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A series of mercaptoethylleonurine and mercaptoethylguanidine derivatives were designed and
synthesized. Their neuroprotective effects toward H,0,-induced apoptosis were investigated in human
SH-SY5Y cells. The results from these studies identified several potent compounds, with compound 8k
emerging as the most effective. Further investigation demonstrated that 8k reduced H,O,-induced
activation of mitochondrial apoptosis by inhibiting the expression of Bax and elevating the expression
of Bcl-2. Moreover, the molecular mechanism underlying the observed neuroprotective effects of 8k
was exerted via the Akt and JNK pathways. Compound 8k can be a lead compound for further discovery
of neuroprotective medicine.

© 2013 Elsevier Ltd. All rights reserved.

Parkinson’s disease (PD), the second most common neurode-
generative disorder after Alzheimer’s disease, is mainly character-
ized by the loss of dopaminergic neurons in the substantial nigra
pars compacta.'? Although the underlying mechanisms in the neu-
rodegenerative processes of PD remain unknown, many studies
have suggested the involvement of oxidative stress and mitochon-
drial dysfunction in the activation of an apoptotic cascade that ulti-
mately results in the loss of dopaminergic neurons.>* Oxidative
stress caused by excessive reactive oxygen species (ROS) produc-
tion has been shown to lead to cellular dysfunction, culminating
in cell death.> The most common ROS are oxygen radicals, such
as superoxide and hydroxyl radicals, and non-free radicals, such
as hydrogen peroxide. All of these reactive oxygen species are gen-
erated in various redox processes in the human body. The genera-
tion of ROS in normal cells is tightly regulated by biological
antioxidants and antioxidant enzymes. These ROS cause oxidative
damage to molecules such as carbohydrates, proteins, lipids, and
DNA. Many antioxidant compounds can prevent these oxidative-
stress-related disorders by scavenging ROS.® Hydrogen peroxide
induces apoptosis in a variety of cells, including neuronal cells,
and is a precursor of highly reactive free radicals.’
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Many naturally occurring compounds have been utilized as
leads in drug discovery, and efforts also have been made to search
compounds with neuroprotective effects®-1° Leonurine (Fig. 1), a
cardioprotective drug candidate, was reported to exhibit cardio-
protective effects both in vivo and in vitro,®° and its preclinical
study is on-going. Moreover, Shi et al. recently reported that leon-
urine significantly reduced 6-hydroxydopamine (6-OHDA)-in-
duced cell death in dopaminergic SH-SY5Y cells and attenuated
apomorphine-elicited rotational behavior in 6-OHDA-lesioned
rats.'! Structurally, the guanidine moiety in leonurine may play a
very important role in its activity. Similarly, mercaptoethylguani-
dine (MEG), another scavenger bearing a guanidine unit, can react
with peroxynitrite and protect against peroxynitrite-induced
oxidative damage.'> MEG was also reported to have neuroprotec-
tive,'® cardioprotective,’*'® and radioprotective effects.!”
Although both leonurine and MEG have interesting neuroprotec-
tive effects, their structure-activity relationships (SAR) have not
been extensively explored.

Herein, by considering the common structural features of
leonurine and MEG, we designed and synthesized a series of new
mercaptoethylleonurine (MEL) analogs (1a-h) by incorporating a
mercaptoethyl group and changing the chain length (R! group) to
find new chemical entities with better neuroprotective activity
than leonurine and MEG. The in vivo biological activities could
depend on many parameters, including bioavailability. Given that
increasing aqueous solubility generally results in enhanced
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Scheme 1. Reagents and conditions: (a) (i) HBr, MeCN, H,0, 110 °C, 1-2 h; (ii) CS,, H,0, 0 °C, 12 h; (b) HCI, MeOH, 40-50 °C, 2-3 h; (c) Na,COs3, (Boc),0, dioxane:H,0 = 1.5:1,
rt, 24-72 h; (d) EDC, DMAP, CH,Cl,, 0 °C, 3 h; then rt, 24-72 h; (e) (i) HCOOH, rt, 24-28 h; (ii) HCI, MeOH, rt, 2-3 h; (f) HCOOH, rt, 24-28 h.

bioavailabilities in vivo, we also designed and synthesized 8a-k in
an attempt to improve bioavailability by increasing the hydrophilic
character of the molecules.

The synthesis of our target compounds started from 2-amino-2-
thiazoline (2), a commercially available starting material, as illus-
trated in Scheme 1. The treatment of 2-amino-2-thiazoline (2) with
amino alcohols (3a-3i) or diamines (3j-3Kk) in the presence of 40%
hydrobromic acid followed by the addition of carbon disulfide
afforded guanidine derivatives (4a-k).'® Guanidines 4b-f were
converted to their corresponding tri-Boc substituted intermediates
5b-f using excess Boc,0 and sodium carbonate as a base in 49-66%
yield. The free hydroxyl groups in 5b—f were coupled with 4-ben-
zyloxy-3,5-dimethoxy-benzoic acid (6a) to afford esters 7a-e in
36-48% yield in the presence of N-ethyl-N'-(3-dimethylaminopro-
pyl) carbodiimide hydrochloride (EDC) and 4-dimethylaminopyri-
dine (DMAP). After subsequently removing the Boc and benzyl
protecting groups on 7a-e with formic acid and hydrochloric acid,
new MEL analogs (1a-e) were synthesized in desirable yields. It is
worth mentioning that the debenzylation step was problematic.
After numerous attempts of failure (using various palladium cata-
lytic hydrogenations; ferric chloride; Li-naphthalene; etc.), it was

found that the benzyl group could be only easily removed in 4 N
HCl in MeOH. Analogs 1f-h were obtained in good yields in a sim-
ilar manner as 1a-e. The MEG derivatives were prepared from 4a-
k using hydrochloric acid in methanol at 40 °C, followed by HPLC
purification to provide compounds 8a-k in 29-50% yield.!®

Eight MEL analogs (1a-h) and 11 MEG analogs (8a-k) (Table 1)
were evaluated for their neuroprotective activity toward H,0,-in-
duced apoptosis in human SH-SY5Y cells.2° The cytotoxic potential
of 1a-h and 8a-k has been performed at 5-100 uM concentration
by MTT assay and cytotoxic effect of them was not observed at the
dosage used in this study. Among analogs 1a-h, only 1a exhibited
greater neuroprotective activity than leonurine relative to the po-
sitive control N-acetyl-cysteine (NAC) at 5 mM. Increasing the side
chain length (R' substitution) from three carbons (1a) to four, five,
and six carbons (1b-d, respectively), did not improve their neuro-
protective activity. Although compound 1d had a similar activity to
1a at low concentrations (5 uM), the activities were dramatically
lower at higher concentrations (25 uM and 50 uM). Replacing the
straight side chain with cyclohexyl linkage also decreased the
activity of 1e relative to 1a. Compared with leonurine, compound
1b, which contained a mercaptoethyl group on the guanidine of
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Neuroprotective activity of compounds 1a-1h, and 8a-8k on H,0,-induced SH-SY5Y cells

Z.-L. Que et al./Bioorg. Med. Chem. Lett. 23 (2013) 1793-1796

1795

Compound Control (%) Model (%) NAC, 5 mM (%) Different concentrations of compounds
50 UM (%) 25 UM (%) 5 UM (%)

1a 100 +7.44 63.06 +4.92 76.42 £5.54 93.34+8.79 83.30+9.45 78.83 £ 8.96
1b 100 +7.91 75.66 + 8.66 88.84+9.48 60.38+9.86 66.4 + 6.54 60.70 £5.48
1c 100 +7.44 63.06 +4.92 76.42 £5.54 65.92 +2.92 59.87+1.75 53.85+2091
1d 100 £7.91 75.66 + 8.66 88.84+9.48 73.76 £ 8.03 80.58 +3.23 78.47 £3.83
1le 100 = 7.91 75.66 + 8.66 88.84+9.48 65.87 £8.41 67.16 £ 6.69 76.38 £9.17
1f 100 £7.91 75.66 + 8.66 88.84+9.48 66.06 + 14.78 63.51+£12.55 62.11+11.4
1g 100 +7.02 66.32 +4.42 82.39+6.29 49.12+5.35 494 +781 3248 +1.45
1h 100 +7.02 66.32 £ 4.42 82.39+6.29 48.62 +3.12 37.55+5.69 42.37+2.42
8a 100 +7.44 63.06 +4.92 76.42 £ 5.54 65.09 +3.29 59.64 + 1.86 56.36 £ 1.02
8b 100 +7.44 63.06 +4.92 76.42 £5.54 82.12+6.22 80.99 £10.24 67.17 £2.88
8c 100 +7.02 66.32 +4.42 82.39+ +6.29 70.16 +7.64 63.49+1.76 68.04 £ 3.96
8d 100 +7.44 63.06 +4.92 76.42 £5.54 82.83 £6.50 80.60 £ 7.59 60.02 £6.13
8e 100 £7.02 66.32 +4.42 82.39+6.29 52.88 +2.04 55.45 +2.96 72.41£6.28
8f 100 +7.02 66.32 +4.42 82.39+6.29 30.43 +£0.52 38.64 +£5.65 31.65+1.67
8g 100 £7.91 75.66 + 8.66 88.84+9.48 65.49 +£5.51 67.30 £ 3.65 77.06 £ 3.02
8h 100 £7.91 75.66 * 8.66 88.84 +9.48 80.04 +3.41 67.25+2.19 59.86 +7.84
8i 100 £ 7.91 75.66 + 8.66 88.84+9.48 71.1+5.39 77.11+0.45 75.82 +£10.32
8j 100 +7.91 63.06 +4.92 76.42 £5.54 79.22 +3.80 7536 +£7.63 66.33 +9.43
8k 100 +7.02 66.32 £ 4.42 82.39+6.29 96.54 + 6.99 84.27 £9.67 77.29 £8.47
Leonurine 100 £ 7.02 66.32 +4.42 82.39+6.29 45.95 +4.41 38.53+6.28 76.65 +2.94
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Figure 2. Compound 8k modulated H,0,-induced Bax and Bcl-2 protein changes in SH-SY5Y cells. Cells were treated with 8k (5, 25, 50 uM) or NAC (5 mM) for 4 h and then
stimulated by H,0, (100 uM) for another 12 h before western blotting. (A) Bar graph showing the quantitative analysis of Bcl-2 expression with GAPDH as the loading control.
(B) Bar graph showing the quantitative analysis of Bax expression with GAPDH as the loading control. Data are mean + SEM of results from at least three independent
experiments, each performed in duplicate, P <0.05 versus control cells; P <0.05 versus H,0,-stimulated cells.

leonurine, also exhibited only moderate activity. Further modifica-
tion of the substitution patterns on the phenyl ring (1f-h) did not
produce any promising analogs. Interestingly, after removing the
phenyl ring, some analogs in the free hydroxyl analog series
(8a-i), such as 8b and 8d, retained good activity at all three doses.
Further SAR development included the replacement of the hydro-
xyl group with an amino group to yield compound 8Kk, a bioisostere
of 8b. Surprisingly, compound 8k was the most potent analog both
series. Based on its excellent neuroprotective activity, 8k was
chosen for further study.

The activation of phosphatidylinositol 3-kinase (PI3 K) is known
to promote cell survival and prevent apoptosis.?!?2 The anti-apop-
totic effects of PI3 K are mediated by its downstream target Akt,
which may regulate the expression of several apoptosis-related
genes, such as Bcl-2/Bax proteins, which mediate apoptosis.?®%*
Therefore, the elucidation of the molecular mechanism involved
in this effect might provide novel insight into the process of

neurodegeneration and suggest the potential utility of MEL and
MEG analogs for protection against neurodegenerative diseases
caused by oxidative stress and apoptosis.

In this study, H,0, stimulation significantly inhibited the
expression of Bcl-2 and increased Bax expression in SH-SY5Y cells
(P <0.05). In the cells treated with compound 8k and NAC, the ef-
fects of H,0, on the expression of Bcl-2 and Bax were evidently re-
versed (Fig. 2). Additionally, the effects of 8k were dose-
dependent. As shown in Figure 3, compound 8k can attenuate
the H,0,-induced phosphorylation of JNK and Akt in SH-SY5Y cells
but does not affect the phosphorylation of p38 and ERK relative to
the H,0,-stimulated cells.

In summary, eight MEL analogs (1a-h) and eleven MEG analogs
(8a-k) were designed and synthesized. Analogs 1a, 8b, 8d, 8j, and
8k showed neuroprotective activity against H,0,-induced apopto-
sis in human SH-SY5Y cells, with 8k exhibiting the highest neuro-
protective activity. Further studies showed that compound 8k can
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Figure 3. Compound 8k attenuated H,0,-induced phosphorylation of Akt and JNK
in SH-SY5Y cells. Cells were pretreated with 50 pM 8k for 4 h. Next, the cells in
model groups were stimulated with H,0, (100 pM) for the indicated periods and
then collected. The phosphorylation of Akt, JNK, ERK, and p38 was detected by
Western blot using the sum of Akt, JNK, ERK, and p38 as the loading control. Data
are results from at least three independent experiments, each performed in
duplicate.

reduce the H,0,-induced activation of mitochondrial apoptosis by
inhibiting the expression of Bax and elevating the expression of
Bcl-2. Moreover, the molecular mechanism underlying the ob-
served neuroprotective effects of 8k was more probable via the
Akt and JNK pathways. This finding may provide insight for our fu-
ture design of leonurine analogs with optimal neuroprotective
activities.
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