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Abstract

The burst of reactive oxygen species (ROS) conethiio and exacerbates cardiac
injury. Exogenous supplementation of antioxidantsupregulation of endogenous
antioxidant defense genes should be the potehgahpies for cardiovascular disease.
Sixteen coumarin-derived imino sulfonates compouwese synthesized with the
ability of attenuating oxidative stress directly teducing intracellular ROS level via
promoting Nrf2 pathway. The cell-based assays stawat most of the compounds
had significant protective activity againsi®-induced oxidative injury in H9c2 cells.
Compound5h with the highest activity and low cytotoxicity wakemonstrated to
remarkably remove the intracellular ROS accumutaby activating expressions of
Nrf2 and its downstream antioxidant proteins (i€©-H and NQO1), indicating a
novel promising antioxidant and Nrf2 activator. @lg these findings demonstrated
that compoundbh could serve as a potential cardioprotective agdiareover, our
study features developing new antioxidants and Nrx8vators by introducing a
sulfonyl group and nitrogen atom to thg-unsaturated carbonyl entity in coumarin,
rather than adding new functional groups or adti@gments to coumarin itself.
Keywords:

Cardiovascular disease; Coumarin; Imino sulfonat€srdioprotective agents;

Oxidative stress; Nrf2
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1. Introduction

Cardiovascular disease (CVD) is one of the @itdiseases seriously endangering
human health [1]. Accumulated evidences have detradad that the burst of reactive
oxygen species (ROS) induced by oxidative stresemely exacerbate structural and
functional alterations in the heart tissue in oavdscular disease, including
myocardial ischemia/reperfusion injury, cardiac éigpphy and heart failure [2-9].
Thus, exogenous supplementation of antioxidants wpregulation of endogenous
antioxidant defense genes should be the potehgehpies for cardiovascular diseases
[10-12].

Nuclear factor erythroid 2 related factor 2 (Nri2 a transcription factor that
regulates oxidative stress by inducing expressioantioxidant enzyme genes, such
as heme oxygenase-1 (HO-1), NAD(P)H quinone oxidacease 1 (NQO1),
glutamate-cysteine ligase (GCL), and several mesbef the glutathione
S-transferase family [13]. Notably, Nrf2 is closelgssociated with cancer,
neurodegenerative diseases, especially for carsiioNar diseases [14-17]. Our
previous study has also proved that activation 62 Nignaling could upregulate the
damaged cardiac endogenous antioxidant system exr@ase cardiac injury in rats
[11,12,18]. Therefore, development of antioxidants and Nrfavatbrs may display
significant advantages against cardiovascular desgkd,20].

Kumar reported that a chalcone derivatitg Was a potent activator of the Nrf2
signaling pathway [21] (Fig. 1). Park found tha¢ tintroducing of a vinyl sulfonyl
group @) to thea,p-unsaturated carbonyl entity of chalcdh&ed to higher activity to
activate Keapl-Nrf2 signaling pathway and subsegdese-dependent induction of
Nrf2-dependent antioxidant enzymes expression (HEQO1, GCLC, and GLCM)
[22,23]. In addition, nitrogen heterocycles are agithe most significant structural
components of pharmaceuticals, and 59% of uniquallsnolecule drugs in U.S.
Food and Drug Administration-approved drugs congéamtrogen heterocycle [24-29].
Optimized vinyl sulfone ) by introducing nitrogen heterocycle showed sugeri

effect on Nrf2 activation in cell-based assays carag to compoun@ [30]. These



72

73

74
75
76

77

78

79

80

81

82
83
84

85

86

87

88

89

results indicate that sulfonyl group and nitrogetehocycle are benefit for activating

Nrf2 signaling pathway.
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Fig. 1. Superior effect on Nrf2 activation by introducisglfonyl group and nitrogen atom to
chalcone.

Coumarins, a wide class of natural and synthetimpounds, have attracted
considerable attention in recent years due toivsrsle pharmacological actions, such
as neuroprotective [31-35], antifungal [36] andi@aricer [37] activities. Some
coumarin derivatives have also been proven to lelieat antioxidants and Nrf2

activators [38-43].

Traditional methods: adding new functional groups or active fragments to coumarin

OH
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Quadricyclic coumarin Amino derivative of coumarin

This work: introducing a sulfonyl group and nitrogen atom to the unsaturated carbonyl entity in coumarin
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Scheme 1. Previous reports and our design for developmg aetioxidants or Nrf2 activators
based on the structure of coumarin.

Traditional methods for developing new coumargmireed active compounds rely
on adding new functional groups or active fragmeaotscoumarin (Scheme 1A).
Inspired by Park’s workwhat we did innovatively in this study was that we
introduced a sulfonyl group and nitrogen atom ®djf-unsaturated carbonyl entity

in coumarin to generate coumarin-derived imino andtes5, and the potential
4
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cardioprotective activities of these synthesizechpounds were further evaluated
(Scheme 1B).

Initially, we screened the derivatives for thpotential capacity to protect H9c2
cardiomyocyte cells from oxidative stress injuryduced by hydrogen peroxide
(H20,). We found that the introducing of a sulfonyl gocand imino group indeed led
to the potent activities. The compound with highastivity was demonstrated to
activate Nrf2 signaling pathway, thus further iniehgc the expressions of
Nrf2-dependent endogenous antioxidant proteindH@-1 and NQO1).

2. Resultsand discussion
2.1 Chemistry

As illustrated in Scheme 2, sixteen coumarinxatiimino sulfonates5j were
prepared based on a standard protocol [44]. Bri¢flg reaction of chlorosulfonyl
isocyanate with formic acid generate chlorosulfors@mNext, target compounds
were synthesized by cyclization reaction of variosslicylaldehydes and

chlorosulfonamide.

CH,Cl,

CISO,NCO + HCOOH ————> CISO,NH, + CO, + CO
0°C~rt,12h
H 5
R C[C ) ovA RE W
T +  CISO,NH —_— Ny =0
ZSoH 772 gec~tt, 12h N Y
F
cl
r_ I _S= I o) =
O'S\g oL % o o o
5a 5b 5¢c 5d 5e 5f
F o o' Meo oS 0"NL EtN oS
59 5h 5i 5j 5k
SN SN SN SN O
&= §=0 = L SN
0"\ ~ \(\) 0"\ O’S\(‘) O / é -
F Cl OMe By oYy
51 5m 5n 50 5p

Scheme 2. Synthesis of compounds

2.2 Biological screenings
Primarily, all target compoundswere screened for their protective activity agains

oxidative stress induced by,8, in H9c2 cells, a pivotal model for potential
5
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cardioprotective agents screening [45].
2.2.1 Protective activity against H,O.-induced H9c2 cells damage and inherent
toxicity

In order to explore the potential cardioprotectaativity of the target compounds,
sixteen coumarin-derived imino sulfonaté&} \(ere evaluated against oxidative stress
injury induced by HO, in H9c2 cells by MTT assay. To demonstrate the
structure-activity relationship, different subs#ifis were introduced to
coumarin-derived imino sulfonates.

As depicted in Fig. 2A, most of analogues, excaptwere found to effectively

increased the cell viability in H9c2 subjected Db
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Fig. 2. Compounds' cytoprotection on H9c2 cells yOkEldamage model (A) and cytotoxicity
evaluation of three targeted compoun8f bg and5h) at different concentrations in H9c2
cells (B-D). H9c2 cells were pretreated for 24 hthwiUT or coumarin-derived imino
sulfonates5 at 20 uM, respectively, followed by 2 h exposure in@4 (250 uM). The
cytotoxicity of compounds was determined by the MaSBay. H9c2 cells were pretreated for
24 h with5f, 5g or 5h at 0.1, 1, 10, 100M, respectively, Three individual experiments were
performed for each group. The data was express#teddean + SD. ##P < 0.01, #P < 0.05
vs Control, *P < 0.01, *P < 0.05 vs,B,. one way ANOVA, followed by Tukey's multiple
comparison test.

All electron-donating group substituted compourtsts 6e, 5i, 5j, 5k, 5n, 50, 5p)
are unfavorable for the activity comparingbe
Comparison of fluoride substituted compoungs, 5g, 5l) (5, 7, 8-position on

6
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benzene ring) demonstrated that substitutes omd-8a position are unfavorable for
the activity.

Comparison of chloride substituted compounsts bh, 5m) (6, 7, 8-positionon
benzene ring) further demonstrated that substint8-position is unfavorable for the
activity.

Notably, for 5- and 8- substituted compounds, rgiglectron withdrawing group
nor electron donating group is unfavorable fordb#vity.

For 6- and 7- substituted compounds, electrohdvétwing group substituted
compounds gc, 5f, 5g, 5h) led to increased activities. However, electronating
group substituted compoundsd( 5e, 5i, 5}, 5k) led to obvious decreased activities
comparing to5a. Moreover, substituted on 7- position is more fabbe than
substituted on 6- positioB¢ vs 5h).

Among the sixteen compoundsf, 5g and5h showed the cardioprotective action
similar or even better to that of LUT. In additiome found thabf, 5g and5h at up to
100 uM did not exhibit any significant cytotoxicity in3¢2 cells, suggesting the low
cytotoxicity of these compounds (Fig. 2B-D).

2.2.2 Protection of H9c2 cells from H,O,-induced damage by 5f, 5g or 5h

To further explore the exact compound possessinglig@otective activity,
different concentrations of three targeted compsuBf] 59 and5h) were conducted
in H9c2 suffered from bO, injury, respectively. As showed in Fig. 3A,
pre-incubation with these compounds for 24 h, @\ of 5f, 5g and 5h exhibited
none cardioprotective action, as well as LUT. Atubl, only 5h significantly
increased the cell viability, as compared to th®tgroup (Fig. 3B). Moreovegh at
10 uM were found to have better advantageous cytoptioteaelative to that in cells
preincubated withf, 5g or LUT (Fig. 3C).

Meanwhile, the release rate of LDH is an importadiex to monitor the cellular
membrane integrity [10,46]. Our study revealed ttiaatment with HO, caused
dramatically increased LDH release rate, compapethé control group, indicating

the loss of cell membrane integrity and necrotit @eath caused by oxidative stress.
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Pretreatment with compourish at 10uM could significantly decreased such index
(Fig. 3D), compared to the ,B, treated cells. However, administration with
compoundssf and 5g showed no significant difference compared to thiosél,O;

group, respectively. Moreovesf, 5g and5h at 20uM could markedly decrease the
LDH release rate (Fig. 3E). NotabBh (20 uM) exhibited the most excellent activity

in declining LDH release rate in H9c2 againsOkinduced injury.
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Fig. 3. Compound5h exhibited the excellent cytoprotective activity H9c2 against
H,O,-induced cell damage. H9c2 cells were pretreated i 59, 5h and LUT at different
concentrations (2.5, 5, 1M) for 24 h, respectively, then treated with 28@ H,O, for 2 h,

and determined by the MTT assay (A-C). The viapitit untreated cells is defined as 100%.
H9c2 cells were pre-incubated wifif, 5g, 5h or LUT at 10, 20uM for 24 h, respectively,
then treated with 250M H,0, for 2 h, thus the LDH release rate was determ{ideend E).
Three individual experiments were performed forhegwup. The data was expressed as the
Mean = SD. #P < 0.01, #P < 0.05 vs Control, *®.81, *P < 0.05 vs D,. one way
ANOVA, followed by Tukey's multiple comparison test

From the bioactivity data of compoungls 5g and5h, the results revealed thai
had the most valuable cellular protective activdy cardiomyocytes. Given the fact
that coumarin derivatives have been demonstratgub$sess positive cardiovascular
effects, which are not only based on their antdaxi action, but also based on the
anti-inflammatory effects, regulation of the inteflalar calcium or nitric oxide (NO)

level, vasorelaxant properties and so on [47-5Bgr&fore, in order to investigate the
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mechanism of this series of compounds, compdimdith the highest potency was
further evaluated for the possibility of signalipgthways in its cardioprotective
effect.

Due to the important role of oxidative stress, anflmation, and overload of
calcium in cardiovascular diseases (CVD), we havedacted an experiment to
analyse the possible mechanisms underlying thenpakecardioprotective effect of
compound5h. Specifically, transcription factor Nrf2 is the ster regulator of the
antioxidative enzyme genes expression [51], andvaan of Nrf2 has been
considered to be the crucial therapy against oxeadtress in CVD. NkeB, another
important transcription factor, mainly mediates timlammatory responses, and
downregulation of NReB could significantly inhibit the inflammation in\M® [52].

In addition, prior animal and human studies haveudtented that decreased
expression of sarcoplasmic reticulum?GATPase 2 (SERCA2), a major cardiac
calcium cycling protein ameliorating the overloaddcalcium, as a primary defect
found in CVD [53,54]. Importantly, increasing thetigity of SERCA2x in patients
with moderate to severe heart failure improvesrtbhardiac function, disease status
and quality of life [55,56].

Hence, the protein expressions of Nrf2, K65 in nucleus, along with SERCA2
in cytoplasm were measured by Western blottind;igs4 depicted. Our data showed
that HO, treatment induced a robust increase in the expres$ NF«xB and Nrf2 in
nucleus. The levels of SERCA2 were significantlycréased in kD, group,
compared to the control cells. By contrast, prétneat with compoundh further
stimulated protein expression of Nrf2, suggest @ehngctivation of the Nrf2 pathway.
However,5h administration only showed a trend to reverseatitr@ormally increased
NF-xB expression and declined SERCA2 level induced b®,Hand no statistical
difference was found. Collectively, these resutideled elucidated that compoubial
reduced the myocardial injury induced by,Qd4 mainly through its antioxidant

activity.
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Fig. 4. Possible mechanisms underlying the protective etdécompoundsh. H9c2 cells
were pretreated witGh (20 uM) for 24 h, then treated with 25M H,O, for 2 h. The protein
expressions of Nrf2, NkB p65 and SERCA2 were determined by Western Bipti-D).
Cells treated with none compound were served a€tmérol (Con). Protein expression levels
were normalised against levels of Lamin B1 or GARBMich was used as a loading control
for nuclear and cytoplasmic protein samples, raspdyg. The data was expressed as the
Mean + SD (n=3). ##P < 0.01, #P < 0.05 vs Con, £*B.01, *P < 0.05 vs }D,. one way
ANOVA, followed by Tukey's multiple comparison test

2.2.3 Compound 5h scavenged the cellular ROS by activating the Nrf2 signaling
pathway

The burst of oxidants, such as reactive oxygen iepe¢ROS), has been
demonstrated to participate in breaking down thik membrane integrity, which
cause the cardiac injury [10,11]. Stimulation ofdiamyocytes with HO, led to the
cellular ROS accumulation. Thus, we further examindether compounéh could
decline the ROS production, and explored the mashemunderlying such action. As
illustrated in Fig. 5A-B, pretreatment with compoudh (10 puM) for 24 h
dramatically reduced the cellular ROS accumulatisunggesting that scanvenging
ROS by5h may contribute to its cytoprotective activity agsi oxidative injury
induced by HO..

The NF-E2-related factor 2 (Nrf2) transcriptiomctor pathway has been

10
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demonstrated to restore cellular redox homeostagisincreasing endogenous
antioxidant response element-mediated expressiorphafse 1l and antioxidant
enzymes, such as NAD(P)H quinone oxidoreductaseNQQ1l) and heme
oxygenase-1 (HO-1). Importantly, Nrf2 closely ctates with cardiac protection
against myocardial injury. Therefore, the Nrf2 pedly has been considered as a
novel therapeutic target for cardiovascular disgaseluding myocardial infarction,
myocardial ischemia/reperfusion and myocardial hiypphy [11,57]. In the present
study, we discovered th&h could dose-dependently induce the Nrf2 translooatio
into the nucleus, with a corresponding upregulde@-dependent proteins, such as
HO-1 and NQOL1 (Fig. 5C-F). Additionallgh at 10uM showed even more stronger
promoting effect on Nrf2 pathway than that of LUT.
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Fig. 5. Protection of compoun8h by scavenging ROS via activating the Nrf2 sigr@lin
pathway. H9c2 cells were pretreated whih (10 uM) for 24 h, then treated with 250V
H,O, for 2 h, and intracellular reactive oxygen spe¢iROS) generation was measured by the
DHE assay (200x, bar=4pM) (A and B). H9c2 cells were treated wih (0.5, 1, 2, 5, 10
uM) or LUT (10 uM) for 24 h, respectively. Then the protein expi@ss of Nrf2, HO-1and
NQO1 were determined by Western Blotting (C-F).I€#&kated with none compound were
served as the Control (Con). Protein expressiorldewere normalised against levels of
Lamin B1 or GAPDH, which was used as a loading marfor nuclear and cytoplasmic
protein samples, respectively. The data was exptdeas the Mean + SD (n=3). ##P < 0.01,
#P < 0.05 vs Con, one way ANOVA, followed by Tulseylultiple comparison test.

3. Conclusion

In this study, a series of coumarin-derived imguwfonates were synthesized by
11
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introducing a sulfonyl group and nitrogen atomhed,f-unsaturated carbonyl entity
in coumarin. The cytoprotection of all these anakxywas detected in,8, induced
H9c2 cells injury model. Most synthesized compoundsplayed potent
cardioprotective activities at 20M. Structure-activity relationships indicated that
compounds with different substituents on benzeng hiave great influence on their
biological activities. Notably, after pre-incubatiowith compounds for 24 h,
compoundsf, 5g and5h displayed valuable cytoprotection against oxidatiamage
in H9c2 cells. Among them, compourth was screened out to exhibit low
cytotoxicity and an inspirable protection againgtdative stress in myocytes in a
concentration dependent manner. Consistent withyitsprotective activitybh also
exhibited potent anti-oxidative activity by remogithe cellular ROS accumulation,
thus reducing the loss of cellular membrane intg@$ demonstrated by LDH release
rate. In addition, mechanism of action studies icovdd thatSh may confer its
protection for H9c2 cells against oxidative insullsough inducing the nuclear
translocation of Nrf2, thus upregulating the expi@s of endogenous antioxidant
proteins HO-1 and NQOL1.

In summary, our work presented a series of coumaiarived imino sulfonates with
antioxidant activity, anch represents a novel therapeutic agent with polefdra
treating cardiovascular diseases. Our present stayyprove important for the future
design of coumarin-derived structurally related2\&ttivators.

4. Experimental
4.1. Chemistry

All reactions were performed in oven-dried glas®vavith magnetic stirring.
Unless otherwise stated, all reagents were purdhfasen commercial suppliers and
used without further purification. All solvents veepurified and dried according to
standard methods prior to use. Organic solutionge weencentrated under reduced
pressure on a rotary evaporator or an oil pumpctfees were monitored through
thin layer chromatography (TLC) on silica gel-pretaa glass plates. Subsequent to

elution, plates were visualized using UV radiatein254 nm and by staining with

12



286 agueous potassium permanganate or ethanolic phospytadic acid solution. Flash
287 column chromatography was performed using silich (§60-400 mesh). Nuclear
288 Magnetic Resonance (NMR) spectras were acquireda ovlarian Mercury 400
289  operating at 400, 100 and 376 MHz fet, **C and'°F, respectively. Chemical shifts
290 are reported in5 ppm referenced to an internal SiMstandard for'H NMR,
291 chloroform-d § 77.16) for™>C NMR. Datas for'H NMR are recorded as follows:
292  chemical shift § ppm), multiplicity (s, singlet; d, doublet; t, iiet; g, quartet; m,
293 multiplet; br s, broad), coupling constant (Hz) antkgration. Datas fot’C NMR
294 and'®F NMR are reported in terms of chemical shift §pm). High-resolution mass
295  spectra (HRMS) were recorded on a Thermo Q-Exa&pectrometer (ESI source).
296  4.1.1. General procedure for the preparation of imino sulfonates (5) [44]

297 Anhydrous formic acid (40.0 mmol, 1.5 mL, 1 egasvadded dropwise to neat
298  chlorosulfonyl isocyanate (40.0 mmol, 3.5 mL, 1 et)0 °C with rapid stirring.
299  Vigorous gas evolution was observed during the tamdiprocess. The resulting
300 viscous suspension was stirred at room temperatutiegas evolution ceased (12 h).
301  The resulting colorless solid was used in the Wity step immediately and stored
302 under -20 °C.

303 To a solution of salicylaldehyde (15.0 mmol) iMR (100 mL) at 0°C was
304 carefully added freshly prepared CI$®, (4.6 g, 40.0 mmol) in small portions, and
305 the resulting solution was stirred for 12 h at rotemperature. The reaction was
306 quenched carefully with ice-cold water (100 mL)ddhe mixture was transferred to a
307 separating funnel containing GEl, (200 mL). The aqueous layer was separated and
308 extracted with CKHCl, (3 x 50 mL), and the combined organic layers weeshed
309  with saturated NaHC@Osolution (100 mL), dried (MgS4) filtered through a short
310 pad of silica using CkCl, as eluent and concentratedvecuo. Imino sulfonated
311  were isolated by flash chromatography (PE/EtOAc$itina gel.

312 4.1.1.1 benzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (5a). *H NMR (400 MHz, CDCJ) &
313 8.68 (s, 1H), 7.79-7.74 (m, 1H), 7.70-7.68 (m, 1A%6-7.42 (m, 1H), 7.30 (d, =
314 8.4 Hz, 1H) ppmX*C NMR (100 MHz, CDGCJ) & 167.9, 154.3, 137.8, 131.0, 126.3,
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315 118.7, 115.5 ppm. HRMS (ESI): m/z Exact mass cdmdCgHgNO,S [M+OCH;] ™
316  214.0180, found: 214.0160.

317 4.1.1.2 5-fluorobenzo[ € [1,2,3] oxathiazine 2,2-dioxide (5b). *H NMR (400 MHz,
318 CDCl) & 8.96 (s, 1H), 7.78-7.72 (m, 1H), 7.15-7.11 (m, Zipm; °C NMR (100
319 MHz, CDCh) 6 161.9 (d,J = 6.0 Hz), 161.1 (dJ = 261.9 Hz), 154.7 (d] = 3.0 Hz),
320 139.0 (dJ=11.0 Hz), 114.6 (d] = 4.0 Hz), 112.8 (d] = 20.0 Hz), 105.9 (d] = 17.0
321 Hz) ppm. HRMS (ESI): m/z Exact mass calcd. fogHENO,S [M+OCHs]
322 232.0085, found: 232.0065.

323 4.1.1.3 6-chlorobenzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (5¢). *H NMR (400 MHz,
324 CDCl) 8 8.64 (s, 1H), 7.72-7.67 (m, 2H), 7.29-7.26 (m, Pgin. HRMS (ESI): m/z
325 Exact mass calcd. forgl;CINO,S [M+OCH;] : 247.9790, found: 247.97609.

326 4.1.1.4 6-methoxybenzol €] [ 1,2,3] oxathiazine 2,2-dioxide (5d). *H NMR (400 MHz,
327 CDCl) 6 8.63 (s, 1H), 7.30-7.27 (m, 1H), 7.23 {c5 9.2 Hz, 1H), 7.09 (d] = 2.8 Hz,
328 1H), 3.88 (s, 3H) ppm. HRMS (ESI): m/z Exact masdcd. for GH;ogNOsS
329 [M+OCH3| ™ 244.0285, found: 244.0265.

330 4.1.1.5 6-methylbenzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (5¢). '"H NMR (400 MHz,
331 CDCl) § 8.62 (s, 1H), 7.55 (dd,= 8.8 Hz,J = 1.8 Hz, 1H), 7.46 (d] = 1.6 Hz, 1H),
332 7.19 (d,J = 8.4 Hz, 1H), 2.45 (s, 3H) ppf*C NMR (100 MHz, CDGJ) 5 167.9,
333 152.3, 138.6, 136.5, 130.8, 118.4, 115.3, 20.8 pgRMS (ESI): m/z Exact mass
334  calcd. for GH1oNO4S [M+OCH;]: 228.0336, found: 228.0316.

335 4.1.1.6 6-bromobenzo[ €] [1,2,3] oxathiazine 2,2-dioxide (5f). '"H NMR (400 MHz,
336 CDCl) 5 8.63 (s, 1H), 7.86-7.82 (m, 2H), 7.21 (= 8.8 Hz, 1H) ppm:*C NMR
337 (100 MHz, CDC}) 6 166.4, 153.3, 140.4, 133.1, 120.6, 118.8, 116®.pgRMS
338 (ESI): m/z Exact mass calcd. forgzBrNO,S [M+OCH;): 291.9285, found:
339 291.9264.

340 4.1.1.7 7-fluorobenzo[€][1,2,3] oxathiazine 2,2-dioxide (5g). *H NMR (400 MHz,
341 CDCh) 8 8.63 (s, 1H), 7.74-7.71 (m, 1H), 7.17-7.12 (m, 1HP4-7.02 (m,1H) ppm.
342 C NMR (100 MHz, CDG) § 167.7 (dJ = 262.5 Hz, 1C), 166.8, 156.3 (#l= 13.7
343 Hz, 1C), 133.4 (dJ = 11.3 Hz, 1C), 114.5 (d,= 22.7 Hz, 1C), 112.4 (d,= 2.8 Hz,
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1C), 107.0 (d,J = 25.9 Hz, 1C) ppm. HRMS (ESI): m/z Exact massaalfor
CgH/FNO,S [M+OCH;]: 232.0085, found: 232.0065.

4.1.1.8 7-chlorobenzo[ €| [1,2,3] oxathiazine 2,2-dioxide (5h). *H NMR (400 MHz,
CDCl) & 8.64 (s, 1H), 7.63 (d} = 8.4 Hz, 1H), 7.41 (ddl = 8.4 Hz,J = 1.6 Hz, 1H),
7.33 (d,J = 1.6 Hz, 1H) ppm**C NMR (100 MHz, CDG)) 6 166.9, 154.8, 144.2,
131.8, 127.0, 119.3, 113.9 ppm. HRMS (ESI): m/z dExanass calcd. for
CgH,CINO4S [M+OCH]: 247.9790, found: 247.97609.

4.1.1.9 7-methoxybenzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (5i). *H NMR (400 MHz,
CDCly) § 8.51 (s, 1H), 7.57 (d} = 8.8 Hz, 1H), 6.90 (dd} = 8.8 Hz,J = 2.4 Hz, 1H),
6.73 (d,J = 2.4 Hz, 1H), 3.94 (s, 3H) ppfC NMR (100 MHz, CDCJ) & 167.4,
166.9, 157.0, 132.6, 113.7, 109.3, 103.0, 56.6 pgRMS (ESI): m/z Exact mass
calcd. for GH1oNOsS [M+OCH;]: 244.0285, found: 244.0265.

4.1.1.10 7-methylbenzo[ €] [1,2,3] oxathiazine 2,2-dioxide (5j). *H NMR (400 MHz,
CDCl) & 8.61 (s, 1H), 7.55 (d} = 8.0 Hz, 1H), 7.22 (d] = 8.0 Hz, 1H), 7.10 (s, 1H),
2.51 (s, 3H) ppm. HRMS (ESI): m/z Exact mass cdled CoH10NO4S [M+OCH;]
228.0336, found: 228.0315.

4.1.1.11 7-(diethylamino)benzo[€][1,2,3] oxathiazine 2,2-dioxide (5k). *H NMR
(400 MHz, CDC}) & 8.26 (s, 1H), 7.35 (dJ = 8.8 Hz, 1H), 6.54-6.52 (m, 1H),
6.33-6.32 (m, 1H), 3.47 (d,= 7.2 Hz, 4H), 1.25 (t) = 7.2 Hz, 6H) ppm**C NMR
(100 MHz, CDC}) 6 165.4, 157.7, 154.7, 132.8, 109.1, 105.1, 98.4,4BR.5 ppm.
HRMS (ESI): m/z Exact mass calcd. for18:5N,0sS [M+H]": 255.0798, found:
255.0744.

4.1.1.12 8-fluorobenzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (51). *H NMR (400 MHz,
CDCl) & 8.70 (d,J = 1.2 Hz, 1H), 7.59-7.54 (m, 1H), 7.51-7.48 (m)A#42-7.37 (m,
1H) ppm. HRMS (ESI): m/z Exact mass calcd. fogHENO,S [M+OCH;]
232.0085, found: 232.0064.

4.1.1.13 8-chlorobenzo[ €] [ 1,2,3] oxathiazine 2,2-dioxide (5m). *H NMR (400 MHz,
CDCl) § 8.67 (s, 1H), 7.82-7.79 (m, 1H), 7.62-7.60 (m, 1H%¥1-7.37 (m, 1H) ppm.
HRMS (ESI): m/z Exact mass calcd. fosHGCINO4S [M+OCH;]: 247.9790, found:
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247.9770.

4.1.1.14 8-methoxybenzo[€][1,2,3] oxathiazine 2,2-dioxide (5n). *H NMR (400
MHz, CDCk) 6 8.65 (s, 1H), 7.37-7.30 (m, 2H), 7.25-7.23 (m, 1897 (s, 3H) ppm.
HRMS (ESI): m/z Exact mass calcd. fosHzoNOsS [M+OCH;]: 244.0285, found:
244.0265.

4.1.1.15 8-(tert-butyl)benzo[ €] [1,2,3] oxathiazine 2,2-dioxide (50). *H NMR (400
MHz, CDCL) & 8.65 (s, 1H), 7.75 (ddl = 8.0 Hz,J = 1.6 Hz, 1H), 7.52 (ddl = 7.6
Hz,J = 1.6 Hz, 1H), 7.38-7.34 (m, 1H), 1.48 (s, 9H) pgtRMS (ESI): m/z Exact
mass calcd. for GH1gNO4S [M+OCHs]): 270.0806, found: 270.0785.

4.1.1.16 naphtho[1,2-€][1,2,3] oxathiazine 3,3-dioxide (5p). *H NMR (400 MHz,
CDCls) 6 10.0 (s, 1H), 8.70 (dl = 8.4 Hz, 1H), 8.55 (d] = 9.2 Hz, 1H), 8.17 (d] =
8.0 Hz, 1H), 7.90-7.86 (m, 1H), 7.76-7.72 (m, 1RA%7 (d,J = 9.2 Hz, 1H) ppm.
HRMS (ESI): m/z Exact mass calcd. for2B10NO4S [M+OCH;]: 264.0336, found:
264.0316.
4.2 Biological assays
4.2.1. Cell culture

H9c2 cell line (CRL-144B") was provided by the American Type Culture
Collection (ATCC, Shanghai, China). Cells were auxdtl as previously described [7].
Briefly, cells were cultured in Dulbecco's Modifiéggle's Medium: Nutrient Mixture
F-12 (DMEM/F12) with 10% fetal bovine serum (FBSyntaining 100 U/mL
penicillin and 100 U/mL streptomycin. Cells wereubated at 37 °C with 5% GO
and were synchronized by serum starvation befareutted with hydrogen peroxide
(H20,) or the compounds being tested.

4.2.2. Cardioprotection assay against H,O, and cardiotoxicity assay in H9c2 cells
Compounds were dissolved in dimethyl sulfoxide (DBJSSigma Aldrich,
Shanghai, China) and diluted with medium.Genera@% confluent cells were

seeded 5xIcells/well in 96-well plates and were allowed taeh overnight.
For the cardiotoxicity assay, previous medium veasaved, and 0.1, 1, 10 and 100

uM of the compounds was added to the wells, respsyti0.01% DMSO in cell
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culture media served as control. Cells was incubaiéh compounds for 24 h.

For the cardioprotection assay, cells were suljetbe250uM H,0, for 2h to
induce the myocardial injury. Different concentoas of respective compounds were
added to the cells 24 h prior to hydrogen peroxidatment. Luteolin (LUT) (Sigma
Aldrich, Shanghai, China) was served as positiverob[10].

4.2.3. MTT assay

MTT assay was utilized to determine H9c2 cells wptwity and viability. After
appropriate treatment, Cells were treated with Molution (4 mg/mL in PBS) for 4
h at 37 °C. The formazan crystals were dissolveBMISO and the optical density
(OD) was examined at 490 nm using a BioTek platelee The cell viability was
given in a percentage of the OD value of the cémgroup.In vitro cardiotoxicity or
cardioprotection assay, the cell viability was deieed after treated with the
compounds being tested for 24 h.

4.2.4. Determination of intracellular H,O,-induced ROS production in H9c2 cells

H9c2 cells were seeded in 6-well plates (2.5xddlIs/well) and allowed to attach
overnight. After 24 h of preincubation with compadush (10 uM), H,O, was added
for 2 h. Then, cells were incubated with non-flsment dihydroethidium (DHE, 5
uM) at 37 °C for 30 min. Ethidium fluorescence (¢ation at 488 nm, emission at
525 nm) was monitored by fluorescence microscopigqiNEclipse Ti-S, Nikon Ltd,
Japan).

4.2.5. Measurement of LDH releaserate

After appropriate treatment, the LDH release ra&s measured by the cytotoxicity
detection kit, according to the manufacturer'srutdtons (Jiancheng Bioengineering
Institute, Nanjing, China) and quantified by absorte at 490 nm.

4.2.6. Western blot analysis

H9c2 cells were treated with compoustd (0.5, 1, 2, 5, 1@M) or LUT (10 uM)
for 24 h, and were lysed with a commercial kit tdract cytoplasmic and nuclear
proteins (KeyGEN BioTECH, Nanjing, China). Protein®re separated by 10%
sodium dodecyl sulfate-polyacrylamidegel (SDS-PAGA)d then transferred to

17



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

Polyvinylidene Fluoride (PVDF) membranes (Millipo@orporation, MA, USA).
Blots were blocked with 5% nonfat dry milk-TBS-0.1Pween 20 for 2 h. Primary
antibodies were incubated overnight at 4 °C. THezgaall blots were washed three
times with 1XTBST and were incubated with a homdista peroxidase-conjugated
secondary anti-rabbit antibody (1:5000; Cell SigmalTechnology Co., Ltd, MN,
USA) for 2 h. Immunoreactivities of target protemsre detected by a gel imaging
system (Protein Simple, Santa Clara, CaliforniaAlJ@and were analysed by Image J
software. The primary antibodies used were polaloantibodies against Nrf2
(1:1000; Proteintech Biotech, Wuhan, China), #B-p65 (1:1000; Cell Signaling
Technology Co., Ltd, MN, USA), SERCA2 (1:1000; C8lgnaling Technology Co.,
Ltd, MN, USA), HO-1 (1:1000; Cell Signaling Techogly Co., Ltd, MN, USA) and
NQO1 (1:1000; Cell Signaling Technology Co., LtdNMUSA) . Protein expression
levels were normalised against levels of Lamin B1@00, Bioworld Technology, St.
Louis Park, MN, USA) or GAPDH (1:1000, Bioworld Tewlogy, St. Louis Park,
MN, USA), which were used as a loading control.
4.3. Satistical analysis

Results were expressed as mean + SD of thrependent experiments. One-way
ANOVA followed by Tukey’s post hoc test were usemt fnulti-group comparison
(GraphPad Prizm 5.0). Significant differences westblished at P < 0.05.
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Appendix A. Supplementary data

Copies of the NMR spectras for all compounds.
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Highlights

»  Sixteen coumarin-derived imino sulfonates were synthesized and characterized.
* Most compounds displayed potent cardioprotective activities with low
cytotoxicity.

» 5h attenuated the oxidative stress via promoting Nrf2 pathway in cardiomyocytes.



