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Abstract: Novel heme oxygenase-1 (HO-1) inducers based on dimethyl fumarate (DMF) structure
are reported in this paper. These compounds are obtained by modification of the DMF backbone.
Particularly, maintaining the «, 3-unsaturated dicarbonyl function as the central chain crucial for
HO-1 induction, different substituted or unsubstituted phenyl rings are introduced by means of
an ester or amide linkage. Symmetric and asymmetric derivatives are synthesized. All compounds are
tested on a human hepatic stellate cell line LX-2 to assay their capacity for modifying HO-1 expression.
Compounds 1b, 11 and 1m stand out for their potency as HO-1 inducers, being 2-3 fold more active
than DMEF, and for their ability to reverse reactive oxygen species (ROS) production mediated using
palmitic acid (PA). These properties, coupled with a low toxicity toward LX-2 cell lines, make these
compounds potentially useful for treatment of diseases in which HO-1 overexpression may counteract
inflammation, such as hepatic fibrosis. Docking studies show a correlation between predicted binding
free energy and experimental HO-1 expression data. These preliminary results may support the
development of new approaches in the management of liver fibrosis.

Keywords: heme oxygenase (HO); HO-1 inducers; dimethyl fumarate (DMF); LX-2 cells;
hepatic fibrosis

1. Introduction

Heme oxygenase (HO) is a microsomal enzyme which degrades heme in carbon monoxide (CO),
free iron (Fe?*), biliverdin (BV) and bilirubin (BL) [1]. To date, three isoforms have been described in
mammals (HO-1, HO-2, and HO-3). Considering these three isoforms, HO-1 is the most studied and it
is strongly inducible in response to a variety of stimuli. These stimuli include reactive oxygen species
(ROS), heat, hypoxia, its substrate heme, heavy metals, and cytokines [2]. Although it has been clearly
demonstrated that an increase in HO-1 catalytic activity and/or expression is associated with specific
serious pathologies, generally, HO-1 over-function is responsible for cytoprotection [3-5]. These last are
obtained by antioxidant, anti-inflammatory, anti-proliferative, and anti-apoptotic properties ascribed
directly or indirectly to the enzyme. Due to its multiple biological roles, pharmacologic modulation of
the HO-1 system may represent an effective and synergistic strategy to ameliorate several diseases [6].
Particularly, controlled upregulation of this protein may be helpful in all those pathologies with
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oxidative and/or inflammatory components (atherosclerosis, carcinogenesis, ischemia-reperfusion or
degenerative diseases, inflammatory processes) [7-12]. HO-1 expression is physiologically mostly
under the control of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Occurring at basal conditions,
Nrf2 is located in the cytoplasm, linked to the Kelch-like ECH-associated repressor protein 1 (Keap1) to
form the Keap1/Nrf2 inactive complex. After stressful or inflammatory stimuli, Nrf2 is released from
the Keap1/Nrf2 complex, migrates into the nucleus, and initiates transcriptions of cytoprotective genes,
including those for HO-1 production [13-16]. Nrf2/HO1 activation in response to oxidative stress has
been demonstrated as beneficial in a number of diseases. Some examples include protection against
lung injury in preterm newborns and lung fibrosis in adults, prevention of cardiovascular diseases
associated with aging and vascular oxidative stress, mitigation of chronic pain and its associated
comorbidities, and more [16-19].

Many natural, synthetic, and semi-synthetic molecules are described in literature as HO-1 inducers
and their beneficial potential is widely recognized [20-24]. Seen in many cases, their function depends
on interaction with the numerous cysteine residues present in the Keap1/Nrf2 complex. Indeed,
although HO-1 inducers are chemically heterogeneous, most of them possess reactive electrophilic
groups able to bind Keap1 cysteine residues, removing their repression role on Nrf2. They include
resveratrol, quercetin, curcumin, caffeic acid phenethyl ester, and other polyphenols among natural
compounds [25-27], and synthetic compounds such as dimethyl fumarate (DMF). DMF is an FDA
(Food and Drug Administration) approved drug used for the treatment of relapsing-remitting multiple
sclerosis (MS) and psoriasis. Its modulatory role of the Nrf2 cytoprotective pathway is well documented
and is associated with the expression of a wide plethora of genes, including those encoding HO-1 [28-31].

Lately, our research group has been involved in numerous projects regarding the development of
novel HO-1 modulators [32-38]. Regarding HO-1 induction, we recently described DMF derivatives
and their properties as lung antifibrotic agents [39]. Continuing chemical modification of the parent
DME, in this study we design and synthesize a new series of DMF derivatives with the aim of obtaining
more potent HO-1 inducers. We test all compounds in the human hepatic stellate cell (HSC)s line
LX-2 to assay their capacity to modify HO-1 expression. Proliferation of HSCs plays a pivotal role
in the progression of hepatic fibrosis consequent to chronic liver injury [40]. Several studies have
suggested that Nrf2 and its downstream antioxidant factor HO-1 may contribute to improvement of
liver fibrosis [41-43]. Anti-inflammatory effects obtained by an increase of HO-1 expression stimulated
by novel synthetic compounds may be viewed as a new strategy able to counteract hepatic fibrosis.
We also test LX-2 viability in the presence of all compounds using an MTT test to verify potential
cytotoxicity and the ability of the most interesting derivatives to prevent ROS production. Finally,
we perform a covalent docking approach to explore the covalent binding of these DMF derivatives to
Cys151 of Keapl, which destabilization, in turn, promotes Nrf2 translocation, finally promoting HO-1
expression [39]. Molecular Mechanics Generalized Surface Area (MM-GBSA) calculation explains the
differences in the experimentally observed activities.

2. Results and Discussions

2.1. Chemistry

The synthesis of derivatives 1a—o and 2a—c was achieved as reported in Schemes 1 and 2. Briefly,
compounds 1a—o were synthesized in good yields using the corresponding alcohol, phenol, or amine
derivatives as a starting material and treating them with fumaryl chloride dissolved in dry cyclohexane
or dichloromethane, at room temperature (Scheme 1).
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Scheme 1. Reagents and conditions: (a) TEA, cyclohexane, or dichloromethane, 0 °C, 15 min,
then 22 °C, 1 h.
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Scheme 2. Reagents and conditions: (a) SOCI,, dry THF, 90 °C, 4 h, then phenol, TEA, 0 °C, 15 min,
then 22 °C, 6 h; (b) (bromomethyl) or (bromoethyl)benzene, K,COj3, KI, acetone, 40 °C, 16 h.

The synthesis of 2a was accomplished by transforming (E)-4-methoxy-4-oxobut-2-enoic acid in the
correspondent acyl chloride upon treatment with thionyl chloride (SOCl,) and then adding phenol in
the presence of TEA and dry THF as a solvent to the obtained mixture (Scheme 2). Compounds 2b,c were
obtained by treating (E)-4-methoxy-4-oxobut-2-enoic acid with (bromomethyl) or (bromoethyl)benzene
in the presence of potassium carbonate (K,CO3), potassium iodide (KI), and using acetone as the solvent
(Scheme 2). The target products were characterized by IR, 'H-NMR, >*C-NMR spectra (Supporting
Information, Figures S1-58), and elemental analysis, and were consistent with the proposed structures.

2.2. Rational Design and Biological Evalution

During the twentieth century, scientists demonstrated a certain disbelief toward the design of drugs
acting through covalent interactions at the target. Major concerns were related to scarce selectivity and
probable idiosyncratic reactions [44]. Conversely, the latest FDA approval of drugs behaving as weak
electrophilic, e.g., dimethyl fumarate (DMF), ibrutinib, neratinib, and afatinib, cleared the way for the
development of a new generation of compounds capable of covalently binding cysteine at the target [45].
Among electrophilic drugs, DMF can be considered a convenient backbone for the design of compounds
increasing heme oxygenase inducer (HO-1) expression levels due to its mild electrophile nature [46].
Compounds 1a-o and 2a—c, hence, were designed and synthesized (Table 1). Accompanying the
aim of investigating the structure-activity relationships (SARs) of compounds 1a—o0 and 2a—c as HO-1
inducers, we measured the HO-1 expression by ELISA test in lysates of the human hepatic stellate
cell (HSC) line LX-2. DMF was used as a positive control. Many of the new derivatives are endowed
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with HO-1 inducing activity, showing potency comparable or better than DMF, especially at the lower
doses. Previously demonstrated [39], substituents at the 1- and 4—position of fumaric acid are essential
factors for ligand binding, by establishing extra non-covalent interactions with the target. Based on
this, we added phenyl rings, linked directly to the carboxylic moieties (compound 1a) or through
a short connecting chain (1-3 methylene units, compounds 1i-k). The same substitution pattern was
applied to asymmetrically functionalize one carboxylic acid residue of fumaric acid monomethyl ester
(compounds 2a—c). This last modification also was supported by the activity of monomethyl fumarate
as an HO-I inducer [30,47]. Among these compounds, 1a showed the most interesting levels of activity,
comparable or better than DMF. Considering that compound 1a displayed the highest activity as
an HO-1 inducer with respect to asymmetric 2a—c and homologues 1i-k, in a second step we decorated
the phenyl rings of 1a with substituents possessing different electronegativity, obtaining compounds
1b-h. Generally, electron-releasing groups gave the worst results (compounds 1f and 1g), whereas,
with the exception of CF3, the presence of an electron-withdrawing group such as 4-Cl, 4-I and 2-COOH
(compounds 1b, 1c and 1h) increased the potency as an HO-1 inducer; particularly noteworthy was
the 4-Cl derivate 1b. Finally, with the aim of further study of the SARs of our compounds, the ester
function was substituted with an amide residue (compounds 11-o0). This substitution highly improved
the potency, with 11 and 1m together with 1b being the most potent compounds of the whole series.
However, while compounds 1b and 11 showed a progressive increase in activity, compound 1m showed
a peak in activity at 5 uM (14.15 fold induction) and a slight reduction at 10 uM (13.76 fold induction).
Cytotoxicity was tested using an MTT assay performed in the same cell line. Almost all compounds
can be considered as safe as DMF in LX-2. However, it should be noticed that compounds 1c, 1g,
1i and 1m influenced, to a certain, extent the viability of LX-2 cells (ICsy values 20.8, 22.3, 17.7 and
18.6 uM, respectively).

Table 1. heme oxygenase inducers (HO-1) amount determined by ELISA for compounds 1a—o and
2a—c in LX-2 cells lysate.

Fold Induction ! (ELISA)

Compound MTT ICsy (uM)
1uM 5 uM 10 uM

1a 6.65 +0.15 7.93 +0.18 8.16 £ 0.32 >50
1b 8.81 +0.20 8.19 £ 0.21 11.74 £ 041 >50
1c 6.02 +£0.13 7.70 £ 0.19 8.13 £ 0.23 208 +1.5
1d (-0.95) £ 0.02 1.40 + 0.03 0.68 +0.02 >50
le 3.68 £0.21 522 +0.11 6.50 +0.17 >50
1f 1.82 + 0.09 394 +0.13 3.76 = 0.15 >50
1g 0.30 = 0.01 0.76 = 0.02 0.90 + 0.06 223+1.8
1h 6.37 £ 0.22 7.45 +0.21 9.95+0.19 >50
1i 3.40+0.18 5.86 +0.19 7.34 +£0.28 17.7 £1.3
1j 2.29 +0.10 591 +0.17 8.47 + 0.33 >50
1k 2.26 +0.09 598 +0.16 9.55 +0.27 >50
11 6.90 £ 0.14 9.74 £ 0.25 10.19 £ 0.29 >50
1m 7.46 +0.16 14.15 + 0.34 13.76 + 0.35 18.6 +14
In 5.82 +0.12 7.52 +0.21 8.40 + 0.38 >50
1o 4.85+0.13 6.93 +£0.23 6.30 £ 0.21 >50
2a (-2.26) + 0.08 (-2.15) + 0.04 (-2.25) £ 0.02 >50
2b (-1.61) = 0.06 (—0007) + 0.001 (0.28) + 0.01 >50
2¢ (-0.88) = 0.02 (—=0.60) + 0.01 (=0.11) £ 0.01 >50

DMF 2.78 +0.09 7.63 +0.31 8.3+0.23 >50

I Data are shown as fold induction at values in uM # standard deviation (SD). Values are the mean of
triplicate experiments.

Concerning the most interesting compounds, 1b, 11 and 1m, we tested their ability for reactive
oxygen species (ROS) production mediated by palmitic acid (PA). The obtained results showed that
PA increased ROS production; however, 1b, 11, Im and DMF co-treatment significantly reversed the
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effect mediated by PA, as reported in Figure 1. The compounds alone did not significantly increase the
release in ROS (data not shown).
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Reactive Oxygen Species
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Figure 1. Determination of reactive oxygen species (ROS) using DCFH-DA in LX-2 cells in the presence
of palmitic acid (PA), and PA in co-treatment with 1b, 11, Im and dimethyl fumarate (DMF). * p < 0.05
vs. control; ** p < 0.05 vs. PA.

Hepatic fibrosis is characterized by the excessive accumulation of an extracellular matrix, primarily
collagen, within the liver. Previously mentioned, the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
pathway, along with HO-1 overexpression, is associated with the induction of the most pivotal
endogenous antioxidative system; its activation is able to suppress hepatic steatosis and mitigate liver
fibrosis, principally through inhibition of oxidative stress and HO-1 mediated human hepatic stellate
cell (HSCs) ferroptosis [48-51]. Therefore, on this basis, the newly identified potent HO-1 inducers
seem to be promising for further studies as liver antifibrotic agents.

2.3. Computational Studies

To further explore the ability of these compounds to activate the upstream nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) pathway and, in turn, heme oxygenase inducer (HO-1) expression,
we performed in silico studies. We carried out a covalent docking calculation of this new series
of dimethyl fumarate (DMF) derivatives, predicting the covalent binding (Michael Addition) of
compounds at Cys151 of the Kelch-like ECH-associated repressor protein 1 (Keap1), to correlate the
HO-1 fold induction with predicted AGpinding (MM-GBSA rescoring). This computational approach
has been previously studied [39]. Experimental HO-1-fold regulation correlated (R? = 0.586) with
predicted AGpinding (Figure 2A). This result strengthens the previously published data about the
design of anti-oxidant compounds, based on covalent docking at a key Cys151 residue of Keap1 [39].
Destabilization of the Keapl dimer led to Nrf2 translocation, then to promotion of expression of the
anti-oxidant machinery proteins, such as HO-1. The predicted MM-GBSA AGpinding correlated with
the binding free energy component related to the Van der Waal non-covalent interaction (Figure 2B).
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Figure 2. Results of computational studies. (A) Correlation of experimental results with predicted
binding free energy; (B) correlation of predicted binding free energy versus Van der Waal component;
(C) pose of compound 1b at Kelch-like ECH-associated repressor protein 1 (Keapl); (D) pose of
compound 1m at Keapl.

Compared to DME, the two hit HO-1 inducers 1b (Figure 2C) and 1m (Figure 2D) showed the
best predicted binding free energy due to favorable Van der Waal and hydrophobic interactions
(Figure 2 more negative AGpinding, and components of predicted binding free energy components
dGVdW and dGlipo)'

3. Materials and Methods

3.1. Chemistry

Reactions were followed by thin layer chromatography (TLC) performed on Sigma-Aldrich silica
plates (60 F254), using UV light (254 nm and 366 nm) for visualization, and developed using I2 chamber.
Merck silica gel 60, 0.040-0.063 mm (230-400 mesh) was used for flash chromatographic purification on
glass columns. Melting points were assigned using an IA9200 Electrothermal apparatus furnished with
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a digital thermometer in capillary glass tubes and were uncorrected. Infrared spectra (IR) were recorded
on a spectrometer in KBr disks or NaCl crystal windows. 'H and '3C NMR spectra were recorded on
a 200 or 500 MHz spectrometer in DMSO-dg solution. Chemical shifts were given in 6 values (ppm),
using tetramethylsilane (TMS) as the internal standard; coupling constants (J) were given in Hz. Signal
multiplicities were characterized as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), or br
(broad). Elemental analyses for C, H, N, and O were within +0.4% of theoretical values and were
accomplished through a Carlo Erba Elemental Analyzer Mod. 1108 apparatus. Reagents, solvents,
and starting materials were acquired from commercial suppliers.

3.2. General Procedure for the Synthesis of (2E)-2-Butenedioic Acid Derivatives (1a—k)

Fumaryl chloride (1.5 mmol) dissolved in 4 mL of dry cyclohexane was slowly added to
an ice-cooled solution of the suitable alcohol (3 mmol) and TEA (3 mmol) in 16 mL of dry cyclohexane.
The addition was completed in about 15 min, then the reaction slurry was stirred at 22 °C for 2 h.
After this time, 200 mL of EtOAc was added to the mixture and the organic phase was washed with HCI]
0.1 N (2 x 150 mL), a solution of NapCO3 5% (2 x 150 mL), and brine (1 X 150 mL). The organic layer was
dried over anhydrous NaySOy, filtered, and evaporated. The obtained crudes were purified by flash
chromatography or recrystallization. The suitable purification process and chemical characterization
of derivatives 1la-k are given below.

3.2.1. (2E)-2-Butenedioic acid, 1,4-diphenyl ester (1a)

The crude material was purified by flash chromatography using cyclohexane/ethyl acetate (6:4)
as an eluant to present the title compound as a white solid (65%): mp 164-165 °C; IR (KBr) cm™!
1735, 1588, 1307, 1260, 1158, 1149, 970, 761, 730; 'H NMR (200 MHz, DMSO-d) 5 7.51-7.46 (m, 4H,
aromatic), 7.35-7.31 (m, 2H, aromatic), 7.28-7.24 (m, 4H, aromatic), 7.19 (s, 2H, COCH=CHCO).
Analysis calculated for C14H1p04: C, 71.64; H, 4.51, found: C, 71.84; H, 4.45.

3.2.2. (2E)-2-Butenedioic acid, 1,4-bis(4-chlorophenyl) ester (1b)

The crude material was recrystallized from EtOH to present the title compound as a white solid
(53%): mp 178-179 °C; IR (KBr) cm™! 1742, 1488, 1294, 1200, 1137, 1091, 974, 720; 'H NMR (500 MHz,
DMSO-dg) 6 7.56-7.52 (m, 4H, aromatic), 7.33-7.30 (m, 4H, aromatic), 7.19 (s, 2H, COCH=CHCO);
13C NMR (125 MHz, DMSO-d6): & 162.75, 148.77, 133.81, 130.46, 129.55, 123.55. Analysis calculated for
C16H10C12041 C, 57.00,‘ H, 2.99, found: C, 57.25,‘ H, 3.01.

3.2.3. (2E)-2-Butenedioic acid, 1,4-bis(4-iodophenyl) ester (1c)

The crude material was recrystallized from EtOH to present the title compound as a white solid
(39%): mp 266-267 °C; IR (KBr) cm~! 1732, 1477, 1304, 1196, 1143, 1007, 844, 783; 'H NMR (500 MHz,
DMSO-dg) 6 7.83-7.80 (m, 4H, aromatic), 7.17 (s, 2H, COCH=CHCO), 7.12-7.08 (m, 4H, aromatic);
13C NMR (125 MHz, DMSO-dy) & 162.67, 149.89, 138.38, 133.82, 124.13, 91.20. Analysis calculated for
C16H1012043 C, 36.95,’ H, 1.94, found: C, 37.31,’ H, 1.91.

3.2.4. (2E)-2-Butenedioic acid, 1,4-bis(4-trifluoromethyphenyl) ester (1d)

The crude material was purified by flash chromatography using cyclohexane/ethyl acetate (9:1) as
an eluant to present the title compound as a white solid (44%): mp 122-123 °C; IR (KBr) cm~! 1743,
1322,1291, 1199, 1171, 1134, 1103, 1062, 873, 784; 'H NMR (200 MHz, DMSO-d) & 7.94-7.78 (m, 4H,
aromatic), 7.62-7.40 (m, 4H, aromatic), 7.25 (s, 2H, COCH=CHCO). Anal. calcd. for CigH19FsO4:
C, 53.48; H, 2.49, found: C, 53.31; H, 2.39.
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3.2.5. (2E)-2-Butenedioic acid, 1,4-bis(4-cyanophenyl) ester (1e)

The crude material was recrystallized from EtOH to present the title compound as a white solid
(57%): mp 230-232 °C; IR (KBr) em~! 1735, 1504, 1212, 1172, 1189, 860, 744; 'H NMR (200 MHz,
DMSO-dg) 6 8.04-7.95 (m, 4H, aromatic), 7.58-7.41 (m, 4H, aromatic), 7.24 (s, 2H, COCH=CHCO).
Anal. calcd. for CigH19N,O4: C, 67.93; H, 3.17, found: C, 67.71; H, 3.21.

3.2.6. (2E)-2-Butenedioic acid, 1,4-bis 4-methylphenyl) ester (1f)

The crude material was recrystallized from EtOH to present the title compound as a white
solid (27%): mp 160-161 °C; IR (KBr) cm~! 1739, 1504, 1288, 1188, 1162, 1137, 1102, 991, 811, 764;
'H NMR (200 MHz, DMSO-dg) § 7.33-7.21 (m, 4H, aromatic), 7.19-7.11 (m, 4H, aromatic), 7.10 (s, 2H,
COCH=CHCO), 2.33 (s, 6H, CH3). Anal. caled. for C;gH1404: C, 72.96; H, 5.44, found: C, 73.04;
H, 5.29.

3.2.7. (2E)-2-Butenedioic acid, 1,4-bis(4-methoxyphenyl) ester (1g)

The crude material was recrystallized from EtOH to present the title compound as a white
solid (59%): mp 180-181 °C; IR (KBr) cm~! 1741, 1507, 1458, 1286, 1248, 1191, 1129, 1026, 953, 781;
'H NMR (200 MHz, DMSO-dg) § 7.22-7.18 (m, 4H, aromatic), 7.05-6.99 (m, 4H, aromatic), 6.98 (s, 2H,
COCH=CHCO), 3.77 (s, 6H, CH30O). Anal. calcd. for C1gH1504: C, 65.85; H, 4.91, found: C, 65.94;
H, 4.99.

3.2.8. (2E)-2-Butenedioic acid, 1,4-bis(2-carboxyphenyl) ester (1h)

The crude material was recrystallized from EtOH to present the title compound as a white solid
(67%): mp 193-194 °C; IR (KBr) cm™! 1741, 1697, 1303, 1203, 1136, 1084, 891, 763; 'H NMR (200 MHz,
DMSO-dg) 6 8.02-7.97 (m, 2H, aromatic), 7.78-7.64 (m, 2H, aromatic), 7.52-7.29 (m, 4H, aromatic), 7.19
(s, 2H, COCH=CHCO). Anal. calcd. for C1gH1,0g: C, 60.68; H, 3.40, found: C, 60.49; H, 3.37.

3.2.9. (2E)-2-Butenedioic acid, 1,4-bis(phenylmethyl) ester (1i)

The crude material was recrystallized from EtOH to present the title compound as a white solid
(67%): mp 59-61 °C; IR (KBr) cm~! 3032, 1708, 1457, 1380, 1292, 1149, 1005, 965, 754; 'H NMR (500 MHz,
DMSO-dg) 6 7.43-7.32 (m, 10H, aromatic), 6.86 (s, 2H, COCH=CHCO), 5.23 (s, 4H, CH,0); 13C NMR
(125 MHz, DMSO-dg) 6 164.11, 135.48, 133.27, 128.45, 128.21, 66.50. Anal. calcd. for C1gH1404: C, 72.96;
H, 5.44, found: C, 72.74; H, 5.45.

3.2.10. (2E)-2-Butenedioic acid, 1,4-bis(phenylethyl) ester (1j)

The crude material was recrystallized from EtOH to present the title compound as an off white
solid (60%): mp 77-79 °C; IR (KBr) cm~! 3080, 2941, 1715, 1638, 1499, 1474, 1253, 1162, 982, 755; 'H NMR
(500 MHz, DMSO-dg) 6 7.35-7.17 (m, 10H, aromatic), 6.67 (s, 2H, COCH=CHCO), 4.36 (t, 4H, ] = 6.8 Hz,
OCH,CHy), 2.94 (t, 4H, ] = 6.8 Hz, OCH,CH,); 1*C NMR (125 MHz, DMSO-ds) 164.08, 137.70, 133.07,
128.81, 128.33, 126.40, 65.44, 34.08. Anal. calcd. for CooHyoO4: C, 74.06; H, 6.22. Found: 74.33; H 6.20.

3.2.11. (2E)-2-Butenedioic acid, 1,4-bis(phenylpropyl) ester (1k)

The obtained residue was purified using a Biotage® chromatographic system with Biotage® SNAP
KP-5il flash chromatography cartridges using cyclohexane/ethyl acetate (9.5:0.5) as an eluant to present
the title compound as a sticky colorless oil (65%): IR (KBr) em~1 1738, 1590, 1317, 1265, 1160, 1152, 980,
769, 730; 'H NMR (200 MHz, DMSO-dg) § 7.34-7.13 (m, 10H, aromatic), 6.74 (s, 2H, COCH=CHCO),
4.16 (t,4H, ] = 6.6 Hz, OCH,), 2.68 (t, 4H, ] = 7.8 Hz, PhCH,), 1.95 (m, 4H, CH,CH,CH,). Anal. calcd.
for CooH»404: C,74.98; H, 6.86, found: C, 74.84; H, 6.75.
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3.3. General Procedure for the Synthesis of (E)-N, N'-Diphenylalkyl-Butenediamide Derivatives (11-o0)

Fumaryl chloride (2 mmol) dissolved in 2 mL of dry dichloromethane was slowly added to an
ice-cooled suspension of the suitable amine (4 mmol) and TEA (4 mmol) in 4 mL of dry dichloromethane.
The addition was completed in about 15 min, then the reaction slurry was stirred at 22 °C, for 1 h.
After this time, the precipitate was filtered under a vacuum and triturated with HC1 0.5 N (10 mL),
NaHCOj3 5% (10 mL) and deionized water (10 mL). The obtained solids were recrystallized from
ethanol. Suitable chemical characterization of derivatives 11-o is given below.

3.3.1. (E)-N, N’-Diphenyl-2-butenediamide (11)

Whitish solid (26%): mp 332-333 °C; IR (KBr) cm™! 3305, 1652, 1598, 1540, 1443, 1339, 1159,
960, 757, 745; 'TH NMR (200 MHz, DMSO-d,) 6 10.56 (s, 2H, NH), 7.71 (d, 4H, ] = 7.6 Hz, aromatic),
7.36 (t, ] = 7.4 Hz, 4H, aromatic), 7.21 (s, 2H, COCH=CHCO), 7.11 (t, ] = 7.6 Hz, 2H, aromatic).
Anal. calcd. for C1H14N>O5: C, 74.98; H, 6.86; N, 10.52, found: C, 74.88; H, 6.84; N, 10.53.

3.3.2. (E)-N, N’-Diphenylmethyl-2-butenediamide (1m)

White solid (65%): mp dec.; IR (KBr) cm~! 3282, 3085, 1630, 1561, 1493, 1454, 1433, 1338, 1242, 1191,
1081, 1035, 988, 695; 'H NMR (500 MHz, DMSO-d¢) § 8.91 (t, ] = 5.0 Hz, 2H, NH), 7.33 (t, ] = 7.5 Hz,
4H, aromatic), 7.27-7.23 (m, 6H, aromatic), 6.93 (s, 2H, COCH=CHCO), 4.38 (d, ] = 6.0 Hz, 4H, PhCH),);
13C NMR (125 MHz, DMSO-dg) 163.69, 138.92, 132.77, 128.33, 127.28, 126.89, 42.32. Anal. calcd.
for C1gH18N»O»: C, 73.45; H, 6.16; N, 9.52, found: C, 73.38; H, 6.15; N, 9.54.

3.3.3. (E)-N, N’-Diphenylethyl-2-butenediamide (1n)

White solid (60%): mp 274-275 °C; IR (KBr) cm™! 3290, 1618, 1551, 1343, 1188, 994, 736, 700;
H NMR (500 MHz, DMSO-d¢) & 8.47 (t, ] = 5.5 Hz, 2H, NH), 7.31-7.28 (m, 4H, aromatic), 7.22-7.19
(m, 6H, aromatic), 6.79 (s, 2H, COCH=CHCO), 3.38 (m, 4H, NHCH,), 2.75 (t, ] = 7.5 Hz, 4H, PhCH,);
13C NMR (125 MHz, DMSO-dg) b 163.65, 139.25, 132.52, 128.59, 128.29, 126.10, 40.36, 34.84. Anal. calcd.
for CooH2oN»O»: C, 74.51; H, 6.88; N, 8.69, found: C, 74.33; H, 6.87; N, 8.71.

3.3.4. (E)-N, N’-Diphenylpropyl-2-butenediamide (10)

White solid (69%): mp 233-235 °C; IR (KBr) cm™! 3285, 1628, 1564, 1451, 1340, 1200, 985, 715,
696; 'TH NMR (200 MHz, DMSO-dg) & 8.44 (s, 2H, NH), 7.32-7.19 (m, 10H, aromatic), 8.84 (s, 2H,
COCH=CHCO), 3.18-3.14 (m, 4H, NHCH,), 2.60 (t, ] = 7.6 Hz, 4H, PhCH5), 1.73 (m, 4H, CH,CH,CH,).
Anal. calcd. for CooHyN>O,: C,75.40; H, 7.48; N, 7.99, found: C, 75.28; H, 7.47; N, 8.00.

3.4. Synthesis of (2E)-2-Butenedioic Acid, Methyl Phenyl Ester (2a)

(2E)-2-Butenedioic acid 1-methyl ester (2 mmol) was dissolved in 4 mL of dry THF and 2 mmol
of SOCl, was slowly added. The reaction was heated to 90 °C under magnetic stirring for 4 h.
After this time, the mixture was ice-cooled to 0 °C and 2 mmol of phenol and 2 mmol of TEA was
added. The obtained suspension was stirred for 6 h at room temperature, then diluted with 100 mL
of EtOAc and washed with HC1 0.1 N (2 X 75 mL), a solution of Na,CO3 5% (2 X 75 mL), and brine
(1 x 750 mL). The organic layer was dried over anhydrous Na;SOy, filtered, and evaporated. The crude
was purified by flash chromatography using cyclohexane/ethyl acetate (9:1) as an eluant to present the
title compound as a white solid (65%): mp 54-55 °C; IR (KBr) cm~! 1736, 1718, 1311, 1259, 1178, 1161,
952, 755; 'H NMR (200 MHz, DMSO-dg) § 7.50~7.20 (m, 5H, aromatic), 6.99 (s, 2H, COCH=CHCO),
3.79 (s, 3H, CHj3). Anal. calcd. for C11H10O4: C, 64.08; H, 4.89, found: C, 64.17; H, 4.84.

3.5. General Procedure for the Synthesis of (2E)-2-Butenedioic Acid Derivatives 2b and 2c

(2E)-2-Butenedioic acid 1-methyl ester (1 mmol) was dissolved in 10 mL of acetone and 3 mmol of
the (bromomethyl) or (bromoethyl)benzene (for the synthesis of 2b or 2¢, respectively), 1.2 mmol of
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K,CO;3, and a catalytic amount of KI were added. The reaction was heated to 40 °C under magnetic
stirring for 16 h. After this time, the mixture was filtered and concentrated under reduced pressure.
The crude was purified by flash chromatography using cyclohexane/ethyl acetate (9:1) as an eluant to
provide the desired final compounds 2b and 2c.

3.5.1. (2E)-2-Butenedioic acid, methyl phenylmethyl ester (2b)

The title compound presented as a white solid (65%): mp 50-51 °C; IR (KBr) cm~! 1718, 1301,
1215, 1156, 981, 755, 700; 'H NMR (200 MHz, DMSO-d,) & 7.45-7.37 (m, 5H, aromatic), 6.83 (s, 2H,
COCH=CHCO), 5.24 (s, 2H, CH,), 3.75 (s, 3H, CH3). Anal. calcd. for C1,H1,O4: C, 65.45; H, 5.49,
found: C, 65.29; H, 5.40.

3.5.2. (2E)-2-Butenedioic acid, methyl phenylethyl ester (2c)

The title compound presented as a white solid (25%): mp 4445 °C; IR (KBr) cm™! 1722, 1303,
1154, 1007, 983, 756; 'H NMR (200 MHz, DMSO-dg) 6 7.38-7.18 (m, 5H, aromatic), 6.73 (s, 2H,
COCH=CHCO), 4.37 (s, ] = 6.8 Hz, 2H, OCH;), 3.74 (s, 3H, CH3), 2.95 (t, ] = 6.8 Hz, 2H, CH,Ph).
Anal. calcd. for C13H1404: C, 64.66; H, 6.02, found: C, 66.87; H, 6.11.

3.6. Biology

3.6.1. Cell Culture of LX2 Cells

LX 2 cell lines were bought from American Type Culture Collection (Rockville, MD, USA).
Upon defrosting, the cells were seeded in 6-well plates and maintained in a medium DMEM low
glucose supplemented with 10% FBS and a 1% Penicillin and Streptomycin solution. The obtained
cell cultures were left at 37 °C in an incubator with 5% CO;, and the culture medium was changed
after 3 or 4 days. Sub-confluent cells were treated over a period of 24 h using various concentrations
(1, 5,10 uM) of compounds 1a-o, 2a—c, and dimethyl fumarate (DMF) previously dissolved in DMSO.
Control groups were treated with only DMSO.

3.6.2. ELISA Heme Oxygenase Inducer (HO-1) Measurements

The commercially available ELISA kit (ADI-EKS-800, Enzo Life Sci) was used to measure heme
oxygenase inducer (HO-1) protein concentration in LX2 cellular lysates. The test was performed in
agreement with the protocol reported by the manufacturer. Absorbance at A = 450 nm was measured
and the concentration of HO-1 was calculated from a standard curve previously created using purified
HO-1 protein. Results were expressed as folds of change compared to the control group. Individual
measurement was performed in triplicate and data were reported as averages.

3.6.3. MTT Assay

An MTT assay was performed to monitor cell viability, measuring the conversion of tetrazolium
salt to yield colored formazan, the amount of which was proportional to the number of living cells.
Regarding this assay, LX2 cells were seeded at a concentration of 2 x 10° cells per well, in a 96-multiwell
flat-bottomed 200 puL microplate. The optical density of each well was measured with a microplate
spectrophotometer reader (Synergy HT, BioTek) at A = 570 nm.

3.6.4. Reactive Oxygen Species (ROS) Assay

Determination of the reactive oxygen species (ROS) was performed using a fluorescent probe
2’,7'-dichlorofluorescein diacetate (DCFH-DA). The fluorescence (corresponding to the oxidized radical
species 2’,7’-dichlorofluorescein, DCF) was monitored spectrofluorometrically (excitation, A = 488 nm;
emission, A = 525 nm). Results were reported as fluorescence intensity. Concerning the experiments,
the cells were seeded in 96-well plates at a density of 1 x 10* cells per well. Then, the cells were treated
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for 24 h with DMEM containing a no cytotoxic concentration of palmitic acid (PA) 300 uM in the
presence or absence of compound 1b, 11, Im and dimethyl fumarate (DMF) (5 uM).

3.7. Computational Study

The computational approach hereby used, paralleled the same methods (covalent docking Michael
Addition, MM-GBSA calculation) already carried out in our previous paper [39], using a different
compound dataset (Table 1). Predictions were carried out within the Schrodinger Maestro® suite. Plots
were built by means of GraphPad Prism.

4. Conclusions

The present study accounts for the identification of dimethyl fumarate (DMF) analogs as heme
oxygenase (HO-1) inducers. Modification of the DMF skeleton by adding phenyl groups differently
adorned and spaced, and/or an amide function, was an effective approach to the design of potent HO-1
inducers. Derivatives 1b, 11 and 1m, devoid of cytotoxic activity, were able to induce HO-1 expression
at high levels and more effectively than the parent DMF. Compound 1m showed a marked increase in
HO-1 activity (a more than 7 and 14 times fold induction at 1 and 5 pM, respectively), in LX-2 cells.
Additionally, compounds 1b, 11, 1m, and DMF reduced the reactive oxygen species (ROS) production
induced by palmitic acid (PA) treatment. Demonstrated by in silico studies, and in accordance with
earlier studies, these compounds seemed to be able to activate nuclear factor (erythroid-derived 2)-like
2 (Nrf2) and, in turn, HO-1 expression. To our knowledge, this is the first time DMF analogs have
been reported as potent inducers of HO-1 expression in the liver cell line. These preliminary results
may support the development of new approaches in the management of liver fibrosis. Further in vivo
studies are necessary to confirm this hypothesis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/24/
9541/s1.

Author Contributions: V.P,, L.S. and V.S. conceived the research and designed the experiments; V.P. synthesized,
purified, and characterized all compounds; C.B.M.P. performed docking calculations; V.S. and L.V. performed
LX-2 cells experiments; L.V. and V.P. analyzed the data; L.S. contributed reagents, materials, and analysis tools;
L.S., VPP, VS, C.B. and K.G. wrote and revised the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was founded by (1) University of Catania, Programma Ricerca di Ateneo UNICT 2020-2022
linea 2, project number 57722172126; (2) Project authorized by the Ministry of Health (Directorate General for
Animal Health and Veterinary Medicines) “Dosing of enzymatic activities in rat microsomes” (2018-2022) (project
code 02769.N.VLY).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Yoshida, T.; Migita, C.T. Mechanism of heme degradation by heme oxygenase. ]. Inorg. Bochem. 2000,
82,33-41. [CrossRef]

2. Maines, M.D. The heme oxygenase system: Past, present, and future. Antioxid. Redox Signal. 2004, 6, 797-801.
[PubMed]

3. Gozzelino, R,; Jeney, V., Soares, M.P. Mechanisms of cell protection by heme oxygenase-1.
Annu. Rev. Pharmacol. Toxicol. 2010, 50, 323-354. [CrossRef] [PubMed]

4. Duvigneau, ].C.; Esterbauer, H.; Kozlov, A.V. Role of Heme Oxygenase as a Modulator of Heme-Mediated
Pathways. Antioxidants 2019, 8, 475. [CrossRef] [PubMed]

5. Podkalicka, P.; Mucha, O.; Jozkowicz, A.; Dulak, ].; Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.;
Jozef Dulak, A. Heme oxygenase inhibition in cancers: Possible tools and targets. Contemp. Oncol. 2018,
22,23-32. [CrossRef] [PubMed]

6. Waza, A.A,; Hamid, Z.; Ali, S.; Bhat, S.A.; Bhat, M.A. A review on heme oxygenase-1 induction: Is it
a necessary evil. Inflamm. Res. 2018, 67, 579-588. [CrossRef]


http://www.mdpi.com/1422-0067/21/24/9541/s1
http://www.mdpi.com/1422-0067/21/24/9541/s1
http://dx.doi.org/10.1016/S0162-0134(00)00156-2
http://www.ncbi.nlm.nih.gov/pubmed/15345138
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105600
http://www.ncbi.nlm.nih.gov/pubmed/20055707
http://dx.doi.org/10.3390/antiox8100475
http://www.ncbi.nlm.nih.gov/pubmed/31614577
http://dx.doi.org/10.5114/wo.2018.73879
http://www.ncbi.nlm.nih.gov/pubmed/29628790
http://dx.doi.org/10.1007/s00011-018-1151-x

Int. ]. Mol. Sci. 2020, 21, 9541 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ayer, A.; Zarjou, A.; Agarwal, A.; Stocker, R. Heme Oxygenases in Cardiovascular Health and Disease.
Physiol. Rev. 2016, 96, 1449-1508. [CrossRef]

Bereczki, D., Jr.; Balla, J.; Bereczki, D. Heme Oxygenase-1: Clinical Relevance in Ischemic Stroke.
Curr. Pharm. Des. 2018, 24, 2229-2235. [CrossRef]

Haines, D.D.; Trushin, M.V,; Rose, S.; Bernard, 1. A.S.; Mahmoud, EF. Parkinson’s Disease: Alpha Synuclein,
Heme Oxygenase and Biotherapeutic Countermeasures. Curr. Pharm. Des. 2018, 24, 2317-2321. [CrossRef]
Li, S.; Fujino, M.; Takahara, T.; Li, X.K. Protective role of heme oxygenase-1 in fatty liver ischemia-reperfusion
injury. Med. Mol. Morphol. 2019, 52, 61-72. [CrossRef]

Khan, A.; Ali, T.; Rehman, S.U.; Khan, M.S.; Alam, S.I.; Ikram, M.; Muhammad, T.; Saeed, K.; Badshah, H.;
Kim, M.O. Neuroprotective Effect of Quercetin Against the Detrimental Effects of LPS in the Adult Mouse
Brain. Front. Pharm. 2018, 9, 1383. [CrossRef] [PubMed]

Khan, A.; Ikram, M.; Muhammad, T.; Park, J.; Kim, M.O. Caffeine Modulates Cadmium-Induced Oxidative
Stress, Neuroinflammation, and Cognitive Impairments by Regulating Nrf-2/HO-1 In Vivo and In Vitro.
J. Clin. Med. 2019, 8, 680. [CrossRef] [PubMed]

Ndisang, J.E. Synergistic Interaction between Heme Oxygenase (HO) and Nuclear-Factor E2-Related Factor-2
(Nrf2) against Oxidative Stress in Cardiovascular Related Diseases. Curr. Pharm. Des. 2017, 23, 1465-1470.
[CrossRef] [PubMed]

Chen-Roetling, J.; Regan, R.F. Targeting the Nrf2-Heme Oxygenase-1 Axis after Intracerebral Hemorrhage.
Curr. Pharm. Des. 2017, 23, 2226-2237. [CrossRef]

Battino, M.; Giampieri, E; Pistollato, F.; Sureda, A.; de Oliveira, M.R.; Pittala, V.; Fallarino, F.; Nabavi, S.F,;
Atanasov, A.G.; Nabavi, SM. Nrf2 as regulator of innate immunity: A molecular Swiss army knife!
Biotechnol. Adv. 2018, 36, 358-370. [CrossRef]

Amata, E.; Pittala, V.; Marrazzo, A.; Parenti, C.; Prezzavento, O.; Arena, E.; Nabavi, S.M.; Salerno, L. Role of
the Nrf2/HO-1 axis in bronchopulmonary dysplasia and hyperoxic lung injuries. Clin. Sci. 2017, 131,
1701-1712. [CrossRef]

Ungvari, Z.; Bailey-Downs, L.; Sosnowska, D.; Gautam, T.; Koncz, P.; Losonczy, G.; Ballabh, P.; de Cabo, R;
Sonntag, W.E.; Csiszar, A. Vascular oxidative stress in aging: A homeostatic failure due to dysregulation of
NRF2-mediated antioxidant response. Am. J. Physiol. Heart C 2011, 301, H363-H372. [CrossRef]

Pol, O. The role of carbon monoxide, heme oxygenase 1, and the Nrf2 transcription factor in the modulation
of chronic pain and their interactions with opioids and cannabinoids. Med. Res. Rev. 2020. [CrossRef]
Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development,
oxidative stress response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016,
73,3221-3247. [CrossRef]

Funes, S.C.; Rios, M.; Fernandez-Fierro, A.; Covian, C.; Bueno, S.M.; Riedel, C.A.; Mackern-Oberti, J.P,;
Kalergis, A.M. Naturally Derived Heme-Oxygenase 1 Inducers and Their Therapeutic Application to
Immune-Mediated Diseases. Front. Immunol. 2020, 11, 1467. [CrossRef] [PubMed]

Townson, J.L.; Macdonald, 1.C.; Liby, K.T.; Mackenzie, L.; Dales, D.W.; Hedley, B.D.; Foster, PJ.; Sporn, M.B.;
Chambers, A.F. The synthetic triterpenoid CDDO-Imidazolide suppresses experimental liver metastasis.
Clin. Exp. Metastasis 2011, 28, 309-317. [CrossRef] [PubMed]

Carota, G.; Raffaele, M.; Sorrenti, V.; Salerno, L.; Pittala, V.; Intagliata, S. Ginseng and heme oxygenase-1:
The link between an old herb and a new protective system. Fitoterapia 2019, 139, 104370. [CrossRef] [PubMed]
Yeung, A.WK.; Aggarwal, B.B.; Barreca, D.; Battino, M.; Belwal, T.; Horbanczuk, O.K.; Berindan-Neagoe, I.;
Bishayee, A.; Daglia, M.; Devkota, H.P; et al. Dietary natural products and their potential to influence health
and disease including animal model studies. Anim. Sci. Pap. Rep. 2018, 36, 345-358.

Li, H.; Sureda, A.; Devkota, H.P,; Pittala, V.; Barreca, D.; Silva, A.S.; Tewari, D.; Xu, S.; Nabavi, S.M. Curcumin,
the golden spice in treating cardiovascular diseases. Biotechnol. Adv. 2020, 38, 107343. [CrossRef]
Scapagnini, G.; Foresti, R.; Calabrese, V.; Giuffrida Stella, A.M.; Green, C.J.; Motterlini, R. Caffeic acid
phenethyl ester and curcumin: A novel class of heme oxygenase-1 inducers. Mol. Pharmacol. 2002,
61, 554-561. [CrossRef]

Kim, C.S.; Choi, H.S,; Joe, Y.; Chung, H.T,; Yu, R. Induction of heme oxygenase-1 with dietary quercetin
reduces obesity-induced hepatic inflammation through macrophage phenotype switching. Nutr. Res. Pract.
2016, 10, 623-628. [CrossRef]


http://dx.doi.org/10.1152/physrev.00003.2016
http://dx.doi.org/10.2174/1381612824666180717101104
http://dx.doi.org/10.2174/1381612824666180717161338
http://dx.doi.org/10.1007/s00795-018-0205-z
http://dx.doi.org/10.3389/fphar.2018.01383
http://www.ncbi.nlm.nih.gov/pubmed/30618732
http://dx.doi.org/10.3390/jcm8050680
http://www.ncbi.nlm.nih.gov/pubmed/31091792
http://dx.doi.org/10.2174/1381612823666170113153818
http://www.ncbi.nlm.nih.gov/pubmed/28088909
http://dx.doi.org/10.2174/1381612822666161027150616
http://dx.doi.org/10.1016/j.biotechadv.2017.12.012
http://dx.doi.org/10.1042/CS20170157
http://dx.doi.org/10.1152/ajpheart.01134.2010
http://dx.doi.org/10.1002/med.21726
http://dx.doi.org/10.1007/s00018-016-2223-0
http://dx.doi.org/10.3389/fimmu.2020.01467
http://www.ncbi.nlm.nih.gov/pubmed/32849503
http://dx.doi.org/10.1007/s10585-011-9374-z
http://www.ncbi.nlm.nih.gov/pubmed/21234655
http://dx.doi.org/10.1016/j.fitote.2019.104370
http://www.ncbi.nlm.nih.gov/pubmed/31629872
http://dx.doi.org/10.1016/j.biotechadv.2019.01.010
http://dx.doi.org/10.1124/mol.61.3.554
http://dx.doi.org/10.4162/nrp.2016.10.6.623

Int. ]. Mol. Sci. 2020, 21, 9541 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hammad, A.S.A.; Ahmed, A.F,; Heeba, G.H.; Taye, A. Heme oxygenase-1 contributes to the protective effect
of resveratrol against endothelial dysfunction in STZ-induced diabetes in rats. Life Sci. 2019, 239, 117065.
[CrossRef]

Saidu, N.E.B.; Kavian, N.; Leroy, K.; Jacob, C.; Nicco, C.; Batteux, F.; Alexandre, ]J. Dimethyl fumarate,
a two-edged drug: Current status and future directions. Med. Res. Rev. 2019, 39, 1923-1952. [CrossRef]
Han, R.; Xiao, J.; Zhai, H.; Hao, ]. Dimethyl fumarate attenuates experimental autoimmune neuritis through
the nuclear factor erythroid-derived 2-related factor 2/hemoxygenase-1 pathway by altering the balance of
M1/M2 macrophages. |. Neuroinflammation 2016, 13, 97. [CrossRef]

Brennan, M.S.; Matos, M.F; Li, B.; Hronowski, X.; Gao, B.; Juhasz, P.; Rhodes, K.]J.; Scannevin, R.H. Dimethyl
fumarate and monoethyl fumarate exhibit differential effects on KEAP1, NRF2 activation, and glutathione
depletion in vitro. PLoS ONE 2015, 10, e0120254. [CrossRef]

Linker, R.A.; Lee, D.H.; Ryan, S.; van Dam, A.M.; Conrad, R.; Bista, P.; Zeng, W.; Hronowsky, X.; Buko, A.;
Chollate, S.; et al. Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation of
the Nrf2 antioxidant pathway. Brain 2011, 134 Pt 3, 678-692. [CrossRef]

Salerno, L.; Floresta, G.; Ciaffaglione, V.; Gentile, D.; Margani, F.; Turnaturi, R.; Rescifina, A.; Pittala, V.
Progress in the development of selective heme oxygenase-1 inhibitors and their potential therapeutic
application. Eur. J. Med. Chem. 2019, 167, 439-453. [CrossRef] [PubMed]

Intagliata, S.; Salerno, L.; Ciaffaglione, V.; Leonardi, C.; Fallica, A.N.; Carota, G.; Amata, E.; Marrazzo, A.;
Pittala, V.; Romeo, G. Heme Oxygenase-2 (HO-2) as a therapeutic target: Activators and inhibitors.
Eur. |. Med. Chem. 2019, 183, 111703. [CrossRef] [PubMed]

Sorrenti, V.; Raffaele, M.; Vanella, L.; Acquaviva, R.; Salerno, L.; Pittala, V.; Intagliata, S.; Di Giacomo, C.
Protective effects of caffeic acid phenethyl ester (Cape) and novel cape analogue as inducers of heme
oxygenase-1 in streptozotocin-induced type 1 diabetic rats. Int. ]. Mol. Sci. 2019, 20, 2441. [CrossRef]
[PubMed]

Pittala, V,; Salerno, L.; Romeo, G.; Acquaviva, R.; Di Giacomo, C.; Sorrenti, V. Therapeutic Potential of Caffeic
Acid Phenethyl Ester (CAPE) in Diabetes. Curr. Med. Chem. 2018, 25, 4827-4836. [CrossRef] [PubMed]
Sorrenti, V.; Pittala, V.; Romeo, G.; Amata, E.; Dichiara, M.; Marrazzo, A.; Turnaturi, R.; Prezzavento, O.;
Barbagallo, I.; Vanella, L.; et al. Targeting heme Oxygenase-1 with hybrid compounds to overcome Imatinib
resistance in chronic myeloid leukemia cell lines. Eur. ]. Med. Chem. 2018, 158, 937-950. [CrossRef]

Amata, E.; Marrazzo, A.; Dichiara, M.; Modica, M.N.; Salerno, L.; Prezzavento, O.; Nastasi, G.; Rescifina, A.;
Romeo, G.; Pittala, V. Heme Oxygenase Database (HemeOxDB) and QSAR Analysis of Isoform 1 Inhibitors.
ChemMedChem 2017, 12, 1873-1881. [CrossRef]

Ciaffaglione, V.; Intagliata, S.; Pittala, V.; Marrazzo, A.; Sorrenti, V.; Vanella, L.; Rescifina, A.; Floresta, G.;
Sultan, A.; Greish, K.; et al. New Arylethanolimidazole Derivatives as HO-1 Inhibitors with Cytotoxicity
against MCF-7 Breast Cancer Cells. Int. |. Mol. Sci. 2020, 21, 1923. [CrossRef]

Pittala, V.; Vanella, L.; Maria Platania, C.B.; Salerno, L.; Raffaele, M.; Amata, E.; Marrazzo, A.; Floresta, G.;
Romeo, G.; Greish, K,; et al. Synthesis, in vitro and in silico studies of HO-1 inducers and lung antifibrotic
agents. Future Med. Chem. 2019, 11, 1523-1536. [CrossRef]

Ezhilarasan, D.; Evraerts, J.; Brice, S.; Buc-Calderon, P.; Karthikeyan, S.; Sokal, E.; Najimi, M. Silibinin Inhibits
Proliferation and Migration of Human Hepatic Stellate LX-2 Cells. . Clin. Exp. Hepatol. 2016, 6, 167-174.
[CrossRef]

Chen, Q.; Zhang, H.; Cao, Y,; Li, Y,; Sun, S.; Zhang, ].; Zhang, G. Schisandrin B attenuates CCl4-induced liver
fibrosis in rats by regulation of Nrf2-ARE and TGF-beta/Smad signaling pathways. Drug Des. Dev. Ther.
2017, 11, 2179-2191. [CrossRef] [PubMed]

Raffaele, M.; Licari, M.; Amin, S.; Alex, R.; Shen, H.H.; Singh, S.P.; Vanella, L.; Rezzani, R.; Bonomini, F.;
Peterson, S.J.; et al. Cold Press Pomegranate Seed Oil Attenuates Dietary-Obesity Induced Hepatic Steatosis
and Fibrosis through Antioxidant and Mitochondrial Pathways in Obese Mice. Int. ]. Mol. Sci. 2020, 21, 5469.
[CrossRef] [PubMed]

Sacerdoti, D.; Singh, S.P.; Schragenheim, J.; Bellner, L.; Vanella, L.; Raffaele, M.; Meissner, A.; Grant, I.;
Favero, G.; Rezzani, R.; et al. Development of NASH in Obese Mice is Confounded by Adipose Tissue
Increase in Inflammatory NOV and Oxidative Stress. Int. |. Hepatol. 2018, 2018, 3484107. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.lfs.2019.117065
http://dx.doi.org/10.1002/med.21567
http://dx.doi.org/10.1186/s12974-016-0559-x
http://dx.doi.org/10.1371/journal.pone.0120254
http://dx.doi.org/10.1093/brain/awq386
http://dx.doi.org/10.1016/j.ejmech.2019.02.027
http://www.ncbi.nlm.nih.gov/pubmed/30784878
http://dx.doi.org/10.1016/j.ejmech.2019.111703
http://www.ncbi.nlm.nih.gov/pubmed/31550661
http://dx.doi.org/10.3390/ijms20102441
http://www.ncbi.nlm.nih.gov/pubmed/31108850
http://dx.doi.org/10.2174/0929867324666161118120908
http://www.ncbi.nlm.nih.gov/pubmed/27855625
http://dx.doi.org/10.1016/j.ejmech.2018.09.048
http://dx.doi.org/10.1002/cmdc.201700321
http://dx.doi.org/10.3390/ijms21061923
http://dx.doi.org/10.4155/fmc-2018-0448
http://dx.doi.org/10.1016/j.jceh.2016.01.002
http://dx.doi.org/10.2147/DDDT.S137507
http://www.ncbi.nlm.nih.gov/pubmed/28794616
http://dx.doi.org/10.3390/ijms21155469
http://www.ncbi.nlm.nih.gov/pubmed/32751794
http://dx.doi.org/10.1155/2018/3484107
http://www.ncbi.nlm.nih.gov/pubmed/30057822

Int. ]. Mol. Sci. 2020, 21, 9541 14 of 14

44.

45.

46.

47.

48.

49.

50.

51.

Nakayama, S.; Atsumi, R.; Takakusa, H.; Kobayashi, Y.; Kurihara, A.; Nagai, Y.; Nakai, D.; Okazaki, O.
A zone classification system for risk assessment of idiosyncratic drug toxicity using daily dose and covalent
binding. Drug Metab. Dispos. 2009, 37, 1970-1977. [CrossRef]

Zaro, B.W.; Whitby, L.R.; Lum, K.M.; Cravatt, B.F. Metabolically Labile Fumarate Esters Impart Kinetic
Selectivity to Irreversible Inhibitors. J. Am. Chem. Soc. 2016, 138, 15841-15844. [CrossRef]

Mills, E.A.; Ogrodnik, M.A.; Plave, A.; Mao-Draayer, Y. Emerging Understanding of the Mechanism of
Action for Dimethyl Fumarate in the Treatment of Multiple Sclerosis. Front. Neurol. 2018, 9, 5. [CrossRef]
Al-Jaderi, Z.; Maghazachi, A.A. Utilization of Dimethyl Fumarate and Related Molecules for Treatment of
Multiple Sclerosis, Cancer, and Other Diseases. Front. Immunol. 2016, 7, 278. [CrossRef]

Gong, Y; Yang, Y. Activation of Nrf2/AREs-mediated antioxidant signalling, and suppression of profibrotic
TGF-betal/Smad3 pathway: A promising therapeutic strategy for hepatic fibrosis—A review. Life Sci. 2020,
256,117909. [CrossRef]

Sharma, R.S.; Harrison, D.J.; Kisielewski, D.; Cassidy, D.M.; McNeilly, A.D.; Gallagher, ]J.R.; Walsh, S.V.;
Honda, T.; McCrimmon, R.J.; Dinkova-Kostova, A.T,; et al. Experimental Nonalcoholic Steatohepatitis
and Liver Fibrosis Are Ameliorated by Pharmacologic Activation of Nrf2 (NF-E2 p45-Related Factor 2).
Cell. Mol. Gastroenterol. Hepatol. 2018, 5, 367-398. [CrossRef]

Sui, M.; Jiang, X.; Chen, J.; Yang, H.; Zhu, Y. Magnesium isoglycyrrhizinate ameliorates liver fibrosis and
hepatic stellate cell activation by regulating ferroptosis signaling pathway. Biomed. Pharmacother. 2018,
106, 125-133. [CrossRef]

Raffaele, M.; Carota, G.; Sferrazzo, G.; Licari, M.; Barbagallo, L.; Sorrenti, V.; Signorelli, S.S.; Vanella, L.
Inhibition of Heme Oxygenase Antioxidant Activity Exacerbates Hepatic Steatosis and Fibrosis In Vitro.
Antioxidants 2019, 8, 277. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1124/dmd.109.027797
http://dx.doi.org/10.1021/jacs.6b10589
http://dx.doi.org/10.3389/fneur.2018.00005
http://dx.doi.org/10.3389/fimmu.2016.00278
http://dx.doi.org/10.1016/j.lfs.2020.117909
http://dx.doi.org/10.1016/j.jcmgh.2017.11.016
http://dx.doi.org/10.1016/j.biopha.2018.06.060
http://dx.doi.org/10.3390/antiox8080277
http://www.ncbi.nlm.nih.gov/pubmed/31387260
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussions 
	Chemistry 
	Rational Design and Biological Evalution 
	Computational Studies 

	Materials and Methods 
	Chemistry 
	General Procedure for the Synthesis of (2E)-2-Butenedioic Acid Derivatives (1a–k) 
	(2E)-2-Butenedioic acid, 1,4-diphenyl ester (1a) 
	(2E)-2-Butenedioic acid, 1,4-bis(4-chlorophenyl) ester (1b) 
	(2E)-2-Butenedioic acid, 1,4-bis(4-iodophenyl) ester (1c) 
	(2E)-2-Butenedioic acid, 1,4-bis(4-trifluoromethyphenyl) ester (1d) 
	(2E)-2-Butenedioic acid, 1,4-bis(4-cyanophenyl) ester (1e) 
	(2E)-2-Butenedioic acid, 1,4-bis 4-methylphenyl) ester (1f) 
	(2E)-2-Butenedioic acid, 1,4-bis(4-methoxyphenyl) ester (1g) 
	(2E)-2-Butenedioic acid, 1,4-bis(2-carboxyphenyl) ester (1h) 
	(2E)-2-Butenedioic acid, 1,4-bis(phenylmethyl) ester (1i) 
	(2E)-2-Butenedioic acid, 1,4-bis(phenylethyl) ester (1j) 
	(2E)-2-Butenedioic acid, 1,4-bis(phenylpropyl) ester (1k) 

	General Procedure for the Synthesis of (E)-N, N’-Diphenylalkyl-Butenediamide Derivatives (1l–o) 
	(E)-N, N’-Diphenyl-2-butenediamide (1l) 
	(E)-N, N’-Diphenylmethyl-2-butenediamide (1m) 
	(E)-N, N’-Diphenylethyl-2-butenediamide (1n) 
	(E)-N, N’-Diphenylpropyl-2-butenediamide (1o) 

	Synthesis of (2E)-2-Butenedioic Acid, Methyl Phenyl Ester (2a) 
	General Procedure for the Synthesis of (2E)-2-Butenedioic Acid Derivatives 2b and 2c 
	(2E)-2-Butenedioic acid, methyl phenylmethyl ester (2b) 
	(2E)-2-Butenedioic acid, methyl phenylethyl ester (2c) 

	Biology 
	Cell Culture of LX2 Cells 
	ELISA Heme Oxygenase Inducer (HO-1) Measurements 
	MTT Assay 
	Reactive Oxygen Species (ROS) Assay 

	Computational Study 

	Conclusions 
	References

