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= A F ) %iEH 4 g (Spinocerebellar ataxia type

3> SCA3 » * #£ % Machado - Joseph disease) * & ataxin-3 v &
polyglutatmine tract (polyQ):#sfpi=epi & 47 B #c R %518 b
r*:'-_ﬁ@;fi’ 5’19!" P }?»j s> B E!’Jﬂ.%‘#‘ﬁ—”’l "Im:f""?f? é"ﬁ;{] POiE S & A
&%i°&’mWQx%MmmﬂB}W?Fﬁﬂ@m%ﬁﬁZ%“
,@{F{%m’“ﬁmWQi%ﬁmmmMB}é?gﬁﬁﬁﬁ}»
BOFRE ) B T RE Y S b0 polyQ R %
ataxin-3 #-v %*m!ﬁ" "eﬁgrjﬁgfr S ReE A RIER L MR
FOILPEE Ly LR R AR~ B AR SRR .,; frim?e &= 4p B o
FEBEEY > RBA G we k= o G5 ¢ T3 aid 3
(Phytochemicals) ¥ G d 3 4e A (G lmPz g 1t fofilmiz k= (£

v B gl A0 2ok o eeetfit (Caffeic acid, CA) R L7
AR SE ~ FEE ) e 2 ewe=? > Fi3thydroxycinnamic
acidefspasp i £ # (Phenolic acids) ’ 4 & » CA#&EP~ £ 4218 4.
pasg it £490% - o L% (Resveratrol, Res) B3t % poug®
stilbenesfenit & » AR P RReH T F P FF %
S o ARy ¢ B CAfrResE 7 2 endg L 2 A 54
B v e L CAfrRes L F % 5 SCA3 A (i3 1 g de o B ohif
EF T ARG H_ o A A FIE A 4 RpolyQR Fataxin-3 9 F
eISK-N-SH-MJD784¢ & ‘m»e k22 ELAV-SCA3tr-Q78 % s Hic;t » #=1i%
CAfrReseil (it 4 & 2 ¥ i 4] c 3 B 5% F 7 CAfrRes™ " i<
% i“ A tert-butyl hydroperoxide (tBH)3% % SK-N-SH-MJD784¢ & ‘m
Fetkimre k= o pttb s CAfrRes® H 4v SK-N-SH-MJD78 w2 i3 i 2
praiE* 4phd 30 BRI T ¥ 'FEES it (Reactive oxygen
species, ROS) ~ polyQ% #ataxin-33-¢ B frimie ¢ B & Fv F £
BE - HHFIR > & dCAfrRess 24>t 22 % ELAV-SCA3tr- Q78%:ﬂ§
efe {74y 4 2275 3 5 o CAfrRes ™ 7 #c & ELAV-SCA3tr-Q78 % i 73

ROS ~ polyQ% #ataxin-33-¢ B 2 & iwfe k= ~ 4o it & p ERIF“
A0 B 3o ?ﬁ%\ I o = SK-N-SH-MJD78sm %z » 4| * reporter gene
assay ° %miﬁﬁfdmmMMJngWemnmnIKB—a’?%ﬁ
SiNrf2% § %% 7 CAf-Res¥FSCA3crdd g s 17 % & H *% i< ph3 e 3
seNF- /fBE»Nrf2$§&ruﬁk*4 B oo ATy %-’"f'ﬂ'iﬁ 2CAfrRes

polyQ % ®ataxin-3 v F ~ vwefik -~ ¥ k=~ fiF a4

: Spinocerebellar ataxia type 3 (SCA3, also called

Machado - Joseph disease (MJD), a late-onset and fatally
inherited neurodegenerative disease, 1s caused by an
abnormal expansion of the polyglutamine (polyQ) repeat in
the protein ataxin-3. Until now, there is no established
disease-modifying therapeutic strategy has been available
for SCA3. Although the exact mechanism is unknown, the
pathogenic effects of polyQ expanded mutant ataxin-3
protein are associated with not only misfolding and
aggregation in nuclei of specific neurons but also
dysregulation of transcription, protein degradation,
mitochondrial function, apoptosis, and antioxidant potency
and these thus trigger neuronal death. It is well
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established that phytochemicals in food through antioxidant
and anti-apoptotic effects on neurons exert valuable
therapeutic benets in neurodegenerative diseases. Caffeic
acid (CA), widely present in various agricultural products
such as fruits, vegetables, wine, olive oil, and coffee,
classified as a phenolic compounds of hydroxycinnamic acid
and accounts for almost 90% of total phenolic acid intake
in the diet. Resveratrol (Res), a polyphenolic stilbene, 1is
present in variety of dietary sources such as red grapes,
red wine, berries, nuts and peanuts. Although data have
shown the antioxidant and antineurotoxic properties of CA
and Res, the health effects of CA and Res against
neurodegenerative progress in SCA3 is unknown. Here we
investigated the protective role and possible mechanisms of
CA and Res in SK-N-SH-MJD78 neuroblastoma cells and ELAV-
SCA3tr-Q78 transgenic ies expressing mutant ataxin-3 and
mutant ataxin-3 polyQ tract, respectively. Our data showed
that CA and Res decreased apoptosis in the pro-oxidant
tert-butyl hydroperoxide (tBH)-treated SK-N-SH-MJD78 cells.
Moreover, treatments with CA and Res increased the levels
of antioxidant and autophagy protein expression as well as
diminished ROS, and expression and aggregation of mutant
ataxin-3 i1n SK-N-SH-MJD78 cells. We further discovered that
supplementations with CA and Res enhanced survival and
motor performance in ELAV-SCA3tr-Q78 transgenic ies. CA and
Res also diminished ROS, mutant ataxin-3 polyQ tract, and
apoptotic-related molecules, as well as increased
antioxidant and autophagy molecules in brain of ELAV-
SCA3tr-Q78 transgenic ies. Notably, in SK-N-SH-MJD78 cells,
using reporter gene assay, transfection experiments with a
dominant-negative mutant I xB-a (DNM I xB-a) plasmid and
Nrf?2 siRNA demonstrated that the neuroprotective effects
of CA and Res on SCA3 are through modulating
transcriptional activity of pb3, NF-xB and Nrf2. In
summary, our findings demonstated the neuroprotective
effect and possible mechanisms of CA and Res in improving
mutant ataxin-3 induced ROS production and neuronal
apoptosis. Moreover, these data could provide information
for the preclinical studies of CA and Res in modulating
neurodegenerative progression in SCA3.

polyQ expanded mutant protein ataxin-3, Cafffeic acid, Cell
apoptosis, Antioxidative capacity



Treatment with Caffeic Acid and Resveratrol Alleviates Oxidative Stress Induced
Neurotoxicity in Cell and Drosophila Models of Spinocerebellar Ataxia Type3
Abstract

Spinocerebellar ataxia type 3 (SCA3) is caused by the expansion of a
polyglutamine (polyQ) repeat in the protein ataxin-3 which is involved in neuronal
death. Here we show that caffeic acid (CA) and resveratrol (Res) decreased reactive
oxygen species (ROS), mutant ataxin-3 and apoptosis and increased autophagy in t-
butyl hydroperoxide (tBH)-treated SK-N-SH-MJD78 cells containing mutant ataxin-
3. Furthermore, CA and Res improved survival and locomotor activity and decreased
mutant ataxin-3 and ROS levels in tBH-treated SCA3 Drosophila. CA and Res also
altered p53 and nuclear factor-kB (NF-kB) activation and expression in tBH-treated
cell and fly models of SCA3, respectively. Blockade of NF-kB activation annulled the
protective effects of CA and Res on apoptosis, ROS, and p53 activation in tBH-
treated SK-N-SH-MJD78 cells, which suggests the importance of restoring NF-kB
activity by CA and Res. Our findings suggest that CA and Res may be useful in the

management of neuronal apoptosis in SCA3.
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Figure 1. Effects of CA and Res on tBH-induced apoptosts in SK-N-SH WT, SK-N-5H-MJD26, and SK-N-5H-
MID7TE cells. {A) Cell apoptosis was measured by flow cytometry (48-h treatment). Bar graph is presented as the
percentage of carly and late apoptosts defined as annexin V-+/PIl— and annexin V-+/PI+. (B) Protein expresston
of Bax, Bel-2, cytosolic crtochrome ¢, and pro and cleaved caspase 3, 7, 9, and PARDP (24-h treatment). Data are
‘mean = 50 and are expressed as the percentage of SK-N- SH-MJD73 cells treated with 1BH alone. Values not
sharing the same letter are significantly different (p < 0.05).
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Table 1. Effects of CA and Res on MTT assay, ROS, mitochondrial transmembrane potential and caspase 3
activity on tBH treated SK-N-SH W', SK-N-SH-MJD26 and SK-N-SH-MID78 cells”. *SK-N-SH WT, SK-N-5H-
M]D26 and SK-N-SH-MID78 cells were treated with or without tBH (6uM ) plus DMS0 vehicle control, CA,
Res (3uM) for 48h (MTT assay) or for 1 h {HZDCFDA) or for 3h (MitoS0X or TMREE) or for 24h (caspase-3
activity). Data are the mean + 5D of at least four separate expertments. *Data are expressed as the percentage of
the SK-N-SH-MJD78 cells treated with tBH alone and values in the same row with different superscript letters
are signtficantly different (p< 0.05). *Within same cell type, data are expressed as the percentage of cells treated
with DMSO alone and values with different superscript letters are significantly different (p < 0.05).
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Figure 2. Effects of CA and Res on levels of mutant atacin-3 and Hsp27, protein aggregates, and sutophagy in
tBH-treated SK-M-SH-MID78 cells. After 24-treatment (A) Mutant and normal ataxin-3, Hsp2?, pe2, Beclinl,
and L3 proteln expression were measured by Western blog analysis {B) Levels of Protein aggregates and
autophagy stained by wsing agrregation assay, and acridine orange staining, respectively were quantified by flow
cytometric analysts. (C) The images of protein apgregates were detected by ProtenStat Agpresome Detection Eit
(Enzo Life Sclence (red). Cell nuclel were stained with Hoechst 33342 (blue). Data are the mean + 50 of at least

four separate experiments and are expressed as the percentage of SK-N-SH-MJD78 cells treated with tBH alone.
Values not sharing the same letter are sigmficantly different (p < 0.05).
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Figure 3. Effects of CA and Res on activation of p53 and NE-sE in tBH-treated SK-N-SH-MJD78 cells. {A) and
(B} Protein expression of phosphorylated and total ps3, 1KK -3, IsB-o. and nuckear p53 and pa5. (C) NF-sB
and p53 reporter pene activities (3-h and 4-h treatments for pS3 and NE-B activation, respectively). Data are
the mean = 513 and are expressed as the percentage of SK-N-SH-M]D73 cells treated with tBH alone. Walues not
having the same letter are significantly different (p < 0.05).
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Figure 4. Effects of CA and Res in tBH-treated SK-N-5H-M]D78 cells transfected with dominant-negative
mutant kB-ow Cells were transtently transfected with 1 B-owild-type (WT) or DNM [kB-ox as well as with or
without reporter genes of p53-Luc or pMF-cB-Luc for 16 h and were then treated with etther vehicle control or
tBH plus CA or Res. {A) Phosphorylated and total p53 and IsB-rx as well as nuclear p53 and ps5 (3-h and 4-h
treatments for p53 and NF-kB activation, respectively). (B) Protein expresston of mutant and normal ataxin-3
and Hsp27. {C) Proteln expression of Bax, Bcl-2, and pro and cleaved caspase 3 and PARP (D) Levels of NF-rB
and p53 reporter gene activitles, protein aggregates, cell apoptosts rates, and caspase 3 activity. Data are the
mean £ S0, Within treatments with the same plasmid transfection, data are expressed as the percentage of the
SE-N-SH-MJD738 cells treated with tBH alone, and values not having the same better are significantly different
(p=005).



ol
.

1. ==

= I S

- & 7 " § B W 2 M= N M M &

A (b
kg | F | mser |
“re TR TR SoF

~T] T S T N 7 0 T T

Figure 5. Effects of CA and Res on survival rates and chimbing activity im tBH-treated ELAV-SCAMr-(78
transgentc Drosophilas. (A} Survival rates were plotted and compared across groups by use of Kaplan-Meter
log-rank analysis. The mean life span and SD are shown, *p < 0,01 (n=300). (B) Climbing activity (%) was

calculated as N, N, 100, where N,_, and N,

represent the number of total flies and the number of

flies ulJmlupﬂmeeS-cmllm‘J.re—specuvehtﬁ'nhmdm same age, values not sharing the same letter are

significantly different (p < 0.05).
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Figure 6. Effects of CA and Res on tBH-treated ELAV-SCAMr-()78 transgenic Drosophila. (4) HyDCFDA,
MitoSOX, and protein aggrepate levels. (B) Mutant and normal ataxin-3, Hsp27, Bax, Bel-2. (C) p53 and NF-cB

protein expression in 22-day-old male ELAV-SCA3r-(J78 flies. Values are mean < 50, n = 50 male flies in three

separate expertments. Data are expressed as the percentage of ELAV-SCA3tr- (78 flies treated with tBH alone.
Values not having the same letter are signthcantly different {p< 0.051



Caffeic acid and resveratrol ameliorate cellular damage in cell and Drosophila models

of spinocerebellar ataxia type 3 through upregulation of Nrf2 pathway

Abstract

Polyglutamine (polyQ)-expanded mutant ataxin-3 protein, which is prone to
misfolding and aggregation, leads to cerebellar neurotoxicity in spinocerebellar ataxia
type 3 (SCA3), an inherited PolyQ neurodegenerative disease. Although the exact
mechanism is unknown, the pathogenic effects of mutant ataxin-3 are associated with
dysregulation of transcription, protein degradation, mitochondrial function, apoptosis,
and antioxidant potency. In the present study we explored the protective role and
possible mechanism of caffeic acid (CA) and resveratrol (Res) in cells and Drosophila
expressing mutant ataxin-3. Treatment with CA and Res increased the levels of
antioxidant and autophagy protein expression with consequently corrected levels of
reactive oxygen species, mitochondrial membrane potential, mutant ataxin-3, and the
aggregation of mutant ataxin-3 in SK-N-SH-MJD78 cells. Moreover, in SK-N-SH-
MID78 cells, CA and Res enhanced the transcriptional activity of nuclear factor
erythroid-derived-2-like 2 (Nrf2), a master transcription factor that upregulates the
expression of antioxidant defense genes and the autophagy gene p62. CA and Res
improved survival and motor performance in SCA3 Drosophila. Additionally, the
above-mentioned protective effects of CA were also observed in CA-supplemented
SCA3 Drosophila. Notably, blockade of the Nrf2 pathway by use of small interfering
RNA annulled the health effects of CA and Res on SCA3, which affirmed the
importance of the increase in Nrf2 activation by CA and Res. Additional studies are
need to dissect the protective role of CA and Res in modulating neurodegenerative
progression in SCA3 and other polyQ diseases.
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1.610.7¢ 1.710.8¢ 100.010.0° 54.412.6° 53,913.1%
Normal
ﬂtalills — | — | —

Hsp27 S

203.5£9.8* 202.1£7.2* 100.0£0.0c  127.517.8" 103.114.8¢

Bel-2

242.445.3*  100.0£0.0°¢  150.7+3.4"  150.613.0°

191.1£1.9¢  100.0£0.0¢  154.1+2.8" 158.2%7.7"

GAPDH

Fig. 1. Effects of CA and Res on protein expression of mutant ataxin-3, Hsp27, Bel-2 and
SIRT1 in SK-N-SH-MJD78 cells. SK-N-SH-WT, SK-N-SH-M.JD26, and SK-N-SH-MJD78 cells
were treated with or without DMSO vehicle control or 3 pM CA or Res for 24 h. Data are
means *+ SD of at least three separate experiments and are expressed as the percentage of
SK-N-SH-MJD78 cells treated with the vehicle control. Values not sharing the same letter
are significantly different (P < 0.05).



Table 1

Effects of CA and Res on cell visbility (MTT assay), protein aggregation and MMP (TMRE staining) in SK-N-SH-MJD78 cells.

SK-N-SH wr MID26 MID78
DMSO DMSO DMSO ca Res

MTT* 100.0 0.0 100.0 00 100.0 = 0.0 96.4 02 926 02

protein aggregation” B0 =£05° 140+ 14 100.0 = 0.0* 65.6 = 21° 730 £17°

TMRE* NT 3604 + 42* 100.0 = 0.0° 245.4 = 2.6 241.3 = 16"

* SK-N-SH-WT, SK-N-SH-MID26, and SK-N-SH-MID78 cells were treated with or without DMSO vehicle control or 3 pM CA or Res for 24 h except for measurement of the MMP level

(4 h treatment).
# Values

asthe

SK-N-SH WT

MID26

MID78

CcA Res

poz h‘-_“

166.013,9%  172.3+4.5"

276.046,2° 27523567 100.0E0.0¢

of SK-N-SH-MJD7 8 cells treated with the vehicle contmol. Data are means + 5D of at least three ssparate experiments and not sharing the same
letter are significantly different (P = 0.05). NT: not tested.

Fig. X Effects of CA and Res on autophagy in SK-N-SH-MID78
celk. Cells were treated with or without DMSO wehicle control ar
3 pM CA or Res for 24 h in the absence or presence of pretreat-
ment with 1 mM 3MA for 1 h. (A) and (C) Protein expression of
P62, Bedin-1, and LC3-I. (B) Autophagic cells and pmtein ag-
gregation were measured by acridine omnge staining and the
PROTEOSTAT protein aggregation assay, respectively, and were
quantified by flow cytometry. (D) Protein expresson of mutant
and normal ataxin-3. Vahes are expressed as the percentage of

Beclinl SK-N-SH-MJD7E cells treated with the vehicle contml. Data are
. means = S0 of at least three sepamte experiments and not
194,042.2 194,412.3"  1000E000 153611220 139.3514.90 sharing the same letter are significantly di (P < 0.05).
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Table 2
Effects of CA and Res on ROS and GSH levels in SE-N-SH-MJD78 cells”.

SK-N-SH WT MID26 MID78

DMSO DMSO DMSO cA Res
HzDCFDA" 81=x02 115 + 08° 100.0 = 0.0* 302 +13" 317 11"
MitaS0X* 126 =05° 126 = 1.0° 100.0 = 0.0* 312 = 33" 30.3 =33%
GSH* NT 3338 £ 3.2 100.0 = 0.0° 2351 = 31" 232.4 = 307

* Cells were treated with or without DMSO vehicle control or 3 M CA or Res for 24 h except for measurement of HyDCFDA (18 h treatment].
# Yalues are expresed as the percentage of SK-N-SH-MJD78 cells treated with the vehicle control. Data are means = SD of at least three separate experiments and not sharing the same

ASH-N-SH MID26 MJID78
= - cA Res
357.240.9°  100.040.0¢ 248.8£1.5% 253.112.6"
NQO-1 '

158,350.00  100.010.0¢ 253.643.10 184.0¢1.9¢

GPxl | m——— R —

1725827 100.040.0¢  153,7£23F  153.74H0.9%

GPx2

173.745.4*  100.04£0.0"  171.613.4* 17414300

156.8+3.7*  [00.020.0% 1544523 1487157

17435240 100L0H00° 16590 1.6" 15442400
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