prop-1C), 57.2 (prop-2C), 54.3 (pip-2,6 C),

31.2 (C¼CCH2), 25.5 (pip-3,5C), 25.9 (pip-4C); ESI-HRMS m/z: calcd

for C23H25NO2 (MHþ), 348.1964, found 348.1964. Anal. calc.: C,

79.51; H, 7.25; N, 4.03. Found: C, 79.23; H, 7.17; N, 3.88.

5.5.2. (E)-2-Benzylidene-6-(3-(piperidin-1-yl)propoxy)-2,3-

dihydro-1H-inden-1-one (2b)

Yield: 80%; m.p. 119.9 �C. 1H NMR (300MHz, DMSO-d6)

d 7.88e7.80 (m, 2H, ph1-2,6H), 7.65e7.60 (d, 1H, J¼ 8.5, ph1-CH),

7.59e7.47 (m, 4H, ph-5,7H, ph1-3,5H), 7.38e7.31 (dd, 1H, J¼ 8.3,

ph1-4H), 7.30e7.27 (d, 1H, J¼ 2.4, phind-4H), 4.18e4.10 (t, 2H,

J¼ 6.4, prop-1H2), 4.09 (s, 2H, C¼CCH2), 2.48e2.40 (t, 2H, J¼ 7.3,

prop-3H2), 2.40e2.30 (m, 4H, pip-2,6Heq/ax), 1.99e1.87 (q, 2H,

J¼ 6.8, prop-2H2), 1.61e1.48 (m, 4H, pip-3,5H2), 1.47e1.35 (m, 2H,

pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 193.1 (CO), 158.5

(phind-6C), 142. (COCphind-7C), 138.3 (ph1-CH), 135.8 (C¼CCH2C),

134.8 (COC¼C), 132.6 (ph1-1C), 130.7 (ph1-2,6C), 129.8 (ph1-4C),

128.9 (ph1-3,5C), 127.5 (phind-7C), 123.8 (phind-5C), 106.1 (phind-

4C), 66.4 (prop-1C), 55.0 (prop-3C), 54.1 (pip-2,6C), 31.1 (C¼CCH2),

26.1 (prop-2C), 25.5 (pip-3,5C), 24.1 (pip-4C); ESI-HRMS m/z: calcd

for C24H27NO2 (MHþ), 362.2120, found 362.2117. Anal. calc.: C,

79.74; H, 7.53; N, 3.87. Found: C, 79.41; H, 7.31; N, 3.78.

5.5.3. (E)-2-Benzylidene-5-(3-(piperidin-1-yl)propoxy)-2,3-

dihydro-1H-inden-1-one (2c)

Yield: 86%; m.p. 110.7 �C. 1H NMR (300MHz, DMSO-d6)

d 7.80e7.74 (m, 2H, ph1-2,6H), 7.74e7.63 (d, 1H, J¼ 8.5, ph1-CH),

7.56e7.41 (m, 4H, phind-4,7H, ph
1-3,5H), 7.19e7.14 (d, 1H, J¼ 1.9,

ph1-4H), 7.06e6.98 (dd, 1H, J¼ 8.5, phind-6H), 4.18e4.11 (t, 2H,

J¼ 6.4, prop-1H2), 4.07 (s, 2H, C¼CCH2), 2.45e2.35 (t, 2H, J¼ 6.9,

prop-3H2), 2.35e2.22 (m, 4H, pip-2,6Heq/ax), 1.98e1.82 (q, 2H,

J¼ 6.7, prop-2H2), 1.55e1.45 (m, 4H, pip-3,5H2), 1.44e1.31 (m, 2H,

pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 191.5 (CO), 164. (phind-

5C), 152.9 (COCphind-7C), 135.7 (ph1-CH), 135.0 (C¼CCH2C), 131.4

(COC¼C), 130.5 (ph1-2,6C), 130.3 (ph1-1C), 129.5 (ph1-4C), 128.9

(ph1-3,5C), 125.4 (phind-7C), 115.7 (phind-4C), 110.6 (phind-6C), 66.6

(prop-1C), 54.9 (prop-3C), 54.7 (pip-2,6C), 31.9 (C¼CCH2), 26.1 (pip-

3,5C), 25.6 (prop-2C), 24.1 (pip-4C); ESI-HRMS m/z: calcd for

C24H27NO2 (MHþ), 362.2120, found 362.2120. Anal. calc.: C, 79.74;

H, 7.53; N, 3.87. Found: C, 79.81; H, 7.33; N, 3.57.

5.6. Synthesis of 2-benzylidene-1-indanone derivatives 3a-f [31]

A water solution of sodium hydroxide (1.5 eq) was added at

room temperature to an ethanol solution of th appropriately

commercially available indanones (1 eq) and 4-(3-(piperidin-1-yl)-

propoxy)-benzaldehyde (1 eq). The work up was performed as

described for compounds 2a-c.

5.6.1. (E)-2-(4-(3-(Piperidin-1-yl)propoxy)benzylidene)-2,3-

dihydro-1H-inden-1-one (3a)

Yield 81%; m.p. 113.85 �C. 1H NMR (300MHz, DMSO-d6)

d 7.84e7.80 (d, 1H, J¼ 7.6, ph1-CH), 7.61e7.45 (m, 5H, ph1-

2,3,5,6H, phind-7H), 7.39e7.31 (m, 1H, phind-6H), 6.94e6.86 (m, 2H,

phind-4,5H), 4.07e3.98 (t, 2H, J¼ 6.2, prop-1H2), 3.94 (s, 2H,

C¼CCH2), 2.64e2.51 (t, 2H, J¼ 7.7, prop-3H2), 2.51e2.31 (m, 4H,

pip-2,6Heq/ax), 2.10e1.96 (q, 2H, J¼ 6.7, prop-2H2), 1.69e1.54 (m, 4H,

pip-3,5H2), 1.49e1.33 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz,

CDCl3) d 193.1 (CO),158.5 (ph1-4C), 142.5 (COCphind-7C),138.4 (ph1-

CH), 135.8 (C¼CCH2C), 134.8 (ph1-2,6C), 132.5 (COC¼C), 130.7 (ph1-

1C), 129.7 (phind-7C), 128.9 (phind-4C), 127.5 (phind-6C), 123.8

(phind-5C), 106.1 (ph1-3,5C), 66.3 (prop-1C), 55.0 (prop-3C), 54.1

(pip-2,6C), 31.2 (C¼CCH2), 26.2 (prop-2C), 25.6 (pip-3,5C), 24.1

(pip-4C); ESI-HRMS m/z: calcd for C24H27NO2 (MHþ), 362.2120,

found 362.2116. Anal. calc.: C, 79.74; H, 7.53; N, 3.87. Found: C,

79.72; H, 7.82; N, 3.58.

5.6.2. (E)-6-Methoxy-2-(4-(3-(piperidin-1-yl)propoxy)

benzylidene)-2,3-dihydro-1H-inden-1-one (3b)

Yield: 86%; m.p. 118.7 �C. 1H NMR (300MHz, DMSO-d6)

d 7.79.7.69 (d, 2H, J¼ 8.6, ph1-2,6H), 7.62e7.55 (d, 1H, J¼ 8.3, ph1-

CH), 7.52e7.46 (m, 1H, phind-7H), 7.33e7.19 (d, 2H, J¼ 8.3, ph1-

3,5H), 7.11e7.0 (d, 2H, J¼ 8.5, phind-4,5H), 4.17e4.03 (t, 2H, J¼ 6.3,

prop-1H2), 3.99 (s, 2H, C¼CCH2), 3.83 (s, 3H, OCH3), 2.46e2.34 (t,

2H, J¼ 6.9, prop-3H2), 2.34e2.18 (m, 4H, pip-2,6Heq/ax), 1.97e1.79

(q, 2H, J¼ 6.6, prop-2H2), 1.60e1.43 (m, 4H, pip-3,5H2), 1.43e1.25

(m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 193.0 (CO),

160.0 (ph1-4C), 159.1 (phind-6C), 142.4 (COCphind-7C), 138.7 (ph1-

CH), 133.2 (C¼CCH2C), 132.7 (ph1-2,6C), 132.7 (COC¼C), 127.4 (ph1-

1C),127.3 (phind-7C), 123.1 (phind-4C), 115.0 (ph1-3,5C),105.5 (phind-

5C), 66.2 (prop-1C), 55.5 (prop-3C), 55.0 (OCH3), 54.1 (pip-2,6C),

31.2 (C¼CCH2), 26.2 (prop-2C), 25.6 (pip-3,5C), 24.1 (pip-4C); ESI-

HRMS m/z: calcd for C25H29NO3 (MHþ), 392.2226, found

392.2225. Anal. calc.: C, 76.70; H, 7.47; N, 3.58. Found: C, 76.57; H,

7.47; N, 3.39.
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5.6.3. (E)-5-Methoxy-2-(4-(3-(piperidin-1-yl)propoxy)

benzylidene)-2,3-dihydro-1H-inden-1-one (3c)

Yield: 81%; m.p. 116.6 �C. 1H NMR (300MHz, CDCl3) d 7.81e7.42

(d, 1H, J¼ 8.4, ph1-CH), 7.58e7.47 (m, 3H, ph1-2,6H, phind-7H),

6.95e6.63 (m, 4H, phind-4H, phind-6H, ph
1-3,5H), 4.07e3.97 (t, 2H,

J¼ 6.3, prop-1H2), 3.88 (s, 2H, C¼CCH2), 3.83 (s, 3H, OCH3),

2.56e2.47 (t, 2H, J¼ 7.2, prop-3H2), 2.46e2.33 (m, 4H, pip-2,6Heq/

ax), 2.07e1.94 (q, 2H, J¼ 7.9, prop-2H2), 1.68e1.52 (m, 4H, pip-

3,5H2), 1.47e1.34 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6)

d 191.5 (CO), 164.7 (ph1-4C), 159.8 (phind-5C), 152.7 (COCphind-7C),

133.0 (ph1-CH), 132.4 (ph1-2,6C), 131.5 (C¼CCH2C), 130.7 (COC¼C),

127.5 (ph1-1C), 125.2 (phind-7C), 115.2 (phind-4C), 114.7 (ph1-3,5C),

110.1 (phind-6C), 66.1(prop-1C), 55.7 (prop-3C), 55.0 (OCH3), 54.1

(pip-2,6C), 31.9 (C¼CCH2), 26.2 (prop-2C), 25.6 (pip-3,5C), 24.1

(pip-4C); ESI-HRMS m/z: calcd for C25H29NO3 (MHþ), 392.2226,

found 392.2222. Anal. calc.: C, 76.70; H, 7.47; N, 3.58. Found: C,

76.52; H, 7.61; N, 3.49.

5.6.4. (E)-5-Fluoro-2-(4-(3-(piperidin-1-yl)propoxy)benzylidene)-

2,3-dihydro-1H-inden-1-one (3d)

Yield: 80%; m.p. 123.2 �C. 1H NMR (300MHz, DMSO-d6)

d 7.88e7.79 (m, 1H, ph1-CH), 7.58e7.50 (m, 3H, ph1-2,6H, phind-

7H), 7.17e7.10 (dd, 1H, J¼ 8.4, phind-4H), 7.09e6.99 (td, 1H, J¼ 8.9,

phind-6H), 6.96e6.86 (m, 2H, ph1-3,5H), 4.10e3.96 (t, 2H, J¼ 6.3,

prop-1H2), 3.93 (s, 2H, C¼CCH2), 2.59e2.46 (t, 2H, J¼ 7.7, prop-3H2),

2.46e2.28 (m, 4H, pip-2,6Heq/ax), 2.08e1.91 (q, 2H, J¼ 7.1, prop-

2H2), 1.69e1.51 (m, 4H, pip-3,5H2), 1.49e1.32 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 192.6 (CO), 165.9 (ph1-4C), 160.4

(phind-5C), 152.3 (COCphind-7C), 134.7(ph
1-CH), 133.9 (C¼CCH2C),

132.6 (ph1-2,6C), 131.8 (COC¼C), 127.8 (ph1-1C), 126.5 (phind-7C),

115.6 (phind-4C), 115.1 (ph1-3,5C), 112.8 (phind-6C), 66.6 (prop-1C),

55.8 (prop-3C), 54.6 (pip-2,6C), 32.4 (C¼CCH2), 26.6 (prop-2C), 25.8

(pip-3,5C), 24.3 (pip-4C); ESI-HRMS m/z: calcd for C24H26FNO2

(MHþ), 380.2026, found 380.2017. Anal. calc.: C, 75.96; H, 6.91; N,

3.69. Found: C, 75.90; H, 6.71; N, 3.67.

5.6.5. (E)-6-((4-Bromobenzyl)oxy)-2-(4-(3-(piperidin-1-yl)

propoxy)benzylidene)-2,3-dihydro-1H-inden-1-one (3e)

Yield: 87%; m.p. 159.5 �C. 1H NMR (300MHz, DMSO-d6)

d 7.58e7.51 (m, 3H, ph1-2,6H, ph1-CH), 7.47e7.41 (m, 2H, ph2-

3,5H), 7.40e7.35 (d, 1H, J¼ 8.4, phind-7H), 7.33e7.30 (d, 1H, J¼ 2.4,

phind-4H), 7.28e7.21 (m, 2H, ph2-2,6H), 7.19e7.14 (dd, 1H, J¼ 8.3,

phind-6H), 6.93e6.85 (m, 2H, ph1-3,5H), 4.99 (s, 2H, ph2-CH2O),

4.09e3.96 (t, 2H, J¼ 6.2, prop-1H2), 3.86 (s, 2H, C¼CCH2), 2.65e2.50

(t, 2H, J¼ 7.7, prop-3H2), 2.50e2.30 (m, 4H, pip-2,6Heq/ax), 2.13e1.94

(q, 2H, J¼ 6.9, prop-2H2), 1.73e1.55 (m, 4H, pip-3,5H2), 1.49e1.33

(m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 194.1 (CO),

160.2 (ph1-4C), 158.4 (phind-6C), 142.7 (C¼CCH2C), 139.5 (ph1-CH),

135.5 (ph2-1C), 133.8 (COC¼C), 133.1 (phind-7C), 132.6 (ph1-2,6C),

131.7 (ph2-3,5C), 129.1 (ph2-2,6C), 128.1 (COCphind-7C), 127.0 (ph1-

1C), 124.0 (phind-5C), 122.0 (ph2-4C), 114.9 (ph1-3,5C), 104.94

(phind-4C), 69.5 (prop-1C), 66.3 (ph2-CH2O), 55.7 (prop-3C), 54.1

(pip-2,6C), 31.8 (C¼CCH2), 26.1 (prop-2C), 25.3 (pip-3,5C), 23.9

(pip-4C); ESI-HRMS m/z: calcd for C31H32BrNO3 (MHþ), 546.1644,

found 546.1643. Anal. calc.: C, 68.13; H, 5.90; N, 2.56. Found: C,

67.84; H, 5.80; N, 2.36.

5.6.6. (E)-5-((4-Bromobenzyl)oxy)-2-(4-(3-(piperidin-1-yl)

propoxy)benzylidene)-2,3-dihydro-1H-inden-1-one (3f)

Yield: 85%; m.p. 133.8 �C. 1H NMR (300MHz, CDCl3) d 7.81e7.74

(d, 1H, J¼ 8.6, ph1-CH), 7.57e7.47 (m, 4H, ph2- 3,5H, ph1-2,6H),

7.44e7.38 (td, 1H, J¼ 1.3, phind-7H), 7.33e7.26 (d, 1H, J¼ 1.1, phind-

4H), 7.23e7.16 (t, 1H, J¼ 7.6, phind-6H), 6.98e6.85 (m, 4H, ph2-2,6H,

ph1-3,5H), 5.05 (s, 2H, ph2-CH2O), 4.05e3.95 (t, 2H, J¼ 6.2, prop-

1H2), 3.87 (s, 2H, C¼CCH2), 2.52e2.42 (t, 2H, J¼ 7.7, prop-3H2),

2.41e2.30 (m, 4H, pip-2,6Heq/ax), 2.03e1.89 (q, 2H, J¼ 6.9, prop-

2H2), 1.62e1.51 (m, 4H, pip-3,5H2), 1.43e1.34 (m, 2H, pip-4Heq/ax);
13C NMR (75MHz, DMSO-d6) d 191.5 (CO), 163.5 (ph1-4C), 159.8

(phind-5C), 152.6 (C¼CCH2C), 139.2 (ph1-CH), 132.9 (ph2-1C), 132.4

(ph1-2,6C), 131.6 (ph2-3C), 131.0 (ph2-5C), 130.9 (ph2-2C), 130.7

(ph2-6C), 130.3 (COC¼C), 127.4 (phind-7C), 126.7 (COCphind-7C),

125.3 (ph1-1C), 121.7 (phind-4C), 115.7 (ph2-4C), 114.9 (ph1-3,5C),

111.2 (phind-6C), 68.7 (prop-1C), 66.1 (ph2-CH2O), 55.0 (prop-3C),

54.0 (pip-2,6C), 31.9 (C¼CCH2), 26.2 (prop-2C), 25.5 (pip-3,5C), 24.1

(pip-4C); ESI-HRMS m/z: calcd for C31H32BrNO3 (MHþ), 546.1644,

found 546.1632. Anal. calc.: C, 68.13; H, 5.90; N, 2.56. Found: C,

68.06; H, 6.11; N, 2.48.

5.7. Human histamine H3 radioligand depletion assay

Radioligand depletion assay for human histamine H3 receptor

were performed as described previously [46] with the following

slight modifications. Briefly, HEK-293 cells stably expressing the

human histamine H3 receptor were washed and harvested in

phosphate buffered saline (PBS) solution. They were centrifuged

(3000� g,10min, 4 �C) and homogenizedwith an ULTRA-TURRAX®

T 25 digital (IKA, Germany) in ice-cold binding buffer (12.5mM

MgCl2, 100mM NaCl and 75mM Tris/HCl, pH 7.4). The cell mem-

brane homogenate was centrifuged two times at 20 000� g for

20min (4 �C). Crude membranes, using 20 mg per well in a final

volume of 0.2mL binding buffer, were incubated with [3H]-N-a-

methylhistamine (2 nM, 78.3 Cimmol�1) purchased from Perki-

nElmer (MA, USA) and various concentrations of test compounds.

Assays were performed at least in duplicates with at least seven

appropriate concentrations of test compounds. The incubation was

performed for 90min at room temperature by continuous shaking

using 10 mM Pitolisant for determination of non-specific binding.

Radioactivity was determined by liquid scintillation counting. Data

were analyzed using GraphPad PRISM 6 using implemented non-

linear regression fit “one-site competition”, where Ki values were

calculated according to Cheng-Prusoff equation. Statistical analysis

was performed on elog Ki values. Mean values and confidence in-

tervals (95%) were converted to micro- or nanomolar

concentrations.

5.8. Monoamine oxidases inhibition assays

For assaying potential monoamine oxidase (MAO) A and B in-

hibition, compounds were included in one-point screening for both

isoforms predominantly using a continuous spectrophotometric

method as described previously [20] with the exception of 3d-f,

where a discontinuous fluorimetric assay was used (e.g. described

in Ref. [47] with some modifications).

The spectrophotometric one-point measurements were per-

formed in clear, flat-bottom 96 well plates (UV-Star®, No. 655801,

greiner bio-one GmbH, Austria), measuring enzyme activity by

spectrophotometrical observation of 4-hydroxyquinoline

(lmax¼ 316 nm) formation over time as described previously [20].

Initial velocities of substrate conversion (expressed as milli ab-

sorption units per minute) were plotted against log inhibitor con-

centrations and fitted using the implemented non-linear regression

“log inhibitor vs. response (three parameters)”. For one-point

measurements data were calculated as percentage of control

(product formation in absence of inhibitor) and expressed as

mean± standard deviation (%) performing at least two indepen-

dent experiments, each in duplicates.

The IC50 curves were determined in the discontinuous fluori-

metric assay, allowing higher assay sensitivity as well as time and

cost savings. MAO inhibition assays were carried out using human

recombinant membrane-boundMAOA and MAO B purchased from
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Sigma-Aldrich (MO, USA). Fluorimetric MAO assays were con-

ducted in a total assay volume of 100 mL (max. 1% DMSO) using

black, flat-bottom 96 well plates (No. 655076, greiner bio-one

GmbH, Austria), while pipetting was partly automated using a

EVO freedom pipetting robot (Tecan Trading AG, Switzerland). IC50

values were obtained bymeasuring enzyme activity (determined as

MAO-dependent product formation) with inhibitor concentrations

ranging from 0.001 mM to 100 mM in the presence of 2-fold KM

concentrations of kynuramine (KM ¼ 30 mM for MAO A and KM ¼

20 mM for MAO B). Reactions were started by addition of MAO A

(1.25 ng mL�1, 900 units/mL) or MAO B (1.67 ng mL�1, 375 units/mL).

Shift of IC50 values were also measured after preincubating in-

hibitors with enzyme (30min, 37 �C), while reactions were started

by addition of substrate. For optimal enzyme activity conditions,

reactions were performed in pre-warmed potassium phosphate

buffer (50mM, pH¼ 7.4). After incubation (15 or 20min, 37 �C with

and without preincubation IC50 setup, respectively) reactions were

stopped by manual addition of 35 mL sodium hydroxide (2 N) and

enzyme activity was determined by detection of 4-

hydroxyquinoline (lEx¼ 320± 20 nm, lEm¼ 405± 20 nm) using

an infinite M1000 Pro microplate reader (Tecan Trading AG,

Switzerland). Data were analyzed using GraphPad PRISM 6.

Enzyme activity, expressed as relative fluorescence units (RFU),

were plotted against log inhibitor concentrations and fitted using

the implemented non-linear regression “log inhibitor vs. response

(three parameters)”. Since few compounds do not reach the lower

plateau in IC50 curves (e.g. poor soluble compounds 3e and 3f), the

bottom for non-linear regression was set to zero. Data were ob-

tained from at least three independent experiments, each per-

formed at least in duplicates.

Reversibility of inhibition was assayed by preincubation of MAO

B (10 ng mL�1) and inhibitors (10� IC50) for 0, 30 and 60min at 37 �C

prior to 50� dilution in potassium phosphate buffer to give a final

concentration of 0.05xIC50 of inhibitor. Remained enzyme activity

were measured fluorimetrically as described above under substrate

saturating (10xKM) conditions. Data were calculated as percentage

of control (without inhibitor for each time point) and expressed as

mean± standard deviation (%) of at least two independent exper-

iments, each performed in duplicates (global fit).

5.9. Michael acceptor capacity determinations

The Michael acceptor capacity of DTL 3d were evaluated by

appearance of probably formed adducts between 3d and ace-

tylcysteine under physiological conditions (Supporting

Information, Figure 37). Accordingly, an aqueous solution con-

taining 3d (4 mgmL�1) and an excess of acetylcysteine

(20mgmL�1) was prepared. The pH was adjusted to 7.2 using

diluted (0.01 M) sodium hydroxide solution. Electron Spray Ioni-

zation (ESI) mass spectrometry (MS) was used to observed possible

adducts formed at several time points up to three days after

mixture. To allow protonation in ESI-Spectra, the samples were

diluted with the same amount of water containing 0.1% of formic

acid. All the measurements were performed in ESI-MS (þ) mode.
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Multitarget-Directed Ligands Combining Cholinesterase and Mono-
amine Oxidase Inhibition with Histamine H3R Antagonism for
Neurodegenerative Diseases
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Javier Egea,* Rona R. Ramsay, Jos8 Marco-Contelles,* and Holger Stark*

Abstract: The therapy of complex neurodegenerative diseases
requires the development of multitarget-directed drugs
(MTDs). Novel indole derivatives with inhibitory activity
towards acetyl/butyrylcholinesterases and monoamine oxi-
dases A/B as well as the histamine H3 receptor (H3R) were
obtained by optimization of the neuroprotectant ASS234 by
incorporating generally accepted H3R pharmacophore motifs.
These small-molecule hits demonstrated balanced activities at
the targets, mostly in the nanomolar concentration range.
Additional in vitro studies showed antioxidative neuroprotec-
tive effects as well as the ability to penetrate the blood–brain
barrier. With this promising in vitro profile, contilisant (at
1 mgkg@1 i.p.) also significantly improved lipopolysaccharide-
induced cognitive deficits.

AlzheimerQs disease (AD) and ParkinsonQs disease (PD) are

the most prevalent neurodegenerative diseases, with complex

and variable underlying mechanisms. In studies of the causes

and in search for more efficient therapies, factors such as

mitochondrial dysfunction, neuroinflammation, and espe-

cially oxidative stress have been identified as major determi-

nants for the progress and development of these diseases.

Consequently, an antioxidant drug development strategy for

neurodegenerative diseases, especially AD, has been of

paramount importance.[1,2] The recently described multitar-

get-directed ligand (MDL) ASS234 (Figure 1)[3–5] is able to

irreversibly inhibit monoamine oxidases A and B (MAO A/

B), and also reduces the production of the secondary product

hydrogen peroxide, a reactive oxygen species (ROS).[6] Thus

ASS234 prevents the catalytic oxidation of biogenic amines,

such as serotonin (5-HT), norepinephrine, and dopamine, all

implicated in cognitive processes, as well as the production of

ROS, which are associated with neuronal cell death. Addi-

tionally, ASS234 reversibly inhibits acetylcholinesterase

(AChE), improving memory and cognition similar to mar-

keted AChE inhibitors (e.g., donepezil).[7]

[*] S. Hagenow,[+] J. S. Schwed, Prof. Dr. H. Stark

Institut ffr Pharmazeutische und Medizinische Chemie

Heinrich-Heine-Universit-t Dfsseldorf

Universit-tsstrasse 1, 40225 Dfsseldorf (Germany)

E-mail: stark@hhu.de

Dr. =. M. Bautista-Aguilera,[+] M. L. Jimeno, M. Chioua,

Prof. Dr. J. Marco-Contelles

Laboratorio de Qu&mica M8dica

Instituto de Qu&mica Org#nica General

CSIC and Centro de Qu&mica Org#nica “Lora-Tamayo”, CSIC

C/ Juan de la Cierva 3, 28006 Madrid (Spain)

E-mail: iqoc21@iqog.csic.es

A. Palomino-Antolin,[+] V. Farr8-Alins,[+] Dr. J. Egea

Instituto de Investigacikn Sanitaria

Servicio de Farmacolog&a Cl&nica

Hospital Universitario de la Princesa

Calle de Diego de Lekn, 62, 28006 Madrid (Spain)

E-mail: javier.egea@inv.uam.es

L. Ismaili

Neurosciences Int8gratives et Cliniques EA 481

Universit8 Bourgogne Franche-Comt8

Rue Ambroise Par8, 25000 BesanÅon (France)

P.-L. Joffrin, Dr. R. R. Ramsay

Biomedical Sciences Research Complex

University of St Andrews, Biomolecular Sciences Building

North Haugh, St Andrews KY16 9ST (UK)

Dr. O. Soukup, Dr. J. Janočkov#
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The histamine H3 receptor (H3R) is involved in the

central regulation of histamine and other neurotransmit-

ters,[8, 9] and is thus considered as a useful novel pharmaco-

logical target. Inhibition of H3R with inverse agonists/

antagonists elevates the levels of neurotransmitters, such as

acetylcholine (ACh), 5-HT, dopamine, or norepinephrine, in

the central nervous system. The first H3R inverse agonist

pitolisant (WAKIX) has recently been approved for the

treatment of narcolepsy, but it is also under investigation for

diverse cognition and sleep impairments.[10] Thus the procog-

nitive use of H3R antagonists/inverse agonists for the treat-

ment of neurodegenerative diseases is being investigated.[11]

Although compounds with multipotent profiles, combining

H3R affinity with cholinesterase (ChE) inhibition,[12,13] anti-

oxidant capacity,[14] or most recently with MAO inhibition,[15]

have been reported,[16] MDLs that are able to simultaneously

modulate H3R, MAO, and ChE have not been described to

date. Such a multipotent profile might constitute an innova-

tive therapeutic approach for new molecules targeting neuro-

degenerative diseases with multiple causes.

ASS234 was structurally modified to fit a generally

accepted pharmacophore of H3R antagonists (Figure 1). To

avoid adverse effects associated with imidazole-containing

H3R antagonists (e.g., ciproxifan), cyclic aliphatic amines

such as piperidine as the basic center were connected to an

arbitrary eastern region via a (propyloxy)phenyl chain. These

compounds provide suitable pharmacophores as confirmed

bymultiple structure–activity relationship (SAR) studies.[17–19]

Herein, we report the synthesis and biological evaluation of

MDLs 1–7 (Scheme 1) and the identification of compound 4

(contilisant), which combines high antioxidant activity and

high affinity at H3R with excellent inhibition of the target

neurotransmitter-catabolizing enzymes. These compounds

were evaluated for their affinity at human H3R and H4R

and against four neurotransmitter-catabolizing enzymes

(AChE and butyrylcholinesterase (BuChE), MAO A/B; for

further off-target screening, see the Supporting Information).

All MDLs in this small series inhibited the ChEs at

concentrations in the micromolar range (Table 1). Contilisant

revealed the best inhibition properties with high nanomolar

inhibition of AChE. The initial, reversible inhibition of MAO

A/B (reflecting binding) and inhibition after 30 min preincu-

bation of the inhibitor with the enzymes (because of

irreversible inhibition) were determined (Table 1). Without

preincubation, all compounds gave low micromolar IC50

values. The spacer length influences the binding to the

active sites of MAOA and B, with a two-carbon-atom

spacer being optimal for the piperidine derivative. Switching

to a pyrrolidine ring has little effect in compounds with

a three-carbon-atom spacer (2 vs. 4), but decreased the

inhibition in compounds with a two-carbon-atom spacer (1 vs.

3). After preincubation, the IC50 values shifted to nanomolar

concentrations for most of the propargylamines. The irrever-

sibility of the MAO inhibition was confirmed for contilisant

by 50-fold dilution into excess substrate. The IC50 value for

compound 6 changed very little with preincubation, suggest-

ing that the propargyl group did not form a covalent adduct

with MAO B. Compound 7, lacking the propargyl group,

showed no change with preincubation. MAO activity after 50-

fold dilution of 7 was > 95%, indicating reversible inhibition.

Contilisant showed improved irreversible inhibition of

MAO B compared to ASS234, which prefers MAOA. The

affinities for binding at human H3R as the target and H4R,

the structurally most homologous G-protein-coupled recep-

tor, as an off-target were measured (Table 1). None of the

compounds bound to H4R, indicating good specificity for

H3R. Surprisingly, ASS234 showed remarkable affinity at

H3R, but the highest affinity was found for 2 and contilisant,

which both contain the propyloxy linker connected to

pyrrolidine and piperidine moieties, respectively. Good

affinities were also found for 6, containing a related H3R

Figure 1. General structure of H3R/MAO/ChE MDLs derived from

structural elements of the antioxidant ASS234 and the H3R antagonist

ciproxifan.
Scheme 1. Synthesis of MDLs 1–7. Reagents and conditions: a) NaH,

DMF, RT; b) PPh3, DIAD, THF, RT; c) K2CO3, DMF, 90 88C.
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pharmacophore, and 7, which lacks the propargylamine group

but features the propyloxy linker. Compounds with ethyloxy

or pentyloxy spacers showed moderate H3R affinities. These

findings confirmed previously obtained SAR results for H3R

antagonists.[17, 20,21] As compounds 6 and 7 exhibit comparable

H3R affinity, we have demonstrated that the H3R affinity is

positively influenced by the introduction of the second basic

moiety, the propargylamine motif, which is responsible for

MAO inactivation. Compound 6, albeit less effective against

AChE, provides structural variation possibilities as the MAO

motif could be combined with various spacers or amine

warheads for H3R pharmacophores.

Molecular docking studies on the four targets clearly

support the in vitro results as ASS234 and contilisant fit to the

various binding cavities of AChE, MAO A/B, and H3R (see

the Supporting Information). Among the molecular proper-

ties of contilisant obtained with molsoft,[26] its higher hydro-

philicity (MolLogP= 3.7) compared to that of ASS234

(MolLogP= 5.5) should be noted, which indicates increased

drug likeness. Further indication for central distribution was

obtained from a parallel artificial membrane permeability

assay (PAMPA), a tool used for predicting blood–brain

barrier (BBB) penetration properties (see the Supporting

Information). The results clearly indicated the ability of

contilisant and ASS234 to pass the BBB by passive diffusion.

A complete in silico ADME analysis of the novel hybrids 1–7

has been carried out, suggesting drug suitability, with a special

focus on contilisant (see the Supporting Information). The

antioxidant capacities of hybrids 1–5 and 7 were measured as

the oxygen radical absorbance capacity (ORAC-FL;

Table 1),[27] with all MDLs presenting good radical scavenging

properties and those for contilisant being close to that of the

positive control ferulic acid (3.74: 0.22 TE).[28] The neuro-

protection capacities were studied using three different toxic

insults involved in neurodegeneration mechanisms in AD:[29]

a) a cocktail of mitochondrial respiratory chain blockers,

rotenone, and oligomycin A (R/O), a model of ROS

generation; b) the protein phosphatase inhibitor okadaic

acid (OA), as a model of the hyperphosphorylation of tau

protein; and c) b-amyloid peptides (Ab25–35), which are

involved in ROS and apoptosis pathways. Overall, the data

obtained for compounds 1–7 revealed an interesting neuro-

protection profile (see the Supporting Information). At the

lowest concentration tested (0.3 mm), contilisant offered

significant neuroprotection against the toxic insults assayed

(70% vs. R/O, 47% vs. OA, and 65% vs. Ab25–35), comparable

to that offered by melatonin (Figure 2).

Memory improvements after ASS234 and contilisant

administration were tested in vivo using the novel object

recognition test (NOR) in mice (Figure 3)[30] before and after

administration of lipopolysaccharide (LPS), which signifi-

cantly impairs NOR performance. Mice treated with con-

tilisant after LPS impairment showed a significantly improved

discrimination index whereas ASS234 (at the same dose) was

not able to restore the cognitive deficit.

In conclusion, new MDLs showing inhibitory properties

for neurotransmitter-catabolizing enzymes (ChEs and

MAOs) alongside H3R affinity have been described for the

first time. From this small series, contilisant showed the best

overall multitarget properties at nanomolar concentrations,

with newly designed and well-balanced properties in terms of

permeation as well as the antioxidant and neuroprotective

properties. Contilisant displays a pharmacological profile with

improved complexity, which might be beneficial for the

Table 1: IC50 and Ki values for the inhibition of hMAO A/B, hAChE/hBuChE, and hH3R/hH4R, respectively, and ORAC analysis of compounds 1–7,

ASS234, ciproxifan, clorgyline, deprenyl, and donepezil.

MTL Preinc.

[min]

hMAO A

IC50
[a] [mm]

hMAO B

IC50
[a] [mm]

SR

MAO[b]

hAChE

IC50
[a] [mm]

hBuChE

IC50
[a] [mm]

SR

ChE[c]

ORAC[d]

(TE)

hH3R

Ki
[e] [nm]

hH4R

Ki [nm]

1 0

30

3.00:0.34

0.095:0.009

5.21:0.82

0.140:0.008

1.7

1.5

37.9:1.5 25.1:5.5 1.5 3.11:0.07 178

[44, 716]

>10000

2 0

30

4.01:0.60

0.073:0.006

1.80:0.24

0.100:0.020

0.5

1.4

18.8:2.7 7.40:1.41 2.5 4.54:0.08 4.5

[1.8, 11]

>10000

3 0

30

0.41:0.03

0.052:0.007

1.32:0.21

0.017:0.003

3.2

0.3

20.6:3.6 8.55:1.48 2.4 1.86:0.06 38.5

[13, 117]

>10000

4

(contilisant)

0

30

1.85:0.21

0.145:0.010

1.94:0.15

0.078:0.006

1.0

0.5

0.53:0.05 1.69:0.12 0.3 3.59:0.09 10.8

[4.2, 27]

>100000

5 0

30

6.52:0.52

0.166:0.015

41.3:5.5

4.65:0.06

6.3

28

8.3:2.4 3.30:0.71 2.5 2.94:0.04 77.7

[19, 311]

>10000

6 0

30

1.19:0.15

0.042:0.004

3.80:0.40

2.75:0.51

3.2

65

58.3:11.8 31.1:1.8 1.9 14.7

[3.8, 57]

>10000

7 0

30

103:20

91:1

12.6:1.0

11.2:0.9

0.1

0.1

20.4:2.0 11.6:1.3 1.8 1.40:0.14 24.4

[12, 50]

>10000

ASS234 0

30

0.033:0.003

0.00027:0.00003

3.20:0.41

0.12:0.02

97

444

0.81:0.06 1.82:0.14 0.4 84.2

[48, 149]

>10000

ciproxifan 0 11.4:1.2[15] 2.1:0.3[15] 0.2 86.1:20.9 77.3:3.4 1.1 46-180[22–24] >10000[23]

clorgyline 0

30

0.042:0.003

0.00042:0.00008

3.65:0.39

3.57:0.36

86

8500

not

active[25]
not

active[25]

deprenyl 0

30

225:31

0.630:0.086

0.053:0.005

0.0040:0.0009

0.0002

0.006

not

active[25]
not

active[25]

donepezil[4] 0 0.011:0.001 6.22:0.77 0.002

[a] The error (SE) is indicated for each value. [b] SR= IC50(hMAO B)/IC50(hMAO A). [c] SR= IC50(hAChE)/IC50(hBuChE). [d] Oxygen radical absorbance

capacity (Trolox equivalents, TE). [e] The confidence interval (95%) is given in square brackets.
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treatment of neurodegenerative conditions. Compared to the

dual-target H3R/MAO ligand ciproxifan,[15] contilisant is

a more potent inhibitor of MAO with irreversible binding.

Moreover, contilisant at 1 mgkg@1 restored the cognitive

deficit of LPS-treated mice.

As intended, all properties of the small-molecule MDL

contilisant (4) were optimized compared to those of lead

compound ASS234, including reduced inhibition of MAOA,

and successfully extended by high H3R affinity by taking

advantage of the structural blueprint for H3R pharmaco-

phores.[31] The resulting unique pharmacological profile,

addressing various targets involved in neurodegenerative

processes, may be suitable for the treatment of AlzheimerQs or

ParkinsonQs disease.
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Synthesis and spectroscopic data 

General Synthesis 

Reactions were monitored by TLC using precoated silica gel aluminum plates containing a fluorescent indicator (Merck, 5539). 

Detection was done by UV (254 nm) followed by charring with sulfuric-acetic acid spray, 1% aqueous potassium permanganate 

solution or 0.5% phosphomolybdic acid in 95% EtOH. Anhydrous Na2SO4 was used to dry organic solutions during work-ups and 

the removal of solvents was carried out under vacuum with a rotary evaporator. Flash column chromatography was performed 

using silica gel 60 (230-400 mesh, Merck). Melting points were determined on a Kofler block and are uncorrected. IR spectra were 

obtained on a Perkin-Elmer Spectrum One spectrophotometer. NMR spectra were recorded on a Varian VXR-200 spectrometer 

(1H 200 MHz, 13C 50MHz) and on a Varian SYSTEM 500 NMR spectrometer (1H 500 MHz, 13C 125 MHz) equipped with a 5-mm 

HCN cold probe, using tetramethylsilane as internal standard. All the assignments for protons and carbons were in agreement with 

2D COSY, HSQC, HMBC, and 1D NOESY spectra. The purity of compounds was checked by elemental analyses, conducted on 

a Carlo Erba EA 1108 apparatus, and confirmed to be > 95%. 

N-Methyl-N-((1-methyl-5-(2-(pyrrolidin-1-yl)ethoxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (1) 

To a solution of compound 8[1] (120 mg, 0.52 mmol) and commercial 1-(2-chloroethyl)pyrrolidine hydrochloride (89.1 mg, 0.52 

mmol) in dry DMF (7 mL), under argon, NaH (38 mg, 1.56 mmol, 60% dispersion in mineral oil) was slowly added. The reaction 

mixture was stirred at rt overnight. The mixture was evaporated under reduced pressure. Then, a saturated solution of NH4Cl (50 

mL) was added, and the organic layer was extracted with EtOAc (3x200 mL). The combined organic layers were washed with brine 

and dried over Na2SO4, and the solvent evaporated under reduced pressure. The crude was purified by flash column 

chromatography (hexane/ EtOAc, 10-50%) to yield compound 1 (121 mg, 71%) as a yellow oil: Rf= 0.39 (hexane/AcOEt, 70%); IR 

(KBr) ν 3433, 2955, 2620, 2126, 1724, 1625, 1487, 1405, 1279, 1209 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.16 (d, J= 8.8 Hz, 1H), 

7.03 (d, J= 2.4 Hz, 1H), 6.81 (dd, J= 8.8, 2.4 Hz, 1H), 6.32 (s, 1H), 4.49-4.47 (t, J= 4.9 Hz, 2H), 3.72 (s, 3H), 3.65 (s, 2H), 3.46 (J= 

4.9 Hz, 2H), 3.49-3.44 (m, 4H), 3.28 (d, J= 2.4 Hz, 2H), 2.32 (s, 3H), 2.28 (t, J= 2.4 Hz, 1H), 2.27-2.11 (m, 4H); 13C NMR (126 MHz, 

CDCl3) δ 151.5, 137.6, 133.9, 127.5, 111.3, 109.8, 104.0, 102.24, 78.30, 73.5, 64.3, 54.1 (2 C), 53.9, 51.7, 44.7, 41.5, 29.9, 23.2 

(2 C); MS (ESI) m/z: 326.3 (M+1)+. Compound 1 was transformed into its bis-oxalate salt: m.p. 183-5 ºC; 1H NMR (300 MHz, D2O) 

δ 7.33 (d, J= 9.0 Hz, 1H), 7.12 (d, J= 2.4 Hz, 1H), 6.94 (dd, J= 9.0, 2.2 Hz, 1H), 6.67 (s, 1H), 4.55 (br s, 2H), 4.24 (t, J= 4.9 Hz, 

2H), 3.93 (d, J= 1.9 Hz, 2H), 3.65 (s, 3H), 3.62-3.56 (m, 2H), 3.51 (t, J= 4.9 Hz, 2H), 3.09-3.03 (m, 3H), 2.84 (s, 3H), 2.04-2.02 (m, 

2H), 1.91-1.87 (m, 2H). Anal. Calcd for C20H27N3O.2xHCO2CO2H.H2O: C, 55.06; H, 6.35; N, 8.03. Found: C, 54.97; H, 6.15; N, 

7.80. 
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Figure S1. 1H NMR (500 MHz, CDCl3) spectrum of compound 1. 

 
Figure S2. 13C NMR (126 MHz, CDCl3) spectrum of compound 1. 
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Figure S3. 2D COSY NMR spectrum of compound 1. 

 

Figure S4. 2D HSQC NMR spectrum of compound 1. 
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Figure S5. 2D HSQC NMR spectrum of compound 1. 

 

N-Methyl-N-((1-methyl-5-(3-(pyrrolidin-1-yl)propoxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (2) 

To a solution of compound 8[1] (150 mg, 0.65 mmol) and commercial 1-(3-chloropropyl)pyrrolidine hydrochloride (121 mg, 0.65 

mmol) in dry DMF (10 mL), under argon, NaH (47 mg, 1.95 mmol, 60% dispersion in mineral oil) was slowly added. The reaction 

mixture was stirred at rt overnight. Then, the solvent was evaporated under reduced pressure, a saturated solution of NH4Cl (50 

mL) was added, and the organic layer was extracted with EtOAc (3x200 mL). The combined organic layers were washed with brine 

and dried over Na2SO4, and the solvents were evaporated under reduced pressure. The crude was purified by flash column 

chromatography (hexane/ EtOAc, 10-50%) to yield compound 2 (144 mg, 65%) as a yellow oil: Rf= 0.37 (hexane/AcOEt, 70%; 1H 

NMR (300 MHz, CDCl3) δ 7.19 (d, J= 8.8 Hz, 1H), 7.08 (d, J= 2.5 Hz, 1H), 6.90 (dd, J= 8.8, 2.5 Hz, 1H), 6.36 (s, 1H), 4.09 (t, J= 

6.4 Hz, 2H), 3.75 (s, 3H), 3.69 (s, 2H), 3.33 (d, J= 2.2 Hz, 2H), 2.74-2.71 (m, 2H), 2.69-2.59 (m, 4H), 2.37 (s, 3H), 2.32 (t, J= 2.2 

Hz, 1H), 2.11-2.08 (m, 2H), 1.85-1.80 (m, 4H); MS (ESI) m/z 340.3 (M+1)+. Compound 2 has been transformed into its bis-oxalate 

salt: m.p. 156-9 ºC; IR (KBr) ν 3432, 3263, 2958, 2618, 2127, 1723, 1624, 1487, 1406, 1279, 1207, 1104, 1058 cm-1; 1H NMR (500 

MHz, D2O) δ 7.31 (d, J = 9.3 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 6.90 (dd, J = 9.3, 2.5 Hz, 1H), 6.65 (s, 1H), 4.52 (br s, 2H), 4.03 (t, 

J = 5.8 Hz, 2H), 3.91 (d, J = 2.4 Hz, 2H), 3.63 (s, 3H), 3.57-3.52 (m, 2H), 3.28-3.25 (m, 2H), 3.03 (t, J = 2.4 Hz, 1H), 2.95-2.93 (m, 

2H), 2.82 (s, 3H), 2.08-2.05 (m, 2H), 2.01-1.94 (m, 2H), 1.90-1.84 (m, 2H); 13C NMR (126 MHz, D2O) δ 167.8, 154.8, 136.4, 130.8, 

129.2, 116.5, 114.0, 106.6, 82.8, 74.0, 68.5, 56.7 (2 C), 55.0, 52.1, 46.8, 41.8, 32.3, 27.8, 25.0 (2 C). Anal. Calcd for 

C21H29N3O.2xHCO2CO2H. H2O: C, 55.86; H, 6.56; N, 7.82. Found: C, 56.15; H, 6.44; N, 7.64. 
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Figure S6. 1H NMR (500 MHz, D2O) spectrum of compound 2. 

 

Figure S7. 13C NMR (126 MHz, D2O) spectrum of compound 2. 
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Figure S8. 2D COSY NMR spectrum of compound 2. 

 

Figure S9. 2D HMBC NMR spectrum of compound 2 
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Figure S10. 2D HSQC NMR spectrum of compound 2. 

 

 

N-Methyl-N-((1-methyl-5-(2-(piperidin-1-yl)ethoxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (3) 

To a solution of compound 8[1] (200 mg, 0.87 mmol) and commercial 1-(2-chloroethyl)piperidine hydrochloride (160 mg, 0.87 mmol) 

in dry DMF (10 mL), under argon, NaH (63 mg, 2.61 mmol, 60% dispersion in mineral oil) was slowly added. The reaction mixture 

was stirred at rt overnight. Then, the mixture was evaporated under reduced pressure. Saturated NH4Cl solution (40 mL) was 

added, and the organic layer was extracted with EtOAc (3x200 mL). The combined organic layers were washed with brine and 

dried over Na2SO4, and the solvents were evaporated under reduced pressure. The crude product was purified by flash column 

chromatography (hexane/ EtOAc, 10-50%) to compound 3 (170 mg, 60%) as a yellow solid {Rf= 0.35, hexane/EtOAc, 70%; 1H 

NMR (300 MHz, CDCl3) δ 7.17 (d, J= 9.0 Hz, 1H), 7.05 (d, J= 2.2 Hz, 1H), 6.87 (dd, J= 9.0, 2.2 Hz, 1H), 6.34 (s, 1H), 4.17 (t, J= 

6.1 Hz, 2H), 3.73 (s, 3H), 3.67 (s, 2H), 3.31 (d, J= 2.4 Hz, 2H), 2.83 (t, J= 6.1 Hz, 2H), 2.57 (t, J= 5.0 Hz, 4H), 2.34 (s, 3H), 2.30 (t, 

J= 2.4 Hz, 1H), 1.67-1.61 (m, 4H), 1.48-1.46 (m, 2H); MS (ESI) m/z 340.4 (M+1) +}, which has been transformed into its bis-oxalate 

salt: m.p. 153-5 ºC; IR (KBr) ν 3426, 3276, 2953, 2129, 1728, 1624, 1486, 1407, 1207 cm-1; 1H NMR (500 MHz, D2O) δ 7.33 (d, J= 

8.8 Hz, 1H), 7.11 (d, J= 2.0 Hz, 1H), 6.93 (dd, J= 8.8, 2.0 Hz, 1H), 6.67 (s, 1H), 4.55 (br s, 2H), 4.26 (t, J= 4.8 Hz, 2H), 3.93 (br s, 

2H), 3.65 (s, 3H), 3.48 (d, J= 12.2 Hz, 2H), 3.42 (t, J= 4.8 Hz, 2H), 3.05 (m, 1H), 2.91 (t, J= 12.2 Hz, 2H), 2.84 (s, 3H), 1.83-1.80 

(m, 2H), 1.69-1.62 (m, 3H), 1.59-1.35 (m, 1H); 13C NMR (126 MHz, D2O) δ 164.5, 151.9, 133.8, 128.2, 126.5, 113.7, 111.4, 103.6, 

80.2, 71.3, 61.9, 55.4, 53.2 (2 C), 49.4, 44.2, 39.1, 29.7, 22.4 (2 C), 20.8 (1 C). Anal. Calcd for C21H29N3O.2xHCO2CO2H.3/2H2O: 

C, 54.94; H, 6.64; N, 7.69. Found: C, 55.14; H, 6.39; N, 7.47. 
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Figure S11. 1H NMR (500 MHz, D2O) spectrum of compound 3. 

 

Figure S12. 13C NMR (126 MHz, D2O) spectrum of compound 3. 
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Figure S13. 2D COSY NMR spectrum of compound 3. 

 

 

 
Figure S14. 2D HSQC NMR spectrum of compound 3. 
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Figure S15. 2D HMBC NMR spectrum of compound 3. 

 

N-Methyl-N-((1-methyl-5-(3-(piperidin-1-yl)propoxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (4=contilisant) 

To a solution of compound 8[1] (390 mg, 1.71 mmol) and commercial 1-(3-chloropropyl)piperidine hydrochloride (338 mg, 1.71 

mmol) in dry DMF (4 mL), under argon, NaH (205 mg, 5.13 mmol, 60% dispersion in mineral oil) was added. The mixture reaction 

was stirred for 24 h at rt. The solvent was evaporated, the reaction cooled at 0 ºC, and water (10 mL) and commercial EtOAc (30 

mL) were added. The reaction pH was adjusted at 7-8, and the mixture extracted and organic layer was evaporated under reduce 

pressure, dried, filtered, evaporated to give a residue that was purified for flash column chromatography (DCM/MeOH, 1-5%) to 

yield compound 4 (400 mg, 76%) as a solid: Rf: 0.32 (DCM/MeOH 10%); m.p. 155-8 ºC; IR (KBr) ν 3435, 3269, 2942, 2505, 1620, 

1489, 1207 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.17 (d, J = 8.8 Hz, 1H), 6.98 (d, J = 2.5 Hz, 1H), 6.78 (dd, J= 8.8, 2.5 Hz, 1H), 6.35 

(s, 1H), 4.08 (t, J= 5.3 Hz, 2H), 3.74 (s, 3H), 3.71 (s, 2H), 3.56 (d, J= 11.2 Hz, 2H), 3.33 (s, 2H), 3.18 (m, 2H), 2.66-2.62 (m, 2H), 

2.47-2.45 (m, 2H), 2.32 (s, 3H), 2.41-2.27 (m, 2H), 1.92-1.83 (m, 3H), 1.42-1.39 (m, 1H); 13C NMR (126 MHz, CCCl3) δ 165.0, 

152.4, 133.6, 127.5, 111.6, 109.8, 103.5, 102.4, 65.7, 55.5, 53.4 (2C), 51.5, 44.6, 41.4, 31.5, 30.0, 24.0, 22.5, 22.1 (2 C), 14.1; MS 

(ESI) m/z: 354.2 (M+1) +. HRMS. Calcd for C22H31N3O: 354.2540. Found. 354.2536. Compound 4 was transformed into its bis-

hydrochloride salt: m.p. 220-1 ºC; 1H NMR (500 MHz, D2O) δ 7.33 (d, J = 9.3 Hz, 1H), 7.12 (d, J = 2.4 Hz, 1H), 6.92 (dd, J= 8.8, 

2.4 Hz, 1H), 6.66 (s, 1H), 4.52 (s, 2H), 4.06 (t, J= 5.6 Hz, 2H), 3.92 (d, J= 1.9 Hz, 2H), 3.64 (s, 3H), 3.43 (d, J= 12.3 Hz, 2H), 3.16 

(t, J= 7.0 Hz, 2H), 3.06 (t, J= 1.9 Hz, 1H), 2.83 (s, 3H), 2.83-2.77 (m, 2H), 2.10-2.07 (m, 2H), 1.83-1.80 (m, 2H), 1.77-1.55 (m, 1H), 

1.60-1.57 (m, 2H), 1.39-1.36 (m, 1H); 13C NMR (126 MHz, CDCl3) δ 152.3, 133.9, 128.4, 126.8, 113.9, 111.5, 105.9, 104.1, 80.3, 

71.5, 66.1, 54.5, 53.2 (2 C), 49.6, 44.3, 39.2, 29.8, 23.4, 22.7 (2 C), 21.0. Anal.Calcd for C22H31N3O.2HCl: C, 74.75; H, 8.84; N, 

11.89. Found: C, 74.81; H, 8.62; N, 11.61. 
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Figure S16. 1H NMR (500 MHz, CDCl3) spectrum of compound 4. 

 

Figure S17. 13C NMR (126 MHz, CDCl3) spectrum of compound 4. 
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Figure S18. 2D COSY NMR spectrum of compound 4. 

 

 

Figure S19. 2D HSQC NMR spectrum of compound 4. 
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Figure S20. 2D HMBC NMR spectrum of compound 4. 

 

N-Methyl-N-((1-methyl-5-((5-(piperidin-1-yl)pentyl)oxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (5) 

To a solution of compound 8[1] (150 mg, 0.66 mmol) and commercial 1-(5-chloropentyl)piperidine hydrochloride (150 mg, 0.66 

mmol) in dry DMF (10 mL), under argon, NaH (48 mg, 1.97 mmol, 60% dispersion in mineral oil) was slowly added. The reaction 

mixture was stirred at rt overnight. The solvent was evaporated under reduced pressure. Then, a saturated solution of NH4Cl (35 

mL) was added, and the organic layer was extracted with EtOAc (3x200 mL). The combined organic layers were washed with brine 

and dried over Na2SO4, and the solvents were evaporated under reduced pressure. The crude was purified by flash column 

chromatography (hexane/ EtOAc, 10-50%) to yield compound 5 (175 mg, 70%) as a white solid (Rf= 0.33, hexane/EtOAc 70%): 1H 

NMR (500 MHz, CDCl3) δ 7.16 (d, J= 8.8 Hz, 1H), 6.99 (J= 2.7 1H), 6.81 (dd, J= 8.9, 2.7 Hz, 1H), 6.33 (s, 1H), 3.97 (t, J= 5.8 Hz, 

2H), 3.71 (s, 3H), 3.65 (s, 2H), 3.59-3.37 (m, 2H), 3.29 (d, J= 2.1 Hz, 2H), 2.91 (t, J= 8.4 Hz, 2H), 2.68-2.53 (m, 2H), 2.32 (s, 3H), 

2.28 (t, J= 2.1 Hz, 1H), 2.30-2.10 (m, 2H), 2.02-1.89 (m, 4H), 1.82-1.79 (m, 4H), 1.60-1.47 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 

153.0, 137.1, 133.4, 127.5, 111.8, 109.6, 103.4, 102.0, 78.3, 73.5, 68.1, 57.3, 53.1 (2 C), 51.7, 44.7, 41.5, 29.9, 28.8, 23.7, 23.2, 

22.5 (2 C), 22.1; MS (ESI) m/z:  382.3 (M+1) +. Compound 5 has been transformed into its bis-oxalate salt: m.p. 123-6 ºC; IR (KBr) 

ν 3431, 3263, 2946, 2868, 2680, 2541, 2124, 1724, 1623, 1537, 1486, 1473, 1405, 1280, 1207 cm-1. Anal. Calcd for 

C24H35N3O.2xHCO2CO2H.2H2O: C, 56.27; H, 7.25; N, 7.03. Found: C, 56.36; H, 6.97; N, 7.04. 
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Figure S21. 1H NMR (500 MHz, CDCl3) spectrum for compound 5. 

 

Figure S22. 13C NMR (126 MHz, CDCl3) spectrum for compound 5. 
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Figure S23. 2D COSY NMR spectrum of compound 5. 

 

Figure S24. 2D HSQC NMR spectrum of compound 5. 
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Figure S25. 2D HMBC NMR spectrum of compound 5. 

 

N-Methyl-N-((1-methyl-5-((1-methylpiperidin-4-yl)oxy)-1H-indol-2-yl)methyl)prop-2-yn-1-amine (6) 

To a solution of PPh3 (456 mg, 1.74 mmol) in dry THF (5 mL), under argon and at 0 ⁰C, DIAD (0.34 mL, 1.74 mmol) was slowly 

added, and the mixture was stirred for 1 h; then, compound 8[1] (200 mg, 0.87 mmol), followed by commercial 1-methylpiperidin-4-

ol (100.8 mg, 0.87 mmol) were added, and stirred for 48 h at rt. The solvent was evaporated, and the crude purified by 

cromatography (hexane/AcOEt, 10-50%) affording compound 6 (62.7 mg, 22%) as an oil (Rf= 0.26, hexane/AcOEt, 60%), that has 

been transformed into the its bis-hydrochloride salt: m.p. 222-4 ºC;  IR (KBr) ν 3433, 3189, 2955, 2558, 2505, 1619, 1575, 1529, 

1481, 1427, 1409, 1344, 1288, 1250, 1241, 1208, 1159 cm-1; 1H and 13C NMR (see subsection, Table S1); MS (ESI) m/z: 326.3 

(M+1)+. Anal. Calcd for C20H27N3O.2xHCl.H2O: C, 57.69; H, 7.50; N, 10.09. Found: C, 57.78; H, 7.37; N, 10.31.  

NMR study of the bis-hydrochloride salt of compound 6  
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Figure S26. 1H NMR (500 MHz, D2O) spectrum of the bis-hydrochloride salt of compound 6. 
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Figure S27. 13C NMR (126 MHz, D2O) spectrum of the bis-hydrochloride salt of compound 6. 
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Figure S28. 2D COSY NMR spectrum of bis-hydrochloride salt of compound 6. 
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Figure S28. 2D HSQC and HMBC of bis-hydrochloride salt of of compound 6. 

 

1H and 13C NMR spectra of 6 bis-hydrochloride salt, in D2O at 298 K, showed duplicate NMR signals in 1D 1H and 13C NMR spectra, 

indicating the presence of two quite different populated isomers at room temperature (ratio of 64:36), probably due to a mixture of 

trans and cis forms. Next, a full NMR study of this compound has been carried out. So, structural determination by NMR was 

performed on both isomers by the combined use of 1D and 2D [1H,1H] and [1H−13C] NMR experiments (gCOSY, NOESY, multiplicity-

edited gHSQC and gHMBC). NMR spectra were recorded at 298 K, using D2O as solvent, on a Varian SYSTEM 500 NMR 
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spectrometer (1H 500 MHz, 13C 126 MHz) equipped with a 5-mm HCN cold probe. Chemical shifts of 1H (δH) and 13C (δC) in ppm 

were determined relative to an external standards of sodium [2,2,3,3-2H4]-3-(trimethylsilyl)-propanoate in D2O (δH 0.00 ppm) and 1, 

4-dioxane (δC 67.40 ppm) in D2O, respectively. One-dimensional (1D) NMR experiments (1H and 13C) were performed using 

standard Varian pulse sequences. Two-dimensional (2D) [1H, 1H] gCOSY NMR experiments were carried out with the following 

parameters: a delay time of 1 s, a spectral width of 1,675.6 Hz in both dimensions, 4,096 complex points in t2 and 4 transients for 

each of 128 time increments, and linear prediction to 256. The data were zero-filled to 4,096 × 4,096 real points. 2D [1H−13C] NMR 

experiments (gradient heteronuclear single-quantum coherence [gHSQC] and gradient heteronuclear multiple-bond correlation 

[gHMBC]) used the same 1H spectral window, a 13C spectral window of 30,165 Hz, 1 s of relaxation delay, 1,024 data points, and 

128 time increments, with a linear prediction to 256. The data were zero-filled to 4,096 × 4,096 real points. Typical numbers of 

transients per increment were 4 and 16, respectively. 13C NMR and 1H NMR chemical shifts for the major and minor isomers of the 

6 bis-hydrochloride salt are gathered in the Table S1. Relevant NOESY correlations are shown in figure S29.  

Table S1. 13C and 1H chemical shifts (ppm) for the bis-hydrochloride salt of compound 6.  

 

 

 

 

 

 

 

Fragment 1H 13C 

 Major Minor Major Minor 

1 6.99 6.95 115.44 115.63 

2  7.34 7.33 111.54 111.48 

3 - - 134.31 134.51 

4 - - 126.75 126.69 

5 7.20 7.20 108.09 107.57 

6 - - 149.87 149.95 

7 - - 128.85 128.91 

8 6.65 6.65 105.85 105.89 

9 4.51 4.51 49.59 49.59 

10 3.91 3.91 44.31 44.31 

11 - - 80.14 80.14 

12   71.37 71.37 

NMe-13 2.81 2.81 39.29 39.29 

NMe-14 3.64 3.64 29.81 29.81 

NMe-15 2.76 2.74 43.11 42.27 

1’ 4.64 4.43 67.81 72.64 

2’a, 6’a 

2’b, 6’b 

1.93 

2.10 

1.77 

2.24 
26.45 28.45 

3’a, 5’a 

3’b, 5’b 

3.24 

3.25 

3.47 

3.00 
49.40 52.47 
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Figure S30. NOESY (500 MHz, D2O) spectrum and NOESY relevant correlations for the bis-hydrochloride salt of compound 6. 

 

In order to understand and assign those spectra to the different isomers, we carried out a series of variable-temperature 1H NMR 

experiments. Figure S31 illustrates the dependence on temperature of the 1H NMR spectra, suggesting the existence of dynamic 

equilibrium. Finally, two EXSY experiments at 25 and 65 °C showed exchange correlation bands between two isomers only at  

65 ºC (Figure S32). The results showed the existence in solution of both isomers interconverting by a slow exchange on the NMR 

time-scale (Scheme S1).  
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Figure S31. Variable temperature 1H NMR spectra for the bis-hydrochloride salt of compound 6. 
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Figure S32.  EXSY NMR spectra at 25 and 65 ºC for the bis-hydrochloride salt of compound 6. 
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Scheme S1. Dynamic processes for the bis-hydrochloride salt of compound 6. 

 

Ethyl 1-methyl-5-(3-(piperidin-1-yl)propoxy)-1H-indole-2-carboxylate (7) 

To a solution of compound 9[2] (230 mg, 1.0 mmol) and 1-(3-chloropropyl)piperidine hydrochloride (200 mg, 1.0 mmol) in dry DMF, 

under argon, K2CO3 (557 mg, 4.0 mmol) was added. The mixture was stirred overnight at 90 ºC. The solvent was evaporated under 

reduce pressure, and water (10 mL) and commercial EtOAc (50 mL) were added to crude reaction mixture. The reaction pH was 

adjusted to 7-8, and the mixture was extracted with EtOAc, dried, filtered, evaporated, and purified by flash column chromatography 

(DCM/MeOH, 1-5%) to yield compound 7 (289, 80%) as a solid: Rf= 0.32, DCM/MeOH 10%); m.p. 200-4 ºC; IR (KBr) ν 3427, 2942, 

2483, 1710, 1470, 1224, 1089 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J= 8.8 Hz, 1H), 7.19 (s, 1H), 7.02 (d, J = 2.4 Hz, 1H), 

6.95 (dd, J = 8.8, 2.4 Hz, 1H), 4.36 (q, J= 7.3 Hz, 2H), 4.09 (t, J = 5.5 Hz, 2H), 4.04 (s, 3H), 3.64-3.57 (m, 2H), 3.19 (t, J= 8.8 Hz, 

2H), 2.66-2.64 (m, 2H), 2.49-2.44 (m, 2H), 2.33-2.31 (m, 2H), 1.87-1.85 (m, 3H), 1.41-1.38 (m, 1H), 1.39 (t, J = 7.3 Hz, 3H); 13C 

NMR (126 MHz, CDCl3) δ 162.1, 153.0, 135.3, 128.5, 125.9, 116.2, 111.2, 109.3, 103.7, 65.4, 60.5, 55.5, 53.4 (2 C), 31.7, 23.9, 

22.5 (2 C), 22.1, 14.3; MS (ESI) m/z: 345.2 (M+1) +. HRMS. Calcd for C20H28N2O3: 345.2173. Found: 345.2183. Compound 7 has 

been transformed into its bis-hydrochloride salt: m.p. 210-2 ºC; 1H NMR (500 MHz, D2O) δ 7.04 (d, J= 6.3 Hz, 1H), 6.84 (s, 1H), 

6.80 (d, J = 1.4 Hz, 1H), 6.79 (dd, J = 6.3, 1.4 Hz, 1H), 4.06 (q, J= 7.3 Hz, 2H), 3.89 (t, J = 5.4 Hz, 2H), 3.48 (s, 3H), 3.37-3.34 (m, 

2H), 3.08 (t, J= 7.8 Hz, 2H), 2.72-2.70 (m, 2H), 2.03-1.99 (m, 2H), 1.77-1.56 (m, 5H), 1.32-1.30 (m, 1H), 1.18 (t, J = 7.3 Hz, 3H); 
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13C NMR (126 MHz, D2O) δ   163.0, 152.2, 135.2, 127.7, 125.2, 116.3, 111.6, 109.4, 103.8, 65.7, 61.5, 54.4, 53.2 (2 C), 31.1, 23.4, 

22.7 (2 C), 21.0, 13.3. Anal. Calcd for C20H28N2O3.2HCl: C, 57.56; H, 7.25; N, 6.71. Found: C, 57.82; H, 7.45; N, 6.51. 

 

Figure S33. 1H NMR (500 MHz, CDCl3) spectrum of compound 7.
 

 

Figure S34. 13C NMR (126 MHz, CDCl3) spectrum of compound 7.
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Figure S35. 2D COSY  spectrum of compound 7.
 

 

 

 Figure S36. 2D HSQC  spectrum of compound 7.
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Figure S37. 2D HMBC  spectrum of compound 7. 

Pharmacological testing: Experimental procedures 

Enzyme inhibition studies 

Human MAO A/B 

The activity for human recombinant membrane-bound monoamine oxidase A/B (MAO A/B) (Sigma-Aldrich, UK) in 50 mM potassium 

phosphate buffer pH 7.5 was determined from the production of hydrogen peroxide, coupled to the dye Ampliflu Red (Sigma-Aldrich, 

UK) at a final concentration of 50 µM via horseradish peroxidase (2.5 U/mL) producing the fluorescent resorufin that was measured 

in a fluorescence plate-reader (Molecular Devices FilterMax F5) at 30°C.[3–5] Under the conditions used, the Km for tyramine with 

MAO A was 0.4 mM and for MAO B was 0.16 mM. The compounds neither quenched the fluorescence of the product, resorufin, 

nor inhibited the coupling enzyme, horseradish peroxidase.[6] The IC50 values for MAO A and B were determined for the compounds 

(>10 concentrations in duplicate) without and with pre-incubation for 30 min at 30°C. IC50 values were determined from the rates 

with varied inhibitor concentrations in the presence of 2xKm substrate concentration with the enzyme added last for time 0 min, or 

with the substrate and dye mix added last after pre-incubation of enzyme and inhibitor for 30 min. The data were analysed using 

the three-parameter equation implemented in GraphPad Prism 4 (San Diego, USA). At least two separate determinations were 

made for each value reported. The irreversibility of the inactivation by chosen compounds was demonstrated by incubating 10xIC50 

with MAO A or B at 30°C for 30 min or 60 min before diluting the mix 50-fold into assay buffer to give a final concentration of 0.5xIC50 

of inhibitor, 1 mM tyramine substrate, 50 uM Ampliflu Red and horseradish peroxidase as the coupling enzyme. 

Human AChE/BuChE 

The acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcholinesterase (BuChE; EC 3.1.1.8) (Sigma-Aldrich, UK) inhibitory activity 

of the tested drugs was determined using Ellman´s method using human recombinant AChE or human plasma BUChE, with 

acetylthiocholine iodide as the substrate.[7] Briefly, all the assays, performed in triplicates, were carried out in 0.1 M 

KH2PO4/K2HPO4, pH 7.5. The activity was determined at 412 nm at 30°C using a multi-mode plate reader (Molecular Devices 

FilterMax F5). The data obtained from at least two independent experiments were analysed using a three-parameter equation 

implemented in GraphPad Prism 4 (San Diego, USA). 
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Radioligand depletion assay 

Human H3R 

HEK-293 cells stably expressing the hH3R were washed and harvested with PBS buffer. They were centrifuged (3,000 xg, 10 min, 

4°C) and homogenized with an Ultraturrax® Homogenizer in ice-cold H3R binding buffer (12.5 mM MgCl2, 100 mM NaCl and 75 mM 

Tris/HCl, pH 7.4). The cell membrane homogenate was centrifuged (20,000 xg, 20 min, 4°C), the pellet obtained was resuspended 

in the binding buffer and stored at -80°C until use.[8] Before starting experiments cell membranes were thawed, homogenized by 

sonication at 4°C and kept in ice-cold binding buffer. Crude membrane extracts (20 µg/well in a final volume of 0.2 ml binding buffer) 

were incubated with [3H]-N-alpha-methylhistamine (2 nM; 78.3 Ci/mmol) and different concentrations of test ligand. Assays were 

run at least in duplicates with appropriate concentrations between 0.01 nM and 100 µM of the test compound. Incubations were 

performed for 90 min at room temperature while shaking continuously. Nonspecific binding was determined in the presence of 

10 µM pitolisant. The bound radioligand was separated from free radioligand by filtration through GF/B filters pre-treated with 0.3% 

(m/v) polyethyleneimine using a cell harvester. Radioactivity was determined by liquid scintillation counting. Data were analyzed by 

the software GraphPad Prism 6 (San Diego, USA) using non-linear regression fit.  

Human H4R 

Sf-9 cells were co-infected with baculoviruses containing the hH4R, the G-protein Gαi2 and Gβ1γ2 subunits for 48 h. Infected cells 

were centrifuged (1,000 xg, 10 min, 4°C) and washed with H4R binding buffer (12.5 mM MgCl2, 1 mM EDTA and 75 mM Tris/HCl, 

pH 7.4). For cell lysis cells were resuspended in ice-cold lysis buffer (10 mM Tris/HCl (pH 7.4), EDTA 1 mM, phenylmethylsulfonyl 

fluoride 0.2 mM, benzamidine 10 μg/mL and leupeptin 10 μg/mL) and homogenized in a hand potter. The cell membrane 

homogenate was centrifuged (18,000 xg, 20 min, 4°C), the pellet obtained was resuspended in the binding buffer and stored at -

80°C until use.[8,9] Before starting experiments cell membranes were thawed, homogenized by sonication at 4°C and kept in ice-

cold binding buffer. Membranes (40 µg/well in a final volume of 0.2 ml binding buffer) were incubated with [3H]-Histamine (10 nM; 

10.6 Ci/mmol) and different concentrations of test ligand. Assays were run in triplicates with appropriate concentrations between 

100 nM and 100 µM for in case of compound 7 and 4 (contilisant). All other compounds were run as one-point measurements in 

triplicates with a test concentration of 100 µM, calculating percent inhibition relative to total radioligand binding. Incubations were 

performed for 60 min at room temperature. Nonspecific binding was determined in the presence of 100 µM JNJ7777120. Following 

steps were performed as described above for hH3R. 

Human H1R 

CHO cells stably expressing the human histamine H1 receptor were washed and harvested with PBS buffer. Cells were centrifuged 

homogenized by sonication (3x15 sec) in ice-cold HEPES-H1R binding buffer (20 mM HEPES, 10 mM MgCl2, 100 mM NaCl). The 

cell homogenate was centrifuged (20,000 xg, 30 min, 4°C), the pellet obtained was resuspended in the binding buffer, homogenized 

using a handpotter and stored at -80°C until use. Before starting experiments cell membranes were thawed, homogenized by 

sonication at 4°C and kept in ice-cold binding buffer. Membranes (40 µg/well in a final volume of 0.2 ml binding buffer) were 

incubated with [3H]-Pyrilamine (1 nM; 27 Ci/mmol) and different concentrations of test ligand. Assays were run at least in duplicates 

with appropriate concentrations between 1 nM and 100 µM of the test compound. Incubations were performed for 120 min at room 

temperature. Nonspecific binding was determined in the presence of 10 µM Chlorpheniramine. Following steps were performed as 

described above for hH3R. 

Human D2SR and D3R 

CHO cells stably expressing the human dopamine D3 and D2short receptor were washed and collected with PBS buffer. Crude 

membrane extracts were obtained as described for human H3R expressing HEK cells by using ice-cold D2R/D3R binding buffer 

(10 mM MgCl2, 10 mM CaCl2, 5 mM KCl, 120 mM NaCl and 50 mM Tris, pH 7.4). Before starting experiments cell membranes were 

thawed, homogenized by sonication at 4°C and kept in ice-cold binding buffer. Crude membrane extracts (25 and 20 µg/well in a 

final volume of 0.2 ml binding buffer for D2SR and D3R, respectively) were incubated with [3H]-Spiperone (0.2 nM; 15.2 Ci/mmol) 

and different concentrations of test ligand for 120 min. Assays were run at least in duplicates with appropriate concentrations 
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between 1 nM and 100 µM of the test compound. Nonspecific binding was determined in the presence of 10 µM Haloperidol. 

Following steps were performed as described above for human H3R. 

Human D1R and D5R 

CHO cells stably expressing the human dopamine D1 and D5 receptor were washed and collected with PBS buffer. Crude 

membrane extracts were obtained as described for human D2SR and D3R. Crude membrane extracts (20 and 10 µg/well in a final 

volume of 0.2 ml binding buffer for D1R and D5R, respectively) were incubated for 120 min with [3H]-SCH23390 (0.3 nM; 

82.9 Ci/mmol) and different concentrations of test ligand. Assays were run at least in duplicates with appropriate concentrations 

between 1 nM and 100 µM of the test compound. Nonspecific binding was determined in the presence of 100 µM Fluphenazin. 

Following steps were performed as described above for hH3R. 

Antioxidant analysis 
The antioxidant activity of the selected compounds was determined by the oxygen radical absorbance capacity-fluorescein (ORAC-

FL) method[10,11] using 2,2’-azobis-(amidinopropane) dihydrochloride (AAPH) as generator of peroxyl radicals at 37 °C. The reaction 

was carried out at 37 °C in 75 mM phosphate buffer (pH 7.4). Firstly, a solution of antioxidant (20 µL) and fluorescein (FL, 120 µL, 

final concentration of 70 nM) were incubated in a black 96-well microplate (Nunc) for 15 min at 37 °C into a Varioskan Flash plate 

reader with built-in injectors (Thermo Scientific). Then, 2,2’-azobis(amidinopropane) dihydrochloride (AAPH, 60 µL, final 

concentration of 12 mM) solution was added quickly using the built-in injector and the fluorescence was measured every minute for 

60 min at λex= 485 nm and λem= 535 nm. The blank composed of 120 µL of FL, 60 µL of AAPH and 20 µL of phosphate buffer (pH 

7.4) was carried out in each assay. The Trolox was used as standard with 1–8 µM as final concentration and the samples measured 

at different concentrations 0.1–1 µM.  All assays were tested in triplicate and at least three different assays were conducted for 

each sample. Fluorescence measurement was first normalized to the curve of the blank (without antioxidant and the area under 

the fluorescence decay curve (AUC) was calculated as:   

AUC= 1 + sum(fi/f0),  

where f0 is the initial fluorescence at 0 min and fi is the fluorescence at time i. The netAUC for each the sample was calculated as 

follows:  

netAUC= AUCantioxidant – AUCblank.  

The regression equations were extrapolated by plotting the netAUC against the concentration of the antioxidant. The ORAC values 

corresponds to the ratio of slopes of the latter curve and Trolox in the same assay. Final ORAC values were expressed as Trolox 

equivalents (TE) and data are expressed as means ± standard deviation (SD), with ferulic acid (3.74±0.22 TE) used as positive 

control.[12] 

PAMPA analysis 
In order to predict passive blood-brain penetration of novel compounds modification of the parallel artificial membrane permeation 

assay (PAMPA) has been used based on reported protocol.[13,14] The filter membrane of the donor plate was coated with PBL (Polar 

Brain Lipid, Avanti, USA) in dodecane (4 µl of 20 mg/ml PBL in dodecane) and the acceptor well was filled with 300 µl of PBS pH 

7.4 buffer (VD). Tested compounds were dissolved first in DMSO and diluted with PBS pH 7.4 to reach the final concentration 

100 µM in the donor well. Concentration of DMSO did not exceed 0.5% (V/V) in the donor solution. Next, 300 µl of the donor solution 

was added to the donor wells (VA) and the donor filter plate was carefully put on the acceptor plate so that coated membrane was 

“in touch” with both donor solution and acceptor buffer. Test compound diffused from the donor well through the lipid membrane 

(Area=0.28cm2) to the acceptor well. The concentration of the drug in both donor and the acceptor wells was assessed after 3, 4, 

5 and 6 h of incubation in quadruplicate using the UV plate reader Synergy HT (Biotek, USA) at the maximum absorption wavelength 
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of each compound. Concentration of the compounds was calculated from the standard curve and expressed as the permeability 

(Pe) according the equation (1):[15,16] 

log ௘ܲ ൌ log 	ቄܥ ൈ െ݈݊ ቀ1 െ ௡ೌ೎೎೐೛೟೚ೝ௡೟೚೟ೌ೗ ቁቅ ܥ	݁ݎ݄݁ݓ	 ൌ 	 ቀ ௏ವൈ௏ಲሺ௏ವା௏ಲሻൈ஺௥௘௔ൈ௧௜௠௘ቁ(1) 

Molecular modelling 

Docking analysis on AChE/BuChE, MAO A/B and H3R of ASS234 and contilisant 

For a complete picture of the multi-target compound ASS234 and the new identified contilisant (4) a binding mode prediction was 

carried out. For four targets, histamine H3 receptor (H3R), acetylcholinesterase (AChE), monoamine oxidase A (MAO A) and 

monoamine oxidase B (MAO B), the binding mode for ASS234 and contilisant was predicted using the software MOE 2015.[17] All 

energy minimization steps were conducted using the default force field settings Amber10:EHT, if not defined differently. 

The crystal structure 4EY7 was used as the complex structure of AChE. This structure was chosen due to the same scaffold 

benzylpiperidine of the crystalized ligand (donepezil) and compound ASS234. The structure of 4EY7 was loaded into MOE and 

complex preparation steps were performed using the “QuickPrep” function. These steps include a protonation step as well as an 

energy minimization step for the ligand and receptor atoms in an 8 Å surrounding. The binding modes of ASS234 and contilisant 

were predicted using the docking function in MOE. Since the benzylpiperidine moiety was identified as key for the inhibition of 

AChE, a pharmacophore driven approach for binding mode prediction was used. A pharmacophore point (cationic and hydrogen 

donor properties) was placed on the positively charged nitrogen atom in the piperidine moiety. Docking was carried out using default 

settings leading to the proposed binding modes.  

The crystal structure 4CRT was used as the complex structure of MAO B. This structure was chosen since the crystalized ligand is 

ASS234. Although the resolution of 1.8 Å is pleasing the benzylpiperidine moiety was only partly resolved.[5] Therefore, the 

benzylpiperidine group for ASS234 was manually added using the “Build” tool in MOE. For contilisant the piperidine group was 

added using the same tool. In dependence on the MAO A procedure minimization was carried out. For the energy minimization 

steps the ligand was constrained from the ether bridge to the cofactor FAD well as the rest of the receptor atoms and solvent atoms 

not included in the ligand surrounding (9 Å). Only the added ligand parts for ASS234 and contilisant as well as the surrounding 

receptor atoms were energy minimized leading to the proposed binding modes.  

The crystal structure 2BXR was used as the complex structure of MAO A. This structure was chosen due to the same scaffold 

methylpropargyl amine of the crystalized ligand (clorgyline) and ASS234 as well as contilisant. The structure of 2BXR was loaded 

into MOE and complex preparation steps were performed using the “QuickPrep” function according to AChE. Since the two 

compounds of interest are going to bind covalently to the cofactor FAD in the MAO A structure (due to the alkyne moiety) a 

conventional docking procedure was not possible. Due to the fact of the same methylpropargy lamine scaffold a simple modification 

of the crystalized ligand structure to the desired compounds (ASS234 and contilisant) was carried out. This modification was 

achieved using the “Builder” tool in MOE. Followed by a ligand energy minimization step where the receptor, solvent, cofactor as 

well as the covalently bond methylpropylamine moiety was constrained. In the next energy minimization, the ligand and its 

surrounding receptor atoms and solvent atoms (9 Å) were unfixed to allow this part of the complex to relax (OH bond length fixed, 

rigid water molecules, planar systems were considered rigid bodies). The compound composition and the two minimization steps 

were used for the predicted binding mode of ASS234 and contilisant to MAO A. 

The structure of the human histamine H3 receptor has not been determined yet. Therefore, a homology model had to be built for 

binding mode prediction of ASS234 and contilisant. The crystal structure of histamine H1 receptor (3RZE) was chosen as a template 

for the homology model. The H3R amino acid sequence was taken from www.uniprot.org (identifier: Q9Y5N1-1) in fasta format. 

Using the template structure 3RZE and the H3R sequence a series of homology models (10) were build using the standard MOE 

workflow and the “Homology Model” tool in MOE. Different force fields were tested to obtain an optimal homology model for H3R. 

The Amber99 force field led to best agreement with the template structure H1R. An overall RMSD of 1.51 Å was achieved. Only 
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taking the seven transmembrane helices into account an RMSD of 0.68 Å was obtained. Based on the generally accepted tertiary 

basic amine key motive a pharmacophore driven approach for binding mode prediction was used. A pharmacophore point (cationic 

and hydrogen donor properties) was placed on the positively charged nitrogen atom of the crystalized ligand doxepin. Docking was 

carried out using pharmacophore placement and induced fit refinement leading to the proposed binding modes. 

The structure of the murine histamine H3 receptor (mH3R) has not been determined jet. As described for the human H3 receptor, 

a homology model was built using the crystal structure of histamine H1 receptor (3RZE). The murine H3R amino acid sequence 

was taken from www.uniprot.org (identifier: P58406) in fasta format. Using the template structure 3RZE and the H3R sequence a 

series of 5 homology models were build using the default MOE workflow and the “Homology Model” tool in MOE. Different force 

fields were tested to obtain an optimal homology model for mH3R. The Amber99 force field led to best agreement with the template 

structure H1R. Taking the seven transmembrane helices into account an RMSD of 0.85 Å was obtained. The binding mode of 

contilisant in the human H3R homology model was used as a starting binding mode. Sequence identity between human and mouse 

H3R is 94%. The same amino acids are involved in binding. After placing contilisant in the binding pocket, energy minimization was 

carried out solely on contilisant (fixed receptor atoms).  

Docking analysis on human BuChE of contilisant 

Protonated contilisant was assembled within Discovery Studio, version 2.1, software package, using standard bond lengths and 

bond angles. With the CHARMm force field[18] and partial atomic charges, the molecular geometry of contilisant (4) was energy-

minimized using the adopted-based Newton-Raphson algorithm. Structure was considered fully optimized when the energy 

changes between iterations were less than 0.01 kcal mol-1.[19] The coordinates of hBuChE (PDB ID: 4BDS), were obtained from the 

Protein Data Bank (PDB). For docking studies, initial protein was prepared by removing all water molecules, heteroatoms, any co-

crystallized solvent and the ligand. Proper bonds, bond orders, hybridization and charges were assigned using protein model tool 

in Discovery Studio, version 2.1, software package. CHARMm force field was applied using the receptor-ligand interactions tool in 

Discovery Studio, version 2.1, software package. Docking calculations were performed with the program Autodock Vina.[20] 

AutoDockTools (ADT; version 1.5.4) was used to add hydrogens and partial charges for proteins and ligands using Gasteiger 

charges. The box center was defined and the docking box was displayed using ADT. The docking procedure was applied to the 

whole protein target, without imposing the binding site (“blind docking”). A grid box of 66 x 66 x 70 with grid points separated 1 Ǻ, 

was positioned at the middle of the protein (x=136.0; y=123.59; z=38.56). Default parameters were used except num_modes, which 

was set to 40. The lowest docking-energy conformation was considered as the most stable orientation. Finally, the docking results 

generated were directly loaded into Discovery Studio, version 2.1. Two dimensional figures of the contilisant-enzyme interactions 

were groomed using DS 2.1. 

Neuroprotection analysis 

SH-SY5Y cell culture 

Human dopaminergic neuroblastoma SH-SY5Y cell line was obtained from Sigma-Aldrich (Madrid, Spain). The cells were 

maintained in a 1:1 mixture of Nutrient Mixture F-12 and Eagle´s minimum essential medium (EMEM) supplemented with 15 

nonessential amino acids, 1 mM sodium pyruvate, 10% heat-inactivated FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. 

Cultures were seeded into flasks containing supplemented medium and maintained at 37 °C in a humidified atmosphere of 5% CO2 

and 95% air. For assays, SH-SY5Y cells were sub-cultured in 96-well plates at a seeding density of 5x104 cells per well for two 

days. The cells were then incubated with 30 μM Rotenone and 10 μM Oligomycin-A (R/O), Okadaic Acid (20 nM), or Aβ25-35 peptide 

(30 μM) (Sigma-Aldrich, Spain) with or without compounds at different concentrations for 24 h. In this study, all cells were used at 

a low passage number (<14). 

MTT assay and cell viability 

Cell viability was measured by quantitative colorimetric assay with 3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide 

(MTT) (Sigma Aldrich, Spain), as described previously (PMID: 3486233). Briefly, 10 μL of the MTT labeling reagent, at a final 

concentration of 0.5 mg/mL, was added to each well at the end of the incubation period and the plate was placed in a humidified 
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incubator at 37 °C with 5% CO2 and 95% air (v/v) for an additional 1 h period. Then, the medium was replaced and the insoluble 

formazan was dissolved with dimethylsulfoxide (DMSO). Colorimetric determination of MTT reduction was measured at 540 nm. 

Control cells treated with MEM/F12 were taken as 100% viability. 

Statistical analysis 

Statistically significant differences between groups were determined by a one-way analysis of variance (ANOVA) followed by a 

Tukey post hoc analysis. The level of statistical significance was taken at P< 0.05. 

In vivo studies of ASS234 and contilisant 

Novel object recognition test 

Novel object recognition (NOR) test was used as a benchmark task for assessing recognition memory. Animals were placed for 10 

min on a field (40×40×40 cm made up of polyvinyl chloride) during three consecutive days. On the 1st day (T0), mice explored the 

empty box. On the 2nd day (T1), animals were placed on the field with two identical objects (cylindrical glass bottles, heavy enough 

to prevent mice from moving; height, 22 cm; diameter, 9 cm) and they were allowed to explore them for 10 min. On the 3rd day (T2), 

a new object (novel) was placed on the site of the old object (familiar). Exploration of the objects was timed with stopwatches when 

subjects sniffed at, whisked at, or looked at the objects from no more than 2 cm away. All locations for the objects were 

counterbalanced among groups, and objects and field were washed with 0.1% acetic acid between trials to equate olfactory cues. 

The amount of time spent investigating the novel or familiar object was video recorded for 10 min and evaluated by a blinded 

observer. Discrimination index in the T2 were estimated as follows: Discrimination Index (DI) = [Time exploring novel object - Time 

exploring familiar object) / (Time exploring novel object + Time exploring familiar object)].[21] Hence, if DI is 1, the animals spent all 

the time on the novel object. A DI value of 0 is achieved when animals spent the same time on the two objects (no discrimination). 

A negative value could be obtained if animals spent more time on the familiar object, with a maximum value of -1 for spending the 

whole time on the familiar object. Data were normalized to vehicle control (vehicle discrimination index for this C57/B16J mice 

cohort (0.54) was normalized to 1.00) (Table S2). LPS (250 g/kg) alone or in the presence of compound contilisant or ASS234 

(1 mg/kg) were injected intraperitoneally just after the end of T1 phase.  

Table S2. Discrimination indices (DI) for ASS234 and contilisant of novel object recognition test in lipopolysaccharide (LPS)-treated mice.  

                   Treatment 

 

Discrimination index 

x̅ ± SD 

Normalized 

Discrimination index[a] 

x̅ ± SD 

                              Vehicle control 0.54  ± 0.10 1.00 ± 0.18 

L
P

S
  

2
5
0
 µ

g
/k

g
 

- 0.24  ± 0.07 0.44 ± 0.12 

ASS234 

1 mg/kg i.p. 

0.30  ± 0.09 0.54 ± 0.16 

Contilisant 

1 mg/kg i.p. 

0.39 ± 0.12 0.71 ± 0.23 

[a] No discrimination between novel and familiar object (DI = 0) was set to 0, while vehicle control (=0.54) was set to 1.00 for normalization; SD, standard 

deviation. 
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Statistical analysis 

Statistically significant differences between groups (compared to LPS-treated) were determined by a one-way analysis of variance 

(ANOVA) followed by a Dunnett´s multiple comparison analysis. The level of statistical significance was taken at P< 0.05.  

ADME prediction of compounds 1-7 

The druggability of compounds 1-7 has been investigated by calculating their absorption, distribution, metabolism and elimination 

(ADME) properties, using the QikProp module of Schrodinger suite (QikProp, version 3.8, Schrodinger, LLC, New York, NY, 2013). 

About 45 physically significant descriptors and pharmacologically relevant properties of compounds 1-7 were predicted and some 

of the important properties were analyzed.  

Pharmacological testing: Results and Discussion 

Irreversibility of MAO inactivation  

The irreversibility of the inactivation by the propargylamines ASS234 and compound 4 (contilisant) was demonstrated by incubating 
10xIC50 with MAO A or B for 30 or 60 min before diluting the mix 50-fold into assay buffer (Figure S38). As expected, compound 7, 

lacking the propargyl group, show complete recovery of MAO activity after 50x dilution suggesting a total reversible inhibition 

behavior (Figure S38).   

 
Figure S38. Activity of MAO after preincubation with reversible and irreversible inhibitors. 

Additional in vitro characterization of ciproxifan and contilisant 

As most promising multitarget-directed ligand within these small series of compounds, contilisants (4) selectivity for the human H3R 

over other GPCRs were determined in radioligand binding studies (Table S3). Contilisant shows no affinity for other histamine and 

dopamine receptor subtypes tested (Ki > 1000 nM).  

Table S3.  Additional binding affinities of contilisant and ciproxifan at different human histamine (hH1R/hH2R) and dopamine receptor subtypes 
(hD1R/hD5R/hD2R/hD3R). 

MTDL H 
H1R 

Ki
 

(nM) 

hH2R 
Ki 

(nM) 

hD1R 
Ki 

(nM) 

hD5R 
Ki 

(nM) 

hD2SR 
Ki 

(nM) 

hD3R 
Ki 

(nM) 

Contilisant >1000  >1000 >1000 >1000 >1000 

Ciproxifan >10 000[22] >10 000[22]     
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PAMPA analysis 

Penetration across the blood brain barrier (BBB) is an essential property for compounds targeting the central nervous system 

(CNS). Prediction of BBB penetration for selected compounds is summarized in Table S4. Based on the obtained data, ASS234, 

contilisant (4) and compound 2 all show high probability for crossing the BBB via passive diffusion. Data obtained (Pe values) for 

the new compounds are correlated to those from standard CNS drugs available. Our data show high resemblance with previously 

reported penetrations of standard drugs as well as with a general knowledge about the availability in the CNS in vivo [13,14]. 

Table S4. Prediction of blood-brain barrier penetration of drugs expressed as Pe ± SEM (n=3).  

Compound 
BBB penetration estimation 

Pe ± SEM (*10-6 cm s-1) CNS (+/-) 

ASS234 7.85 ± 0.73 CNS (+) 

Contilisant (4) 8.50 ± 0.32 CNS (+) 

2 7.67 ± 0.31 CNS (+) 

Donepezil 7.3 ± 0.9 CNS (+) 

Rivastigmine 6.6 ± 0.5 CNS (+) 

Testosterone 11.3 ± 1.6 CNS (+) 

Chlorpromazine 5.1 ± 0.3 CNS (+) 

Cefuroxim 2.7 ± 0.1 CNS (-) 

Piroxicam 2.2 ± 0.15  CNS (-)   

Obidoxime 0.46 ± 0.2  CNS (-)  

Atenolol 1.02 ± 0.37 CNS (-) 

 

Molecular Modelling 

Docking analysis on AChE/BuChE, MAO A/B and H3R  

The molecular docking studies support the in vitro binding studies for hAChE/hBuChE, hMAO A/B and hH3R, since both ASS234 

and contilisant sufficiently fit all binding pockets (Figure S39). The higher efficacy of ASS234 for MAO A inhibition could be explained 

by occupying more energetically favorable-site occupancy compared to that of contilisant, due to its enlarged western part  with 

additional aromatic bindings (Figure S39, E and F). We could also demonstrate that contilisant fits not only the hH3R binding pocket 

(Figure S39, G and H), but also the binding pocket of the murine H3R (Figure S40). Human and rodent H3Rs share about 94% 

identical residues, while all binding site residues are identical (Figure S40). Residues 119 and 122 in transmembrane region III 

differ between human and rodent H3Rs, being critically involved in H3R ligand species-specificity, but are more than 4Å away from 

the binding site.[23–25] Direct comparison of contilisant fitting these two binding sites most probably suggest comparable binding 

properties at rodent H3R and the hH3R. The higher human H3R affinity of contilisant might be a result of the more accessible basic 

amine, involved in ionic interactions with the conserved aspartate (Asp114). Due to the lack of a hH3R crystal structure, a homology 

model was build based on doxepin-docked H1R crystal structure by taking advantage of the general accepted non-imidazole H3R 

antagonist/inverse agonist pharmacaphore. Thus, contilisant fitting the designed binding pocket might indicate rather antagonistic 

properties. Early studies on H3R agonists already showed, that the 4-imidazolyl residue is mandatory for H3R agonism, confirming 

that the non-imidazole compounds contilisant and ASS234 most probably act as antagonists/inverse agonists.  
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Figure S39. Binding modes of ASS234 (A, C, E, G) and contilisant (B, D, F, H) proposed by molecular modelling. A,B: AChE; C,D: MAO B; E,F: MAO A; G,H: 
H3R. Ligands are displayed as orange sticks, amino acid residues as gray lines, water molecules as cyan spheres, protein backbone as gray tubes. Molecular 
surface of the binding site is colored by lipophilicity (green: lipophilic; magenta: hydrophilic).  

 

Figure S40. Binding mode of contilisant proposed by molecular modelling. Comparison between human (cyan) and mouse (grey) H3R. Ligands are displayed 
as orange sticks, amino acid residues as gray lines, protein backbone as gray tubes. Molecular surface of the binding site is colored by lipophilicity (green: 
lipophilic; magenta: hydrophilic).  
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Docking analysis on human BuChE of contilisant 

Contilisant protonated in the nitrogen atom of the piperidine moiety was modeled into the structure of hBuChE (PDB: 4BDS) and 

all the experiments were performed as blind dockings. The blind docking technique was used for the detection of possible binding 

sites and modes of peptide ligands, by scanning the entire surface of protein targets, so that a location with the highest binding 

affinity on the proteins may be found. Docking simulations were carried out using AutoDock Vina.[20] 

Analysis of the binding modes revealed that compound contilisant could bind to hBuChE in two modes (Mode I and Mode II) 

(Figure S41 and S42). In both modes the ligand is accommodated inside the binding pocket interacting with the catalytic triad 

residue His438 and with the amino acids in the middle of the active-site gorge. In both cases, the ligand occupies the same spatial 

region of the active site, and interact with BuChE amino acid residues primarily through hydrophobic interactions, however the 

orientation of the ligand appeared different. 

In Mode I (-7.8 kcal mol-1), the piperidine moiety is pointed toward the catalytic triad residue His438. This protonated ring established 

-cation and -alkyl interactions with Trp82. Alkyne moiety is situated in the acyl binding pocket of the enzyme and makes 

interactions with Phe329, Phe398, Leu286 and Trp231. Moreover, the positive charged nitrogen atom can find an -cation 

intramolecular interaction with the indole ring (Figures S42). 

 

Figure S41. Proposed binding mode for contilisant inside gorge cavity of hBuChE. Mode I: Contilisant is colored orange. Different subsites of the active site 
were colored: catalytically anionic site (CAS) in green, oxyanion hole (OH) in red, choline binding site in violet (CBS), acyl binding pocket (ABP) in yellow, and 
peripheral site (PAS) in blue.  
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Figure S42. Mode I. Docking pose of contilisant into hBuChE highlighting the protein residues that establish the main interactions with the ligand (left). 
Schematic representation of different interactions of compound contilisant with hBuChE (right). 

Slightly different binding features were revealed in analysis of the results obtained for the Mode I relative Mode II. In Mode II 

(-7.8 kcal mol-1), contilisant is turned by 180º with respect to the position adopted in Mode I (Figure S43). The alkyne moiety is 

pointed toward the catalytic triad residue His438 and it also establishes interaction with Trp82. The protonated piperidine ring is 

pointed toward the acyl binding pocket establishing interactions with Trp231 and Leu286. The intramolecular Pi-cation interaction 

between the indole ring and the protonated piperidine nitrogen is also proposed (Figures S44).  

 

Figure S43. Proposed binding mode for contilisant inside gorge cavity of hBuChE. Mode II: Contilisant is colored olive green. Different subsites of the active 
site were colored: catalytically anionic site (CAS) in green, oxyanion hole (OH) in red, choline binding site in violet (CBS), acyl binding pocket (ABP) in yellow, 
and peripheral site (PAS) in blue.  
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Figure S44. Mode II. Docking pose of contilisant into hBuChE highlighting the protein residues that establish the main interactions with the ligand (left).  
Schematic representation of different interactions of contilisant with hBuChE (right). 

ADME prediction of compounds 1-7 

Drugs that used for neurological disorder treatment are generally CNS acting agents. At first, factors that are relevant to the success 

of CNS drugs were analyzed. Usually, CNS drugs show values of MW < 450, HB donor < 3, HB acceptors < 7, QPlogPo/w < 5, 

PSA < 90, number of rotatable bonds < 8 and hydrogen bonds < 8. Thus, based on the values shown in table S4, compounds 1-7 

satisfied the characteristics of CNS acting drugs. These results suggest that for all the compounds do not exist any important 

violations of Lipinski’s rule (0-1), as all calculated descriptors and properties are within the expected thresholds. The solubility of 

organic molecules in water has a significant impact on many ADME-related properties. The seven compounds showed solubility 

values within the limits. The partition coefficient (QPlogPo/w), critical for estimation of absorption within the body, ranged between 

3.80 and 5.42 (Table S5). The BBB must be crossed for the effect of compounds to be executed. Then, the hydrophilicity (logS) 

and logBB are the most important descriptors for CNS penetration. Experimental values of log BB cover the range from about 0.17 

to 0.97. Within this range, compounds with log BB > 0.30 cross BBB  
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Table S5. Physicochemical properties for compounds 1-7 (4, contilisant). 

 MW SASA volume donorHB accptHB QPlogPo/w QPlogS 

1 325.453 661.476 1.165.727 0.500 4.750 3.801 -2.415 

2 339.480 684.669 1.217.704 0.500 4.750 4.126 -2.703 

3 339.480 709.993 1.264.606 0.500 4.750 4.434 -2.986 

4 353.506 703.979 1.263.743 0.500 4.750 4.432 -2.986 

5 381.560 800.650 1.414.287 0.500 4.750 5.416 -3.565 

6 325.453 669.700 1.171.190 0.500 4.750 3.843 -2.410 

7 344.453 693.319 1.201.190 0.000 4.750 4.231 -3.712 

 QPPCaco PSA QPlogBB metab QPlogKhsa % HOA ROF ROT 

1 588.482 16.079 0.857 5 0.520 100.000 0 0 

2 583.235 18.378 0.792 5 0.621 100.000 0 0 

3 590.520 17.416 0.798 5 0.749 100.000 0 0 

4 605.742 17.372 0.810 5 0.748 100.000 0 0 

5 609.544 15.493 0.692 5 1.076 95.542 1 0 

6 581.791 16.917 0.972 4 0.618 100.000 0 0 

7 1.165.654 43.329 0.171 2 0.537 100.000 0 0 

MW: Molecular weight of the molecule (130.0-725.0). SASA: Total Solvent Accessible Surface Area, in square angstroms, using a probe with a 1.4Å radius 
(limits 300.0-1000.0). volume: Total solvent-accessible volume, in cubic angstroms, using a probe with a 1.4 Å radius (limits 500.0-2000.0). donorHB: Estimated 
number of hydrogen bonds that would be accepted by the solute (limits: 2.0-20.0). accptHB: Estimated number of hydrogen bonds that would be donated by 
the solute (limits: 0.0-6.0). QPlogPo/w: Predicted octanol/water partition coefficient (limits -2.0-6.5). QPlogS: Predicted aqueous solubility. S, in mol/dm3, is the 
concentration of the solute’s saturated solution that is in equilibrium with crystalline solid (limits -6.5-0.5). QPPCaco: Predicted apparent Caco-2 cell permeability 
in nm/sec. Caco-2 cells is a model for the gut-blood barrier. QikProp predictions are for non-active transport. (< 25 poor, > 500 great). PSA: Van der Waals 
surface area of polar nitrogen and oxygen atoms (limits 7.0-200.0). QPlog BB: Predicted brain/blood partition coefficient (limits -3.0–1.2). metab: Number of 
likely metabolic reactions (limits 1-8). QPlogKhsa: Prediction of binding to human serum albumin (limits -1.5-1.5). HOA: Predicted qualitative Human Oral 
Absorption on 0 to 100% scale. ROF: Number of violations of Lipinski's Rule Of Five (Lipinski, C. A., Lombardo, F., Dominy, B. W., Feeney, P. J., “Experimental 
and computational approaches to estimate solubility and permeability in drug discovery and development settings”, Adv. Drug Delivery rev. 2001, 46, 3-26). 
(molecular weight < 500, QPlogPo/w < 5, number of hydrogen bond donor ≤ 5, number of hydrogen bond acceptors HB ≤ 10). ROT: Number of violations of 
Jorgensen's rule of three [(a) Duffy, E. M., Jorgensen,W. L., “Prediction of Properties from Simulations: Free Energies of Solvation in Hexadecane, Octanol, 
and Water”, J. Am. Chem. Soc. 2000, 122, 2878-2888; (b) Jorgensen, W. L., Duffy, E. M., “Prediction of Drug Solubility from Monte Carlo Simulations”, Bioorg. 
Med. Chem. Lett. 2000, 10, 1155-1158] (QPlogS> -5.7, QPCaco> 22 nm/s, number of primary metabolites < 7). 

readily, while compounds with a log BB < -1.00 are poorly distributed into the brain. The logBB values for compounds 1-6 (Table 

S5) were greater than 0.30, indicating excellent potential for BBB penetration. Literature survey suggests that Polar Surface Area 

(PSA) is a measure of a molecule’s hydrogen bonding capacity and its value should not exceed a certain limit if the compound is 

intended to be CNS active. The most active CNS drugs have PSA lower than 70 A2. The values of PSA for compounds 1-7 are in 

the range from 15.49 to 43.33 A2 confirming good penetration to the BBB. Similarly, the percentage human oral absorption for the 

compounds is 100% except for compound 5 (95.5%) (Table S5). Other physicochemical descriptors obtained by QikProp (Table 

S5) are within the acceptable range for human use, thereby indicating their potential as drug-like molecules and possible CNS drug. 

In particular, for contilisant, the more significant observed data were thus: total Solvent Accessible Surface Area, in square 

angstroms, using a probe with a 1.4 Å radius (SASA = 703.979; limits 300.0-1000.0); estimated number of hydrogen bonds that 

would be accepted by the solute (donorHB = 0.50; limits: 2.0-20.0); estimated number of hydrogen bonds that would be donated 

by the solute (accptHB = 4.750; limits: 0.0-6.0); predicted octanol/water partition coefficient (QPlogPo/w = 4.432; limits -2.0-6.5); 

predicted aqueous solubility. S, in mol/dm3, is the concentration of the solute’s saturated solution that is in equilibrium with crystalline 

solid (QPlogS = -2.986; limits -6.5-0.5); Van der Waals surface area of polar nitrogen and oxygen atoms (PSA = 17.372; limits 7.0-

200.0); predicted brain/blood partition coefficient (QPlog BB = 0.810; limits -3.0–1.2); number of violations of Lipinski's Rule Of Five 

(molecular weight < 500, QPlogPo/w < 5, number of hydrogen bond donor ≤ 5, number of hydrogen bond acceptors HB ≤ 10; ROF= 

0); number of violations of Jorgensen's rule of three (QPlogS> -5.7, QPCaco> 22 nm/s, number of primary metabolites < 7; ROT= 

0).  
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Neuroprotection analysis 

As shown, the overall data obtained for compounds 1-7 revealed an interesting neuroprotection profile, being compound 4 the best 

of the series (Table S6). At concentrations of 0.3 and 1 μM, multitarget-directed ligand (MDL) 4 offered significant neuroprotection 

against the three toxic insults assayed (69.7% vs R/O, 47.0% vs OA and 65.2% vs Aβ25-35 at 0.3 μM). Note also that compound 7, 

at 0.3 μM, afforded the best neuroprotective profile against OA insult (60.7%), but showed poor and less neuroprotection against 

and R/O and Aβ25-35 than compound 4. Similarly, compound 2, at 0.3 μM showed an interesting neuroprotective effect against R/O 

(49.3%) and OA (43.5%), and less but significant neuroprotection against Aβ25−35 (28.4%) compared with compound 5. In all cases, 

when we increased the concentration of compounds to 3 μM, the protective capacity decreased against all toxic stimuli. Moreover, 

we assayed the toxicity of the compounds applied alone to SH-SY5Y cells at all concentrations tested and we did not observed any 

toxic effect (data not shown).  

Table S6. Quantitative data of the effect of MTDLs 1-7, ASS234 and melatonin on SH-SY5Y cell death induced by rotenone (R, 30 µM) plus oligomycin A (O, 
10 µM) (R/O), okadaic acid (OA, 20 nM) and β-Amyloid peptide 25-35 (Aβ25-35, 30 µM).  

Data are expressed as % neuroprotection ± s.e.m. of triplicate of at least four different cultures. All compounds were assayed at 0.3, 1 and 3 μM. ***P0.001 

**P0.01, *P0.05, ns: not significant with respect to control. nd; Not determined 

In vivo studies of ASS234 and contilisant 

Novel object recognition test 

It could be shown that contilisant (1 mg/kg i.p.), but not ASS234, is able to restore cognition of LPS-impaired mice by about 30% in 

novel object recognition test. We assume that contilisants H3R antagonistic properties together with its AChE inhibition are mandatory 

for the pro-cognitive effects in LPS-induced mice, as described previously for H3R antagonists/inverse agonists.[26] Thus, contililants 

performance in the novel recognition test as functional assay proves its H3R antagonist/inverse agonist potency.  

MTDL µM R/O OA A25-35 

1 
0.3 34.0 ± 25.8ns 44.8 ± 11.7ns 26.6 ± 13.2 

1 27.4 ± 16.6ns 49.8 ± 7.9* 53.5 ± 12.0** 
3 24.8 ± 7.2ns 42.8 ± 12.4ns nd 

2 
0.3 49.3 ± 16.8* 43.5 ± 8.5* 28.4 ± 12.3** 
1 38.8 ± 14.9ns 38.5 ± 12.1ns 27.3 ± 10.7* 
3 15.1 ± 11.9ns nd nd 

 
3 
 

0.3 27.6 ± 9.3ns 44.0 ± 13.4ns 24.2 ± 21.0ns 
1 30.9 ± 19.9ns 54.2 ± 9.9** 20.2 ± 20.1ns 
3 30.9 ± 8.6ns  46.4 ± 8.5* nd 

4 
(contilisant) 

0.3 69.7 ± 15.6*** 47.0 ± 10.2** 65.2 ± 20.1* 
1 37.3 ± 10.8ns 48.5 ± 10.1* 69.5 ± 16.2* 
3 25.5 ± 16.8ns 44.8 ± 14.8* nd 

5 
0.3 39.2 ± 16.2* 52.0 ± 13.8** 57.9 ± 16.7* 
1 17.3 ± 11.0ns 28.1 ± 13.4ns 33.1 ± 2.1 
3 18.4 ± 8.9ns 35.8 ± 12.9ns nd 

6 
0.3 22.2 ± 13.5ns 40.0 ± 7.8ns 47.4 ± 12.0* 
1 21.6 ± 12.3ns 43.7 ± 12.4ns 42.3 ± 12.6 * 
3 20.1 ± 10.5ns 47.0 ± 7.1* nd 

7 
0.3 15.1 ± 7.9ns 60.7 ± 10.7*** 30.9 ± 15.7* 
1 48.8 ± 12.1ns 44.4 ± 10.7ns 23.6 ± 13.7 
3 25.5 ± 16.8ns 42.1 ± 14.7ns nd 

ASS234  5 32.8 ± 7.6** 33.0 ± 7.1* 35,5 ± 10.1* 

Melatonin 0.01 60.8 ± 8.0*** 52.5 ± 10.2** 72.1 ± 3.1*** 

SUPPORTING INFORMATION          
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Abstract: Die Therapie von komplexen neurodegenerativen

Erkrankungen erfordert eine Entwicklung von Multitarget-

orientierten Wirkstoffen. Durch strukturelle Optimierung des

neuroprotektiven Liganden ASS234 mittels Integration eta-

blierter Pharmakophore des Histamin-H3-Rezeptors (H3R)

konnten neuartige Indolderivate mit inhibitorischer Aktivit-t

an Acetylcholin-/Butyrylcholinesterasen und Monoamino-

oxidasen A und B sowie am H3R erzielt werden. Diese zeigten

ein ausbalanciertes Wirkprofil an den gewgnschten Targets in

zumeist nanomolaren Konzentrationsbereichen. Weiterfgh-

rende In-vitro-Untersuchungen zeigten antioxidative und

neuroprotektive F-higkeiten sowie die 3berwindung der Blut-

Hirn-Schranke. Mit diesem vielversprechenden Wirkprofil

zeigte Contilisant (bei 1 mgkg@1 i.p.) eine signifikante Verbes-

serung von Lipopolysaccharid-induzierten kognitiven Defizi-

ten.

Morbus Alzheimer und Morbus Parkinson z-hlen zu den

h-ufigsten neurodegenerativen Erkrankungen, welche durch

komplexe und vielf-ltige Mechanismen gekennzeichnet sind.

Bei der Suche nach mçglichen Krankheitsursachen sowie

effizienteren Therapieoptionen stellten sich mitochondriale

Dysfunktionen, Neuroinflammation und oxidativer Stress als

Schlgsselfaktoren bei der Entstehung und dem Fortschreiten

dieser Erkrankungen heraus. Folglich ist die Entwicklung von

antioxidativen Wirkstoffstrategien fgr diese Erkrankungen,

insbesondere fgr Morbus Alzheimer, von großer Bedeu-

tung.[1, 2] Der kgrzlich beschriebene Multitarget-orientierten

Ligand (MTL) ASS234 (Abbildung 1)[3–5] zeigt eine irrever-

sible Hemmung der Monoaminooxidasen A und B (MAOA/

B) und reduziert die Entstehung des Sekund-rproduktes

Wasserstoffperoxid, eine reaktive Sauerstoffspezies (ROS).[6]

Dies fghrt zum einen zur Verminderung der katalytischen

Oxidation von biogenen Aminen, wie Serotonin (5-HT),

Norepinephrin und Dopamin, die an kognitiven Prozessen

beteiligt sind, und zum anderen zur verminderten Erzeugung

von ROS, die zum neuronalen Zelltod fghren kçnnen.

ASS234 zeigt zus-tzlich eine reversible Inhibition von Ace-
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tylcholinesterasen (AChE) vergleichbar mit kommerziellen

AChE-Inhibitoren (z.B. Donepizil),[7] zur Steigerung von

Lern- und Erinnerungsf-higkeit.

Der Histamin-H3-Rezeptor (H3R) ist involviert in die

zentralen Regulation von Histamin sowie anderen Neuro-

transmittern[8, 9] und gilt daher als ngtzlicher neuartiger

pharmakologischer Angriffspunkt. Die Inhibierung von H3R

durch inverse Agonisten/Antagonisten fghrt zum Anstieg

verschiedener Neurotransmitter wie Acetylcholin (ACh), 5-

HT, Dopamin oder Norepinephrin im zentralen Nervensys-

tem. Erst kgrzlich wurde der erste inverse H3R-Agonist, Pi-

tolisant (WAKIX), fgr die Therapie von Narkolepsie zuge-

lassen; die Verbindung wird aktuell in Hinblick auf diverse

kognitive Dysfunktionen und Schlafstçrungen diskutiert.[10]

Folglich wird das prokognitive Potenzial von verschiedenen

inversen H3R-Agonisten/Antagonisten fgr neurodegenerati-

ve Erkrankungen breit untersucht.[11] Obwohl Substanzen mit

multipotenten Wirkprofilen wie H3R-Affinit-t kombiniert

mit Cholinesterase(ChE)-Inhibition[12,13] und antioxidativer

Kapazit-t[14] oder, erst kgrzlich, MAO-Inhibition[15] bereits

beschrieben wurden (siehe die 3bersicht in Lit. [16]), wurde

bisher nicht gber Verbindungen berichtet, die H3R, MAO

und ChE simultan adressieren. Dieses multipotente Profil

stellt einen innovativen therapeutischen Ansatz fgr neue

Wirkstoffe gegen neurodegenerative Erkrankungen unter-

schiedlichen Ursprungs dar.

ASS234 wurde strukturell so modifiziert, dass es das ge-

nerell akzeptierte Pharmakophor von H3R-Antagonisten

beinhaltet (Abbildung 1). Um unerwgnschte Begleiteffekt zu

minimieren, die durch Imidazol-haltige H3R Antagonisten

(z.B. Ciproxifan) verursacht werden kçnnten, wurden cycli-

sche aliphatische Amine wir Piperidin als basisches Zentrum

gber einen (Propyloxy)phenyl-Linker an eine variable

Region im çstlichen Teil des Molekgls gekuppelt. Diese

Verbindungen bieten ein geeignetes Pharmakophor, was be-

reits durch mehrere Studien zu Struktur-Wirkungs-Bezie-

hungen verifiziert wurde.[17–19] Hier beschreiben wir die Syn-

these und biologische Evaluierung von MTL 1–7 (Schema 1),

sowie die Identifizierung von Verbindung 4 (Contilisant), die

eine gute antioxidative Kapazit-t mit hoher H3R-Affinit-t

und exzellenter Inhibition von Neurotransmitter-abbauenden

Enzymen aufweist. Diese Verbindungen wurden in Hinblick

auf ihre Affinit-t zum humanen H3R, H4R und vier ver-

schiedenen Neurotransmitter-abbauenden Enzymen (AChE,

Butyrylcholinesterase (BuChE), MAO A/B) untersucht (fgr

weiterfghrende Off-Target-Screenings, siehe die Hinter-

grundinformation).

Innerhalb dieser kleinen Serie inhibierten alle MTLs die

ChEs in mindestens mikromolaren Konzentrationsbereichen

(Tabelle 1). Contilisant zeigte die besten Inhibitionseigen-

schaften mit nanomolarer Inhibition von AChE. Die initiale

reversible Inhibition von MAO A/B (initiale Bindung) und

die Inhibition nach 30 Minuten Pr-inkubation von Inhibitor

und Enzym (aufgrund irreversibler Bindung) wurde bestimmt

(Tabelle 1). Ohne Pr-inkubation zeigten alle Substanzen IC50-

Werte im niedrigen mikromolaren Bereich. Die unter-

schiedlichen Linker-L-ngen beeinflussen die Bindung an das

aktive Zentrum von MAO A und B, wobei der Dimethylen-

Linker bei den Piperidin-Derivaten optimal ist. Der Wechsel

zum Pyrrolidin-Ring als basisches Zentrum zeigt nur geringen

Einfluss bei den Verbindungen mit Trimethylen-Linker (2

und 4), fghrt aber zu verminderter Inhibition bei den Ver-

bindungen mit Dimethylen-Linker (1 und 3). Fgr die meisten

Propargylamine ergibt sich nach Pr-inkubation eine Ver-

schiebung der IC50-Werte in den nanomolaren Konzentrati-

onsbereich. Die Irreversibilit-t der MAO-Inhibition von

Contilisant wurde durch eine 50-fache Verdgnnung mit

3berschuss an Substrat best-tigt. Der IC50-Wert fgr Verbin-

dung 6 -ndert sich nur geringfggig nach Pr-inkubation, was

dafgr spricht, dass die Propargyl-Funktion keine kovalente

Bindung mit MAO B eingeht. Verbindung 7, die keine Pro-

Abbildung 1. Allgemeine Strukturmotive von H3R/MAO/ChE-MTLs,

abgeleitet von Elementen des Antioxidans ASS234 und des H3R-Ant-

agonisten Ciproxifan.

Schema 1. Synthese von MTL 1–7. Reagenzien und Bedingungen:

a) NaH, DMF, RT; b) PPh3, DIAD, THF, RT; c) K2CO3, DMF, 90 88C.
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pargyl-Funktion enth-lt, zeigt ebenfalls keineinderung nach

Pr-inkubation. Die MAO-Aktivit-t nach 50-facher Verdgn-

nung fgr 7 betrug mehr als 95% was fgr eine reversible In-

hibition spricht. Contilisant zeigte im Vergleich zur MAO-A-

pr-ferierenden ASS234 eine verbesserte MAO-B-Inhibition.

Die Bindungsaffinit-t am humanen H3R sowie am H4R

(„Off-Target“), als G-Protein-gekoppelter Rezeptor mit der

hçchsten Homologie, wurde bestimmt (Tabelle 1). Keine der

Verbindungen zeigte eine Affinit-t an H4R und somit eine

gute H3R-Selektivit-t. 3berraschenderweise zeigte ASS234

bereits eine nennenswerte H3R-Affinit-t, wobei die hçchsten

Affinit-ten fgr Verbindung 2 und Contilisant gefunden

wurden – beide mit Propyloxy-Linker gekoppelt an eine

Pyrrolidino- bzw. Piperidino-Gruppe. Hohe Affinit-ten

zeigten ebenfalls die beiden Propyloxy-Verbindungen 6, mit

variierten H3R-Pharmakophor, und 7, ohne Propargyl-

Gruppe. Die Verbindungen mit Ethyloxy- oder Pentyloxy-

Linker zeigten nur moderate H3R-Affinit-t. Diese Untersu-

chungen sind in3bereinstimmungmit bereits zuvor gezeigten

Struktur-Wirkungs-Beziehungen fgr H3R-Antagonis-

ten.[17,20,21] Da die Verbindungen 6 und 7 eine vergleichbare

H3R-Affinit-t haben, konnte gezeigt werden, dass die H3R-

Affinit-t durch Einfghrung einer zweiten basischen Funk-

tionalit-t, der Propargyl-Funktion als MAO-Funktionalit-t,

positiv beeinflusst wird. Verbindung 6, obwohl weniger ef-

fektiv bezgglich AChE, bietet strukturelle Variationsmçg-

lichkeiten, da die MAO-Funktionalit-t mit verschiedenen

Linkern oder Amin-Bausteinen als H3R-Pharmakophor

kombiniert werden kann.

Molekulare Bindungsstudien fgr die vier Targets best-ti-

gen die In-vitro-Daten, da ASS234 und Contilisant eine gute

Einpassung fgr die unterschiedlichen Bindungsstellen von

AChE, MAO A/B und H3R aufweisen (siehe die Hinter-

grundinformationen). Erw-hnenswert bezgglich der mole-

kularen Eigenschaften von Contilisant, erhoben mit mol-

soft,[26] ist die hçhere Hydrophilie (MolLogP= 3.7) im Ver-

gleich zu ASS234 (MolLogP= 5.5), was einen verbesserten

Wirkstoff-ihnlichkeitsfaktor best-tigt. Weitere Indizien fgr

die zentrale Verteilung wurde mittels „Parallel-Artificial-

Membrane-Permeability“-Assay (PAMPA) nachgewiesen,

einem Vorhersageverfahren fgr die 3berwindung der Blut-

Hirn-Schranke (siehe die Hintergrundinformationen). Die

Ergebnisse zeigen die F-higkeit von Contilisant und ASS234,

die Blut-Hirn-Schranke mittels passiver Diffusion zu gber-

winden. Eine komplette theoretische ADME-Analyse der

neuen Hybride 1–7, mit speziellen Fokus auf Contilisant,

wurde durchgefghrt, um Arzneimitteleignung nachzuweisen

(siehe die Hintergrundinformationen). Die antioxidative

Kapazit-t der Hybride 1–5 und 7 wurde mittels „Oxygen-

Radical-Absorbance-Capacity“(ORAC-FL)-Test gemessen

(Tabelle 1),[27] wobei alle MTLs gute Radikalf-nger-Eigen-

schaften zeigten und Contilisant -hnliche Werte erzielte wie

die Positivkontrolle Ferulas-ure (3.74: 0.22 TE).[28] Die

neuroprotektiven F-higkeiten wurden anhand dreier unter-

schiedlicher Toxizit-tsmechanismen untersucht, die bei

Morbus Alzheimer an neurodegenerativen Prozessen betei-

ligt sind:[29] (a) eine Mischung von Rotenon und Oligomycin

A (R/O), welche die mitochondriale Atmungsketten blo-

ckieren, als Modell fgr oxidativen Stress; (b) Okadins-ure

(OA), ein Proteinphosphatase-Hemmer, als Modell der Tau-

Protein-Hyperphosphorylierung; (c) b-Amyloidpeptide

(Ab25-35), welche an ROS und Apoptose-Signalwegen betei-

Tabelle 1: IC50- und Ki-Werte ffr die Inhibition von hMAO/B, hAChE/hBuChE bzw. hH3R/hH4R sowie ORAC-Bestimmungen der Verbindungen 1–7,

ASS234, Ciproxifan, Clorgylin, Deprenyl und Donepezil.

MTL Pr-ink.

[min]

hMAO A

IC50
[a] [mm]

hMAO B

IC50
[a] [mm]

SR

MAO[b]

hAChE

IC50
[a] [mm]

hBuChE

IC50
[a] [mm]

SR

ChE[c]

ORAC[d]

(TE)

hH3R

Ki
[e] [nm]

hH4R

Ki [nm]

1 0

30

3.00:0.34

0.095:0.009

5.21:0.82

0.140:0.008

1.7

1.5

37.9:1.5 25.1:5.5 1.5 3.11:0.07 178

[44, 716]

>10000

2 0

30

4.01:0.60

0.073:0.006

1.80:0.24

0.100:0.020

0.5

1.4

18.8:2.7 7.40:1.41 2.5 4.54:0.08 4.5

[1.8, 11]

>10000

3 0

30

0.41:0.03

0.052:0.007

1.32:0.21

0.017:0.003

3.2

0.3

20.6:3.6 8.55:1.48 2.4 1.86:0.06 38.5

[13, 117]

>10000

4

(Contilisant)

0

30

1.85:0.21

0.145:0.010

1.94:0.15

0.078:0.006

1.0

0.5

0.53:0.05 1.69:0.12 0.3 3.59:0.09 10.8

[4.2, 27]

>100000

5 0

30

6.52:0.52

0.166:0.015

41.3:5.5

4.65:0.06

6.3

28

8.3:2.4 3.30:0.71 2.5 2.94:0.04 77.7

[19, 311]

>10000

6 0

30

1.19:0.15

0.042:0.004

3.80:0.40

2.75:0.51

3.2

65

58.3:11.8 31.1:1.8 1.9 14.7

[3.8, 57]

>10000

7 0

30

103:20

91:1

12.6:1.0

11.2:0.9

0.1

0.1

20.4:2.0 11.6:1.3 1.8 1.40:0.14 24.4

[12, 50]

>10000

ASS234 0

30

0.033:0.003

0.00027:0.00003

3.20:0.41

0.12:0.02

97

444

0.81:0.06 1.82:0.14 0.4 84.2

[48, 149]

>10000

Ciproxifan 0 11.4:1.2[15] 2.1:0.3[15] 0.2 86.1:20.9 77.3:3.4 1.1 46–180[22–24] >10000[23]

Clorgylin 0

30

0.042:0.003

0.00042:0.00008

3.65:0.39

3.57:0.36

86

8500

nicht aktiv[25] nicht aktiv[25]

Deprenyl 0

30

225:31

0.630:0.086

0.053:0.005

0.0040:0.0009

0.0002

0.006

nicht aktiv[25] nicht aktiv[25]

Donepezil[4] 0 0.011:0.001 6.22:0.77 0.002

[a] Der Standardfehler (SE) ffr jeden Wert ist angegeben. [b] SR= IC50(hMAO B)/IC50(hMAO A). [c] SR= IC50(hAChE)/IC50(hBuChE). [d] Oxygen

Radical Absorbance Capacity [Trolox-hquivalente (TE)]. [e] Das 95%-Konfidenzintervall ist in eckigen Klammern angegeben.
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ligt sind. Insgesamt lieferten diese Daten fgr MTL 1–7 ein

interessantes neuroprotektives Profil (siehe die Hinter-

grundinformationen). Bei der niedrigsten Testkonzentration

(0.3 mm) zeigte Contilisant eine signifikante Neuroprotektion

gegen alle Neurotoxine (70% gegen R/O, 47% gegen OAund

65% gegen Ab25-35), vergleichbar zur Referenzverbindung

Melatonin (Abbildung 2).

Eine potenzielle Verbesserung der Erinnerungs- und

Lernf-higkeit in vivo durch ASS234 und Contilisant wurde

mittels „Novel-Object-Recognition“(NOR)-Test in M-usen

(Abbildung 3) untersucht,[30] vor und nach Gabe von Lipo-

polysaccharid (LPS), das eine signifikante Reduktion der

NOR-Leistung verursacht. M-use, die nach LPS-Sch-digung

mit Contilisant behandelt wurden, zeigten einen verbesserten

Differenzierungsindex, wobei ASS234 (bei gleicher Dosis)

keine Verbesserung der kognitiven Defizite erzielte.

Zusammenfassend wurden erstmals neue MTLs mit in-

hibitorischen Eigenschaften an Neurotransmitter-abbauen-

den Enzymen (ChEs und MAOs) mit kombinierter H3R-

Affinit-t beschrieben. Von dieser kleinen Substanzserie

zeigte Contilisant insgesamt die besten Multitarget-Eigen-

schaften in nanomolaren Konzentrationsbereichen mit zu-

s-tzlichen und ausgeglichenen Eigenschaften bezgglich Per-

meation, antioxidativer und neuroprotektiver Kapazit-t.

Contilisant bietet damit ein pharmakologisches Profil mit

erhçhter Komplexit-t, das potenziell vorteilhaft fgr die Be-

handlung von neurodegenerativen Erkrankungen ist. Im

Vergleich zum dualpotenten H3R/MAO-Liganden Ciproxi-

fan[15] ist Contilisant ein verbesserter MAO-Inhibitor mit ir-

reversiblen Bindungsmodus. Zus-tzlich zeigt Contilisant

(1 mgkg@1) eine Verbesserung der kognitiven Eigenschaften

in LPS-gesch-digten M-usen.

Wie beabsichtigt, wurden alle Eigenschaften des nieder-

molekularen MTL Contilisant (4) im Vergleich zur Leit-

struktur ASS234 optimiert, insbesondere die Verminderung

der Inhibition von MAO A, sowie erfolgreich basierend auf

der strukturellen Integration von H3R-Pharmakophoren um

eine hohe H3R-Affinit-t erweitert.[31] Dieses einzigartige

pharmakologische Profil, gerichtet gegen verschiedene Tar-

gets innerhalb neurodegenerativer Prozesse, kçnnte hilfreich

sein bei der Therapie von Morbus Alzheimer oder Morbus

Parkinson.
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ABSTRACT: In this study, we report a ligand-centric data mining approach that
guided the identification of suitable target profiles for treating obesity. The newly
developed method is based on identifying target pairs for synergistic positive effects
and also encompasses the exclusion of compounds showing a detrimental effect on
obesity treatment (off-targets). Ligands with known activity against obesity-relevant
targets were compared using fingerprint representations. Similar compounds with
activities to different targets were evaluated for the mechanism of action since
activation or deactivation of drug targets determines the pharmacological effect. In
vitro validation of the modeling results revealed that three known modulators of
melanin-concentrating hormone receptor 1 (MCHR1) show a previously unknown
submicromolar affinity to the histamine H3 receptor (H3R). This synergistic activity
may present a novel therapeutic option against obesity.

KEYWORDS: Multitarget drugs, fingerprints, histamine H3 receptor, melanin-concentrating hormone receptor 1, obesity

R ational drug design has traditionally focused on the
discovery of selective ligands for specific molecular targets.

It was assumed that by increasing the selectivity of a ligand for
the desired target, undesired side effects arisen from binding to
off-targets would be minimized. In recent years, multitarget
approaches (often termed “polypharmacology”) challenged this
dogma proposing that the modulation of multiple targets in the
biological network simultaneously may be required to
effectively modify a phenotype.1 Particularly diseases with a
complex etiology gained attention for development of multi-
target drugs.2 For instance, several anticancer agents were
designed to inhibit certain kinases involved in different aspects
of apoptosis and angiogenesis.3 Also the most effective
medications for central nervous system disorders modulate
various neurotransmitter levels by targeting several GPCRs or
enzymes involved.4

Research on databases for ligand activity data indicates that
most drugs bind to multiple targets.5 Furthermore, these drug-
target networks are far from being complete since testing each
drug against each possible target is economically not favorable.
Computational approaches present a suitable option to close
this gap and can support the rational multitarget drug design
process.6−9 Analyzing chemical similarities of already known
drug-like molecules proved to be particularly successful. Keiser
and colleagues were the pioneers in this research field using
fingerprint representations of small molecules to predict
potential off-targets of approved drugs.10 Later, Besnard and
colleagues calculated Bayesian models for 784 proteins and
were able to optimize ligands to a wide array of targets and
potential off-targets.11 Continuously growing public databases

for ligand activity data (e.g., ChEMBL12) support these ligand-
centric approaches.
In this study, we focused on the first step of rational

multitarget drug design, the identification of target pairs that
can be modulated by the same ligand. Obesity was chosen as
model disease since it is known to bear a complex etiology and
single-target medications still lack efficacy and safety.13 To
achieve our goal, we implemented a data mining workflow in
KNIME that clusters obesity-relevant targets based on the
chemical similarity of ligands from the ChEMBL database.12,14

Despite its significance for the pharmacological effect, the
mechanism of action is still missing for the majority of
compounds in public bioactivity databases. For instance, when
antagonism of a certain receptor is discussed for obesity
treatment, agonism will be ineffective or even induce obesity.
Thus, special emphasis was placed on evaluating the
mechanism of action of ligand data in terms of activation or
deactivation. This strategy led to the identification of several
potential target pairs and off-targets that should be considered
in obesity treatment. The most promising target pair
comprising histamine H3 receptor (H3R) and melanin-
concentrating hormone receptor 1 (MCHR1) could be
confirmed in vitro.
A literature research yielded 39 obesity-relevant targets with

associated activity data stored in the ChEMBL 21 database.12

These targets can be classified into 25 receptors (24 GPCRs, 1
nuclear receptor), 11 enzymes of the lipid metabolism, and
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three transcription factors. The multitude of targets discussed
in literature underlines the complex etiology of obesity and the
necessity to address several targets in the signaling network. A
complete list can be found in the Supporting Information
(Table S3).
The activity range of ligands in the ChEMBL database can be

dramatically different for each target (Figure 1A−C). Thus, a
single threshold (e.g., 1 μM) for all targets may not present the
most suitable option to extract and focus on the most
interesting and active ligands. For instance, a well explored
GPCR may require a lower activity threshold than a less well
explored protein−protein interaction. Consequently, a protocol
has been implemented setting the activity threshold three
orders of magnitude above the most active compound. In
certain cases, this procedure would result in activity thresholds
below 100 nM and subsequently would exclude potentially
interesting compounds. Thus, we decided to limit the
thresholds to a minimum of 100 nM. Furthermore, a maximum
was introduced at 10 μM to exclude poorly active compounds.
Targets with a lower activity threshold include several well
explored GPCRs, like serotonin receptors, histamine H3
receptor (H3R), and melanin-concentrating hormone receptor

1 (MCHR1), whereas higher thresholds were commonly
assigned to enzymes like carnitine palmitoyltransferase 1
(muscle isoform) and less well explored GPCRs like amylin
receptor 1 (Figure 1D). Applying these thresholds to our data
set resulted in the selection of 20841 compounds for similarity
analysis.
Multitarget action can frequently be observed within a target

family since target subtypes bind the same endogenous ligand
or substrate and thus share similarities in the binding pocket.2

Therefore, target subtypes were grouped into target families to
allow the identification of more distant relations (structure file
activity_data.sdf with assigned target families is provided as
Supporting Information).
Subsequently, chemical similarities between compounds of

different target families were investigated using Morgan Feature
circular fingerprints as implemented in RDKit.15,16 Compounds
were considered similar if they belong to different target
families and if the Tanimoto score is 0.7 or higher.
From the initial data set (20841 compounds) only 204

compounds with 233 activities against 19 obesity-relevant
targets fulfilled the similarity criteria (Tanimoto score ≥ 0.7) to
a compound of a different target family.

Figure 1. Assignment of activity thresholds for each target separately based on activity data stored in the ChEMBL database. Activity ranges for
ligands of (A) histamine H3 receptor, (B) protein-tyrosine phosphatase 1B, and (C) carnitine palmitoyltransferase 1 (muscle isoform). Activity
threshold is set three orders of magnitude above the most active compound and limited to a minimum of 100 nM and a maximum of 10 μM.
Compounds satisfying the activity threshold are highlighted in dark gray. (D) Distribution of activity thresholds for targets included in this study.
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For each target pair, similar compounds were analyzed for
diversity by using an in-house implementation of the Taylor−
Butina clustering algorithm.17 This step allows a quality

assessment since a higher number of shared similar clusters
indicates an increased probability to identify multitarget drugs
against this target pair. The identified target pairs are gathered

Figure 2. Similarity matrices for obesity-relevant targets based on the chemical similarity of known ligands. Only target pairs are considered that
belong to different target families. Ligands were clustered to allow a quality assessment of the target pairs. (A) Similarity matrix without validation of
mechanism of action. (B) Similarity matrix with the desired antiobese mechanism of action for both elements of the target pair. (C) Similarity matrix
for target pairs, whereas one of the elements of a target pair has a conflictive mechanism of action and thus presents a potential off-target in obesity
treatment.
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in a similarity matrix, whereas each target pair is rated based on
the number of similar clusters (Figure 2A). The target pairs
MCHR1/5HT2CR, μ1OR/H3R, and H3R/MCHR1 are rated the
best sharing three similar clusters.
Next, the mechanism of action for each cluster was retrieved

from literature. This evaluation resulted in the generation of
two similarity matrices (Figure 2B,C). One holds information
about possible synergistic effects with the desired antiobese
mechanism of action for both elements of the target pair
(Figure 2B). The target pair comprising H3R and MCHR1 is
the only one with more than one similar cluster. The second
similarity matrix shows potential off-targets (Figure 2C). For
instance, MCHR1 antagonists (desired mechanism of action)
show similarities to serotonin receptor 2C (5HT2CR)
antagonists (conflictive mechanism of action). Noteworthy,
several screening campaigns against MCHR1 have reported
5HT2CR as off-target.18 A full list of clusters with associated
mechanism of action can be found in the Supporting
Information (Table S4).
The identified similar clusters for H3R/MCHR1 (Table 1)

share a positively charged amine function that is known to be
involved in Coulomb interactions with a conserved aspartate
for many aminergic GPCRs but also for MCHR1.18,19

Considering the high Morgan Feature fingerprint similarity
of known ligands, H3R and MCHR1 were chosen for further
validation. A shape-based screening campaign using ROCS led
to the selection of three known MCHR1 antagonists for a
radioligand displacement assay at H3R.

20 All three tested
compounds show submicromolar activity against both receptors
(Table 2). Compounds 1 and 2 were already described to have
antiobesity effects in rodents.21−24 To our knowledge,
compound 3 with the most balanced activity against both
receptors (Ki/IC50 < 20 nM) has not yet been tested in vivo.
The ligand efficiency (LE) for compound 3 of 0.34 lies above
the limit for drug-like molecules (LE > 0.3) and thus indicates a
good starting point for further development.25 The lip-

ophilicity-corrected ligand efficiency (LELP) includes lip-
ophilicity for quality assessment as this property has been
shown to accompany with promiscuity.25 The LELP of 12.40
for compound 3 points to potential promiscuity issues. Indeed,
closely related compounds of this series show moderate affinity
at 5HT2CR, emphasizing the consideration of this receptor as
off-target.26

Only two studies were found describing compounds with a
multitarget character against H3R and MCHR1.27,28 However,
the authors did not aim at developing compounds with
balanced activity against both receptors. Screening campaigns
for selective antagonists of H3R or MCHR1 did not yet result in
development of an effective antiobesity treatment. Though,
there is evidence for a possible synergistic effect. A recent study
revealed that activation of H3R leads to the inhibition of MCH
expression.29 This inhibition could be avoided through
administration of a H3R antagonist resulting in expression of
MCH. A concurrent expression of the appetite stimulant MCH
might explain why the ongoing effort in designing H3R
antagonists for obesity treatment did not lead to an effective
therapy yet. Although this study focused on sleep and arousal,
translating these results into obesity research indicates a
promising synergistic effect of dual antagonism of H3R and
MCHR1.
In this study, we have successfully applied a ligand-centric

data mining approach to identify target pairs that have the
potential to drive future multitarget drug research for obesity
treatment. The most promising target pair comprising H3R and
MCHR1 was validated in vitro. Three compounds have been
confirmed to hold a multitarget character in the submicromolar
activity range. Evaluating the mechanism of action not only
allowed the identification of potential target pairs but
additionally pointed to several off-targets that should be
considered in antiobesity drug development.
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The PubMed database was searched for reviews that contain the keywords “obesity” and 

“treatment” in the title or abstract.1 Discussed targets were further reviewed and checked for 

available activity data in the ChEMBL 21 database.2 This procedure yielded 39 obesity3relevant 

targets (Tab. S3). 

The following workflow was conducted in KNIME if not specified else.3 The activity data of 

studied targets was extracted from the ChEMBL 21 database.2 Several criteria were applied to 

exclude ambiguous data. Compounds were filtered for confidence score (≥7), organism (homo 

sapiens), activity type (Ki, KD, IC50 or EC50), standard units (nM) and operator (=). Additionally, 

a molecular weight cutoff was set to 700 Da. In total 36626 compounds with 56740 activity data 

points were included in this study. If multiple data points were available for one compound 

against the same target, binding data (Ki, KD) was preferred over functional data (IC50, EC50) and 

more recent published data was preferred over older data. This procedure condensed the activity 

data to 41545 activities. 

Activity thresholds were set for each target separately based on the available data in the 

ChEMBL 21 database.2 The threshold was set three orders of magnitude above the most active 

compound. However, if a threshold would fall below 100 nM or above 10 µM, this threshold is 

set to 100 nM or 10 µM respectively (Fig. 2). 20841 compounds with 22018 activities against 38 

targets remained for further analysis. The pancreatic lipase was excluded because the compounds 

did not match the filtering criteria. 

38 target subtypes were grouped into 26 target families to focus on more distant relations. For 

instance, 5HT2CR, 5HT1BR and 5HT6R are part of 5HTR. 
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Compounds were protonated and fragments removed by using the database wash application in 

MOE (structure file activity_data.sdf is provided as supporting information).4 MorganFeat 

fingerprints (diameter = 4) were generated using the RDKit.5,6 Compounds were considered 

similar if the Tanimoto score was at least 0.7 and if they belong to different target families. This 

procedure resulted in the retrieval of 204 compounds with 233 activities. 

To allow quality assessment, similar molecules for each target pair were clustered using an in3

house implementation of the Taylor3Butina algorithm with a Tanimoto cutoff at 0.5.7 First, the 

number of neighbors (similar molecules with a Tanimoto score of at least 0.5) is calculated for 

each molecule. Next, the molecule with the most neighbors and all its neighbors are used to 

define the first cluster. Then, the prior steps are run a second time without the molecules of the 

first cluster to define the second cluster. These steps are repeated until all molecules are assigned 

to a cluster. Cluster pairs are defined in each cluster separately by identifying those molecules 

that show activity against different targets and are the most similar for the investigated cluster. 

Finally, each element of the cluster pairs was evaluated for their mechanism of action in terms of 

activation or deactivation (e.g. agonist or antagonist, Tab. S4). Furthermore, target pairs were 

investigated for potential synergistic effects. 

Based on our results MCHR1 and H3R presented the most promising target pair and were chosen 

for further investigation. Scientific literature has been screened for publications to compile 

manually curated databases of known H3R and MCHR1 antagonists. Structures were downloaded 

from ChEMBL or if not available using the Sdf3Export tool from Scifinder.2,8 Six known 

MCHR1 antagonists (Ki/IC50 <= 100 nM) were found in the ZINC database to be purchasable 

from different vendors (structure file ZINC_MCHR1.sdf is provided as supporting information).9 

These compounds were used as query in a shape3based screening campaign against 342 known 
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H3R antagonists (Ki/IC50 <= 1 nM, structure file H3R_1nM.sdf is provided as supporting 

information). First, MCHR1 and H3R antagonists were protonated and energy minimized with the 

MMFF94 forcefield in MOE.4,10 Next, conformations of the H3R antagonists were generated 

using OMEGA with default settings.11 Finally, each purchasable MCHR1 antagonist was 

screened against H3R antagonist conformations using ROCS with default settings.12 Results were 

analyzed using the TanimotoCombo score as implemented in ROCS (Tab. S1). 

Compound  –  possess a TanimotoCombo score higher than 1.0 and were considered for 

 validation. Compound  and  are nearly identical. Thus, compound  with the lower score 

was excluded. Compound  turned out to be not in stock and was not purchased. Compound  

had a score below 1.0 and hence was not considered for  validation. 

Table S1: Purchasable MCHR1 antagonists (Ki/IC50 <= 100 nM) and the most similar H3R antagonist (Ki/IC50 <= 1 nM) 
according to the TanimotoCombo score.  
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Ordered compounds were analyzed with LC3MS and possess a purity of at least 95 % (Tab. S2). 

Table S2. Purity and activity of tested compounds analyzed with LC3MS and radioligand depletion experiment, respectively. 

 

> 95 % 408.2 409.0 6.34 ± 0.14 

 

> 95 % 481.1 481.8 6.70 ± 0.07 

 

> 95 % 430.2 431.0 7.97 ± 0.64 

 

Ligand efficiency (LE) and lipophilicity3corrected ligand efficiency (LELP) were calculated as 

published previously.13 The clogP of 4.217 for compound  used for LELP was calculated using 

MOE.4 

For preparation of crude hH3R membrane extracts HEK3293 cells stably expressing the hH3R 

were cultivated, harvested and processed as described previously.14 

For the radioligand depletion experiments cell membranes were thawed and homogenized by 

sonication in ice3cold binding buffer (12.5mM MgCl2,1mM EDTA and 75mM Tris/HCl, pH 

7.4). Crude membrane extracts (20 µg/well; final volume of 0.2 ml) were incubated (90 min; 

room temperature) with various concentrations of test ligands (between 0.01 nM and 100 µM) 

and [3H]3N3alpha3methylhistamine (2 nM final concentration; 78.3 Ci/mmol). Nonspecific 

binding was obtained by using pitolisant (10 µM final concentration). Membrane extracts were 

separated from unbound components by filtration through GF/B filters pre3treated with 0.3% 

(m/v) polyethyleneimine using an Inotech cell harvester. Liquid scintillation counting was used 
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for measuring bound radioligand. Data analysis were performed with GraphPad Prism 6 using 

non3linear regression. The Ki values for each experiment were obtained by using an incorporated 

equation of GraphPad Prism according to Cheng3Prusoff. Statistical analysis was conducted on 

pKi values. Mean values were calculated from at least three independent experiments, each 

performed at least in duplicates (Tab. S1). Confidence intervals (95%) were calculated and 

converted to nanomolar concentrations. 
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Table S3. Obesity3relevant targets included in this study categorized by the desired mechanism of action to induce an anti3obese 
effect. 

5HT1BR15 Serotonin 1B receptor 1898 5HTR 

5HT2CR15 Serotonin 2C receptor 225 5HTR 

AMY116 Amylin receptor 1 2111189 AMY 

AMY316 Amylin receptor 3 2111190 AMY 

β3AR Beta 3 adrenergic receptor 246 β3AR 

BRS317 Bombesin receptor subtype 3 4080 BRS3 

CCKAR18 Cholecystokinin A receptor 1901 CCKAR 

GLP1R18 Glucagon3like peptide 1 receptor 1784 GLP1R 

MCR319 Melanocortin receptor 3 4644 MCR 

MCR419 Melanocortin receptor 4 259 MCR 

NPYR220 Neuropeptide Y receptor 2 4018 NPYR 

NPYR420 Neuropeptide Y receptor 4 4877 NPYR 

OXR121 Orexin receptor 1 5113 OXR 

OXR221 Orexin receptor 2 4792 OXR 

PPARα22 Peroxisome proliferator3activated receptor alpha 239 PPAR 

PPARδ22 Peroxisome proliferator3activated receptor delta 3979 PPAR 

PPARγ22 Peroxisome proliferator3activated receptor gamma 235 PPAR 

SIRT123 Sirtuin 1 4506 SIRT1 

THRβ24 Thyroid hormone receptor beta 1947 THRβ 

11βHD125 113beta hydroxysteroid dehydrogenase 1 4235 11βHD1 

5HT6R
26 Serotonin 6 receptor 3371 5HTR 

ACC127 Acetyl3CoA carboxylase 1 3351 ACC 

ACC227 Acetyl3CoA carboxylase 2 4829 ACC 

SCD128 Stearoyl3CoA desaturase 1 5555 SCD1 

CB129 Cannabinoid receptor 1 218 CB1 

CPT1L30 Carnitine O3palmitoyltransferase 1, liver isoform 1293194 CPT1 
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CPT1M30 Carnitine O3palmitoyltransferase 1, muscle isoform 2216739 CPT1 

CRHR231 Corticotropin releasing hormone receptor 2 4096 CRHR2 

DGAT132 Diacylglycerol O3acyltransferase 6009 DGAT1 

FAS33 Fatty acid synthase 4158 FAS 

GALR134 Galanin receptor 1 4894 GAL1R 

GHSR18 Growth hormone secretory receptor 4616 GHSR 

H3R
35 Histamine H3 receptor 264 H3R 

MCHR136 Melanin3concentrating hormone receptor 1 344 MCHR1 

µ1OR37 Mu 1 opioid receptor 233 MOR 

NPYR120 Neuropeptide Y receptor 1 4777 NPYR 

NPYR520 Neuropeptide Y receptor 5 4561 NPYR 

PLIP38 Pancreatic lipase 1812 PLIP 

PTP1B39 Protein3tyrosine phosphatase 1B 335 PTP1B 
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Table S4. Similar cluster pairs with mechanism of action (MOA) and activity to different obesity3relevant targets. n/a – mode of 
action not available in literature. 

5HT1BR 3126382 n/a 0.82 agonist 1814275 β3AR 

5HT1BR 194837 antagonist 1.00 antagonist 194837 MCHR1 

5HT2CR 723 n/a 1.00 antagonist 723 β3AR 

5HT2CR 127307 agonist 1.00 n/a 127307 H3R 

5HT2CR 1818901 antagonist 1.00 antagonist 1818800 MCHR1 

5HT2CR 216280 antagonist 1.00 antagonist 216280 MCHR1 

5HT2CR 383800 antagonist 0.71 antagonist 215508 MCHR1 

5HT2CR 482496 agonist 1.00 n/a 482496 µ1OR 

5HT6R 431298 antagonist 0.83 agonist 2364345 GHSR1a 

5HT6R 1079311 n/a 1.00 agonist 1079311 GHSR1a 

5HT6R 482496 agonist 1.00 n/a 482496 µ1OR 

β3AR 1814275 agonist 0.82 n/a 3126382 5HT1BR 

β3AR 723 antagonist 1.00 n/a 723 5HT2CR 

β3AR 12998 agonist 0.87 antagonist 1077617 GHSR1a 

BRS3 3144501 agonist 0.81 agonist 2178733 µ1OR 

CCKAR 327815 agonist 0.77 agonist 591041 MCR4 

CPT1L 3431630 inhibitor 0.85 agonist 522575 PPARδ 

CPT1M 3431628 inhibitor 0.76 agonist 496116 PPARδ 

GHSR 2364345 agonist 0.83 antagonist 431298 5HT6R 

GHSR 1079311 agonist 1.00 n/a 1079311 5HT6R 

GHSR 1077617 antagonist 0.87 agonist 12998 β3AR 

H3R 127307 n/a 1.00 agonist 127307 5HT2CR 

H3R 1094029 antagonist 0.88 antagonist 433591 MCHR1 

H3R 210291 antagonist 0.73 antagonist 1914860 MCHR1 

H3R 3094128 antagonist 0.76 antagonist 187916 MCHR1 

H3R 3092839 antagonist 0.83 antagonist 237294 µ1OR 

H3R 441705 antagonist 0.75 agonist 101454 µ1OR 

H3R 1627 antagonist 1.00 agonist 1627 µ1OR 
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MCR4 591041 agonist 0.77 agonist 327815 CCKAR 

MCHR1 194837 antagonist 1.00 antagonist 194837 5HT1BR 

MCHR1 1818800 antagonist 1.00 antagonist 1818901 5HT2CR 

MCHR1 216280 antagonist 1.00 antagonist 216280 5HT2CR 

MCHR1 215508 antagonist 0.71 antagonist 383800 5HT2CR 

MCHR1 433591 antagonist 0.88 antagonist 1094029 H3R 

MCHR1 1914860 antagonist 0.73 antagonist 210291 H3R 

MCHR1 187916 antagonist 0.76 antagonist 3094128 H3R 

MCHR1 217171 antagonist 0.72 antagonist 41457 NPYR1 

MCHR1 180003 antagonist 1.00 antagonist 193771 NPYR5 

µ1OR 482496 n/a 1.00 agonist 482496 5HT2CR 

µ1OR 482496 n/a 1.00 agonist 482496 5HT6R 

µ1OR 2178733 agonist 0.81 agonist 3144501 BRS3 

µ1OR 237294 antagonist 0.83 antagonist 3092839 H3R 

µ1OR 101454 agonist 0.75 antagonist 441705 H3R 

µ1OR 1627 agonist 1.00 antagonist 1627 H3R 

NPYR1 41457 antagonist 0.72 antagonist 217171 MCHR1 

NPYR5 193771 antagonist 1.00 antagonist 180003 MCHR1 

PPARα 1935608 agonist 1.00 inhibitor 1935608 PTP1B 

PPARδ 522575 agonist 0.85 inhibitor 3431630 CPT1L 

PPARδ 496116 agonist 0.76 inhibitor 3431628 CPT1M 

PPARδ 37495 agonist 0.74 inhibitor 282113 PTP1B 

PPARγ 1933093 agonist 1.00 inhibitor 1933093 PTP1B 

PTP1B 1935608 inhibitor 1.00 agonist 1935608 PPARα 

PTP1B 282113 inhibitor 0.74 agonist 37495 PPARδ 

PTP1B 1933093 inhibitor 1.00 agonist 1933093 PPARγ 
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❡✈❛♥❝❡✱ s✐♥❝❡ ❍✸❘s ❡✈✐❞❡♥t❧② ✐♥t❡r❛❝t ✇✐t❤ ♠✉❧t✐♣❧❡ ❡♥❞♦❝r✐♥❡ s②st❡♠s ✐♥✈♦❧✈❡❞

✐♥ ❢❡❡❞✐♥❣ ❜❡❤❛✈✐♦✉r s✉❝❤ ❛s t❤❡ ♠❡❧❛♥✐♥✲❝♦♥❝❡♥tr❛t✐♥❣ ❤♦r♠♦♥❡ ✭▼❈❍✮ s②st❡♠✳

❆❝t✐✈❛t✐♦♥ ♦❢ ♣♦sts②♥❛♣t✐❝ ❍✸❘s✱ ❡①♣r❡ss❡❞ ♦♥ ▼❈❍ ♥❡✉r♦♥s✱ ✇❛s ❢♦✉♥❞ t♦ ❞❡⑧

❝r❡❛s❡ ❡①♣r❡ss✐♦♥ ♦❢ ▼❈❍ ❛❝t✐♥❣ ✈✐❛ ♠❡❧❛♥✐♥✲❝♦♥❝❡♥tr❛t✐♥❣ ❤♦r♠♦♥❡ r❡❝❡♣t♦rs✱

✐✳❛✳ ▼❈❍❘✶✱ t♦ ✐♥❞✉❝❡ ❛♣♣❡t✐t❡ ❛♥❞ ❢♦♦❞ ✐♥t❛❦❡✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❍✸❘ ❛♥t❛❣♦⑧

♥✐sts ♠❛② ❤❛✈❡ ❛♥ ❛♣♣❡t✐s✐♥❣✴♦r❡①✐❣❡♥✐❝ r❛t❤❡r t❤❛♥ ❛♥ ❛♣♣❡t✐t❡✲s✉♣♣r❡ss✐♥❣ ❡✛❡❝t✱

❛t ❧❡❛st ✇✐t❤✐♥ t❤❡ ▼❈❍ ❡♥❞♦❝r✐♥❡ s②st❡♠✳ ❚❤✐s ♦♥❝❡ ♠♦r❡ ❞❡♠♦♥str❛t❡ t❤❛t ♣♦⑧

t❡♥t✐❛❧ ❛♥t✐✲♦❜❡s❡ ❡✛❡❝ts ♦❢ ❍✸❘ ❧✐❣❛♥❞s ♠✐❣❤t ♥♦t ♦♥❧② ❜❡ ❛❝❤✐❡✈❡❞ ❜② ♣r❡s②♥❛♣t✐❝

❍✸❘ ❛✉t♦r❡❝❡♣t♦rs✱ r❡❣✉❧❛t✐♥❣ t❤❡ ❤✐st❛♠✐♥❡r❣✐❝ s②st❡♠ ✐ts❡❧❢✱ ❜✉t ❛❧s♦ ❜② ♣♦sts②⑧

♥❛♣t✐❝ r❡❝❡♣t♦rs✱✸✺ ♣r♦❜❛❜❧② ✇✐t❤ ♦♣♣♦s✐♥❣ ♠❡❝❤❛♥✐s♠s ♦❢ ❛❝t✐♦♥ r❡❣❛r❞✐♥❣ ❢♦♦❞

✐♥t❛❦❡✳ ■t ♠✐❣❤t ❛❧s♦ ❡①♣❧❛✐♥ t❤❡ ❝♦♥tr❛❞✐❝t♦r② ❝❧✐♥✐❝❛❧ ♦❜s❡r✈❛t✐♦♥s ❢♦r s❡❧❡❝t✐✈❡

❍✸❘ ❛♥t❛❣♦♥✐sts s♦ ❢❛r✱ ❜✉t ❛t t❤❡ s❛♠❡ t✐♠❡ s✉❣❣❡st t❤❡ ✉t✐❧✐t② ♦❢ s②♥❡r❣✐st✐❝❛❧❧②

❛❝t✐♥❣ ❍✸❘✴▼❈❍❘✶ ❛♥t❛❣♦♥✐sts ❛s ♣♦t❡♥t✐❛❧ ❛♣♣❡t✐t❡✲s✉♣♣r❡ss❛♥ts ✭P✉❜❧✐❝❛t✐♦♥

✹✮✱ ✇❤✐❝❤ ❤❛s t♦ ❜❡ ❢✉rt❤❡r ✈❡r✐✜❡❞ ✐♥ t❤❡ ❢✉t✉r❡✳

❉❡s♣✐t❡ t❤❡ str❛✐❣❤t❢♦r✇❛r❞ ▼❚▲ ❞r✉❣ ❞❡s✐❣♥ ♣r❡s❡♥t❡❞ ❤❡r❡✱ r❡❛❧✐③❡❞ ❜② ❝♦♠❜✐⑧

♥❛t✐♦♥ ♦❢ t❛r❣❡t✲s♣❡❝✐✜❝ ♣❤❛r♠❛❝♦♣❤♦r✐❝ ♠♦t✐❢s✱ ❢✉rt❤❡r ▼❚▲ ❞❡✈❡❧♦♣♠❡♥t r❡♠❛✐♥

❛ ❝❤❛❧❧❡♥❣✐♥❣ t❛s❦ ✐♥ ♠❡❞✐❝✐♥❛❧ ❝❤❡♠✐str② ❞✉❡ t♦ t❤❡ ♥❡❡❞ ❢♦r ♠♦r❡ ❡①t❡♥s✐✈❡ ♣❤❛r⑧

♠❛❝♦❧♦❣✐❝❛❧ ❡✈❛❧✉❛t✐♦♥ ❛s ✇❡❧❧ ❛s r❡❞✉❝❡❞ ✢❡①✐❜✐❧✐t② ✐♥ t❡r♠s ♦❢ ❧❡❛❞ ♦♣t✐♠✐③❛t✐♦♥

t♦ ♦❜t❛✐♥ t❤❡ ❞❡s✐r❡❞ ✏s❡❧❡❝t❡❞ ♣r♦♠✐s❝✉✐t②✑✳ ■ss✉❡s ❧✐❦❡ s❡❧❡❝t✐✈❡ ❢✉♥❝t✐♦♥❛❧ ❡✣⑧

❝❛❝②✱ ❞❡s✐❣♥✲♦✉t ♦❢ ♦✛✲t❛r❣❡t ❛✣♥✐t✐❡s ❛s ✇❡❧❧ ❛s ❢❛✈♦✉r❛❜❧❡ ♣❤❛r♠❛❝♦❦✐♥❡t✐❝s ✐✳❡✳

s✉✣❝✐❡♥t ❜❧♦♦❞✲❜r❛✐♥ ❜❛rr✐❡r ♣❡♥❡tr❛t✐♦♥ ❛♥❞ s✉❜s❡q✉❡♥t ❜r❛✐♥✴♣❧❛s♠❛ ❞✐str✐❜✉⑧

t✐♦♥✱ ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❧✐❦❡ ❢♦r ❛♥② ♦t❤❡r ❈◆❙ ❞r✉❣✳ ❈❧❡❛r❧② ✇❡❧❝♦♠✐♥❣ ✐♥ t❤✐s

r❡s♣❡❝t ✐s t❤❡ t♦❧❡r❛♥❝❡ ♦❢ ❍✸❘s ❢♦r str✉❝t✉r❛❧ ✈❛r✐❛❜✐❧✐t② ✇❤❡♥ ♣r❡s❡r✈✐♥❣ s✐♠♣❧❡

❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣❤❛r♠❛❝♦♣❤♦r✐❝ ❡❧❡♠❡♥ts✱ ♦♥❝❡ ♠♦r❡ ❡♥❞♦rs✐♥❣ ✐ts q✉❛❧✐✜❝❛t✐♦♥

❢♦r ♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❞❡s✐❣♥✳ ❍♦✇❡✈❡r✱ t❤❡ ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ♠✉❧t✐♣❧✐❝✐t② ♦❢ ❍✸❘

♠♦❞✉❧❛t✐♦♥ ♦♥ t❤❡ ♠♦❧❡❝✉❧❛r ❛♥❞ t❤❡r❛♣❡✉t✐❝ ❧❡✈❡❧✱ ✇❤✐❝❤ ❡♥❛❜❧❡s ✈❛r✐♦✉s t❤❡r❛⑧

♣❡✉t✐❝ ♦♣t✐♦♥s✱ ♠❛② ❛❧s♦ ❜❧✉r ♦r ❝♦♠♣❧✐❝❛t❡ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ✐♥ ✈✐✈♦ ♣♦t❡♥❝② ❢♦r

❍✸❘ ▼❚▲s ✉s✐♥❣ ❝❧❛ss✐❝❛❧ ✐♥✐t✐❛❧ ❞✐s❡❛s❡✲r❡❧❡✈❛♥t ♠♦❞❡❧s✳ Pr❡❝❧✐♥✐❝❛❧ ❍✸❘ ▼❚▲s

s❤♦✉❧❞ ❜❡ ❝♦♠♣r❡❤❡♥s✐✈❡❧② ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ ❞✐st✐♥❝t ❛♥✐♠❛❧ ♠♦❞❡❧s✱ ✐♥ ♣❛rt✐❝✉❧❛r✱

✇❤❡♥ t❡♠♣♦r❛r② ♦r ✉♥s❡❧❡❝t✐✈❡ ❞r✉❣✲✐♥❞✉❝❡❞ ❜❡❤❛✈✐♦✉r❛❧ ♠♦❞❡❧s ❛r❡ ✉s❡❞✱ s✉❝❤ ❛s

❤❛❧♦♣❡r✐❞♦❧✲✐♥❞✉❝❡❞ ❝❛t❛❧❡♣s② ♦r r❡s❡r♣✐♥❡✲✐♥❞✉❝❡❞ ❛❦✐♥❡s✐❛ ♠♦❞❡❧s✳✷✺✷ ❚❤❡s❡ ♠♦❞⑧



✶✶✷ ✹ ❈♦♥❝❧✉❞✐♥❣ ❉✐s❝✉ss✐♦♥ ❛♥❞ P❡rs♣❡❝t✐✈❡s

❡❧s ♠❛② ❜❡ ❧❡ss r❡❧✐❛❜❧❡ ❞✉❡ t♦ ♣♦ss✐❜❧❡ ✐♥t❡r❢❡r❡♥❝❡ ♦❢ ❍✸❘ ❧✐❣❛♥❞s ✇✐t❤ s❡✈❡r❛❧

♥❡✉r♦tr❛♥s♠✐tt❡r s②st❡♠s ✐♥✈♦❧✈❡❞✳

❆s ❝♦♥❝❧✉❞✐♥❣ r❡♠❛r❦✱ t❤❡ ❤✐❣❤❧② ❡①♣❧♦r❛t✐✈❡ ❝❤❛r❛❝t❡r ♦❢ t❤❡ ❤❡r❡✐♥ ❞❡s❝r✐❜❡❞

❍✸❘ ▼❚▲ ❛♣♣r♦❛❝❤ ♠✐❣❤t ❜❡ ♥♦t✐❝❡❞✳ ❉❡s♣✐t❡ t❤❡ ❧✐♠✐t❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡r❛⑧

♣❡✉t✐❝ ❡✣❝❛❝② ❢♦r ❞❡s❝r✐❜❡❞ ❍✸❘ ▼❚▲s s♦ ❢❛r✱ ✇❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ✇♦r❦ ♣r❡s❡♥t❡❞

❤❡r❡ ❛s ✐♥✐t✐❛❧ ❡✈✐❞❡♥❝❡ ❢♦r ❛ ♣r♦♠✐s✐♥❣ ♣❡rs♣❡❝t✐✈❡ ♦❢ ❍✸❘ ❛♥t❛❣♦♥✐sts ✐♥ ♠✉❧⑧

t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❞❡s✐❣♥✳ ❚❤✉s✱ ✇❡ st✐❧❧ ❢❡❡❧ ❡♥❝♦✉r❛❣❡❞ t♦ ❢✉rt❤❡r ♣r♦♠♦t❡ ❍✸❘

▼❚▲ ❞❡s✐❣♥ ❡s♣❡❝✐❛❧❧② ❢♦r ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡ ❞✐s❡❛s❡s✱ ❛✇❛✐t✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t

♦❢ ♠✉❧t✐t❛r❣❡t✐♥❣ ❞r✉❣ ❝❛♥❞✐❞❛t❡s✳
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