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Neuroprotective effect of aloe emodin against
Huntington'’s disease-like symptoms in R6/1
transgenic micet
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Aloe emodin is a natural anthraquinone derived from aloe or rhubarb, showing anti-renal fibrosis, anti-
atherosclerosis and anti-cancer effects. Aloe emodin also shows neuroprotective effects in ischemic
stroke rats. Naturally, anthraquinone derivatives generally have the effect of inhibiting the transforming
growth factor-pl (TGF-B1) pathway. There is an increase in the calcium/calmodulin-dependent protein
kinase Il (CaMKIl) and TGF-1 levels in both Huntington's disease (HD) patients’ brains and HD transgenic
mice. Thus, we hypothesized that aloe emodin may inhibit the phosphorylation of CaMKIl (p-CaMKIl) and
TGF-B1/sma- and mad-related protein (Smad) signaling in the brain, further preventing motor and cogni-
tive dysfunction. Aloe emodin was orally administered to 10- to 20-week-old HD R6/1 transgenic mice.
Aloe emodin improved the motor coordination of R6/1 transgenic mice in the rotarod test and attenuated
visual recognition impairment in the novel object recognition test. Aloe emodin downregulated levels of
the mutant huntingtin protein, p-CaMKIl and TGF-B1, but not the TGF-p2 or TGF-p3 levels, in the brains
of R6/1 mice. Aloe emodin could also inhibit neuronal apoptosis in the hippocampus of R6/1 mice.
Altogether, these results indicated that aloe emodin prevents several HD-like symptoms through the inhi-
bition of CaMKIl/Smad and TGF-f1/Smad signaling in mice.

As a multifunctional cytokine, TGF-f1 regulates neuronal
cell survival and glial activation.® Parkinson’s disease,

As a progressive neurodegenerative disease, Huntington’s
disease (HD) causes motor and cognitive dysfunction. The HD
gene encodes huntingtin (Htt) and contains a cytosine-
adenine-guanine (CAG) repeat in exon 1." Abnormal expansion
of this CAG repeat (>35) causes Htt to misfold. The mutant htt
(mhtt) protein induces neuronal cell death, especially in the
striatum and cerebral cortex. R6 transgenic mice are the most
commonly used HD mouse model and express a truncated
form of human Htt.”
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Alzheimer’s disease and HD patients display high TGF-f1
levels, especially in the blood vessels of the brain.*~ This high
TGF-p1 level promotes inflammation, vascular hypertrophy,
fibrosis, and the accumulation of extracellular matrix com-
ponents.® Accordingly, TGF-f1 overexpression in mice causes
neuroinflammation and cerebral vessel injury.””

CaMKII is an important protein kinase that promotes tau
phosphorylation and memory formation. The dysfunction of
CaMKII disturbs calcium signaling, induces neuronal cell
death, and memory dysfunction. The literature also reports
that Ca2+/CaMK levels are significantly enhanced in R6 HD
transgenic mice and TgCRND8 AD transgenic mice.'”'" This
upregulation may promote reactive oxygen species generation
and eventually contribute to exacerbation of the pathological
phenotype. Therefore, we believe that the inhibition of CaMKII
and TGF-f1 signaling may alleviate some of the pathogenesis
pathogenetic routes of HD.

Aloe emodin (1,8-dihydroxy-3-hydroxymethyl anthraquinone)
is a naturally occurring anthraquinone derived from aloe or
rhubarb, that exhibits anti-renal fibrosis, anti-atherosclerosis
and anti-cancer activities.">™* As a small molecule (MW =
270.24), aloe emodin can cross the blood-brain barrier."® Aloe
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emodin also shows neuroprotective effects in ischemic stroke
rats.”>'® In this study, we first report the use of aloe emodin in
R6/1 transgenic mice. Motor and cognitive functions were evalu-
ated using several behavioral experiments. Body and brain
weights were recorded after aloe emodin treatment. Then, we
tested the expression of the mutant huntingtin protein, CaMKII
and TGF-f1 signaling, after aloe emodin treatment.

2. Materials and methods

2.1. Animals

Male B6.Cg-Tg(HDexon1)61Gpb/JNju mice were purchased
from Nanjing Biomedical Research Institution of Nanjing
University (China), and wild-type mice were used as controls.
B6/JGpt-Tg(hHTT-CAG130)90/Gpt mice at 7 weeks old were
purchased from GemPharmatech (China), and wild-type mice
were used as controls. Mice were housed under a 12 h light/
dark cycle and had free access to food and water. All animal
studies were performed in strict accordance with the P.R.
China legislation on the use and care of laboratory animals
and the guidelines established by the Institute for
Experimental Animals at Shenyang Medical College.

2.2. Drug and treatment schedule

Experiment A. The mice were divided into a control group
(WT, n = 8), an R6/1 mouse group (model, n = 10) and an R6/
1 mouse and aloe emodin 150 mg kg™' dose group (aloe
emodin, n = 9). Aloe emodin (purity >98%) was purchased
from MedChemExpress (USA) and dissolved in 0.5% CMC-Na.
Ten-week-old mice were given aloe emodin by gavage adminis-
tration, once a day until the mice were sacrificed. After the
test, the right half of the brain was used for immunohisto-
chemical staining. The left striatum was used for PCR and
EM48 expression analysis. The left cerebral cortex was used to
test the TGF-p, CaMKII and Smad2/3 expression; the left hip-
pocampus was used to test the Bcl-2 and Bax expression. One
hundred mg kg™ aloe emodin could prevent nerve injury and
neuroinflammation in ischemic stroke rats.'> We converted
the equivalent dose according to the body surface area of rats
and mice and determined that the dose for mice was about
150 mg kg ™.

Experiment B. The mice were divided into a control group
(WT, 4 male and 4 female), a B6-hHTT130-N mouse group
(model, 3 male and 4 female), a B6-hHTT130-N mouse and
aloe emodin 150 mg kg™' dose group (aloe emodin, 3 male
and 4 female) and a B6-hHTT130-N mouse and fisetin 20 mg
kg™ dose group (fisetin, 4 male and 3 female). Fisetin (purity
>98%) was purchased from MedChemExpress (USA) and dis-
solved in 0.5% CMC-Na. Eight-week-old mice were given aloe
emodin or fisetin by gavage administration, once a day, until
12 weeks old to test the rotorod performance and the
expression of mHtt in the striatum. The dose of fisetin was
based on the studies of Ahmad et al. and Khatoon et al.'”™*°
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2.3. Hindlimb clasping test

R6/1 mice exhibit progressive hindlimb clasping behavior,
which is a marker of motor impairment observed in many neu-
rodegenerative disease animal models. Clasping behavior was
tested at 20 weeks old, as described by Guyenet et al.>® The
mouse was suspended by the tail, approximately 40 cm above
its cage, and the hindlimbs were observed for 10 s. A score of
“0” was defined when two hindlimbs were splayed from the
abdomen. A score of “1” was defined when one hindlimb was
retracted toward the abdomen for more than 5 s. A score of “2”
was defined when two hindlimbs were partially retracted
toward the abdomen for more than 5 s. A score of “3” was
defined when two hindlimbs were entirely retracted toward the
abdomen for more than 5 s. These neurological scores were
used for comparative analyses.

2.4. Grip strength test

The mice were tested at 4-week intervals from 8 weeks of age
to 20 weeks of age. The back of each mouse was scruffed back
and their front paws were allowed to grab the grip bars, which
were connected to a force sensor (Shanghai XinRuan
Information Technology Co., Ltd). The mice were pulled back
until they lost their grip. This process was performed three
times, and the average value was used for comparative
analyses.”"

2.5. Rotarod test

The mice were tested at 2-week intervals from 8 weeks of age
to 20 weeks of age. Before the test, the mice were habituated to
the equipment (Shanghai XinRuan Information Technology
Co., Ltd). On the test day, the test was performed three times
at 30 rpm for 180 s, and the average latency to fall values were
used for comparative analyses.>' The mice were allowed to rest
for at least 1 h between three tests.

2.6. Novel object recognition test

The preferential index (PI) was used to evaluate memory recall
and visual recognition function in the novel object recognition
test, which was performed when the mice were 20 weeks old.”*
PI was calculated as [time spent exploring novel object/total
exploration time].

2.7. Reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA from the striatum was extracted using TRIzol. RNA
(2.0 pg) was reverse-transcribed using a cDNA synthesis
system. cDNA products were amplified by PCR with specific
primers for mHtt (F: GGCTGAGGAAGCTGAGGAG; R:
CCGCTCAGGTTCTGCTTTTA) and f-actin (F: CTGTGCCCATCT-
ACGAGGGCTAT; R: TTTGATGTCACGCACGATTTCC). Amplification
was performed in a thermal cycler (BIOER, Life Express, China)
under the following conditions: initial heating at 95 °C for 5 min
followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at
50 °C for 20 s, extension at 72 °C for 30 s, and then final extension
at 25 °C for 5 min. The amplified PCR products were separated on

This journal is © The Royal Society of Chemistry 2023



Food & Function

1.5% agarose gels and then visualized using ethidium bromide
under UV light. The band intensity was quantified using Gel-Pro-
Analyzer software.

2.8. Quantitative real-time PCR (qPCR)

Total RNA from the striatum was extracted using TRIzol. RNA
(2.0 pg) was reverse-transcribed using a ¢cDNA synthesis system
according to the manufacturer's protocol (Beyotime
Biotechnology, China). The cDNA was amplified using an SYBR
Green PCR kit (Solarbio, China) on an Exicycler 96 real-time PCR
detection system (BIONEER, Korea). The 2~*4“* was used for fluo-
rescence quantitative PCR analysis. All the experiments were per-
formed under equal conditions and repeated three times. The
sequence-specific primers were synthesized as follows: mHtt (F:
ATGGCGACCCTGGAAAAGCT; R: TGCTGCTGGAAGGACTTGAG)
and p-actin (F: CTGTGCCCATCTACGAGGGCTAT; R: TTTGATGTC-
ACGCACGATTTCC).

2.9. Immunohistochemistry

The mouse brains were routinely processed for paraffin
embedding and cut into 5 pm-thick sections. The sections
were incubated with huntingtin protein (1:100, Millipore
mab5374, clone mEM48, reacts with the mutant huntingtin
protein in HD patients and in transgenic animals that express
different numbers of repeats from 82 to 150 glutamines; thus,
it should recognize different forms of the mutant huntingtin
protein) or the NeuN (1: 500, Abcam ab177487, USA) antibody
at 4 °C overnight. The sections were washed in PBS, incubated
with the biotin-labeled secondary antibody (1:100, Boster
BA1001, China) at 37 °C for 30 min, treated with the avidin-
biotin enzyme reagent, and visualized using a DAB kit. The
intensity and positive area of each section were quantified
using Image] software.

2.10. Immunofluorescence

Five pm-thick sections were incubated with the MBP (1:100,
Proteintech 10458-1-AP, China) antibody at 4 °C overnight. The
sections were washed in PBS, incubated with the biotin-
labeled secondary antibody (1:100, Boster BA1001, China) at
37 °C for 30 min, treated with the secondary antibody TRITC-
conjugated goat anti-rabbit IgG (H + L) (1:300, ProteinTech,
China). Then, the brain slices were sealed with an anti-fluo-
rescence quenching blocking agent containing DAPI and
observed with a fluorescence microscope (Nikon, Japan). The
positive area of each section was quantified using Image]
software.

2.11. HE staining

Five pm-thick sections were stained with hematoxylin staining
solution and alcohol eosin solution. After staining, the sec-
tions were dehydrated in anhydrous ethanol and treated with
xylene. Then, the sections were dipped in resinous medium,
mounted on a cover glass, and observed with an optical
microscope.
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2.12. TUNEL staining

TUNEL staining was undertaken using an In Situ Cell Death
Detection Kit (Roche Diagnostics). Five pm-thick paraffin sec-
tions were incubated for 30 min at 37 °C with POD. After
washing with PBS, diaminobenzidine was used to visualize the
signals. The TUNEL positive cells were observed using an
optical microscope.

2.13. TGF-f content assay

The TGF-f1, p2 and B3 contents were tested using a U-PLEX
TGF-f Combo mouse assay kit (MSD K15242K, USA) according
to the manufacturer’s protocol. This assay kit contains 3 bio-
markers grouped together for ordering convenience. The
absorbance was measured at a wavelength of 620 nm using a
microplate reader (MSD QuickPlex SQ120, USA).

2.14. Western blotting

Brain protein samples (40 pg) were electrophoresed on
SDS-PAGE gels and then transferred to PVDF membranes. The
membranes were blocked in 5% skim milk for 2 h at room
temperature and incubated with primary antibodies against
huntingtin (EM48, 1:100, Millipore, USA), p-CaMKII (T286),
CaMKII, p-DARPP32 (T34), dopamine D1 and D2 receptors
(1:1000, Abcam, USA), p-smad2 (s465 + s467)/p-smad3 (s423 +
s425), Smad2/3 (1:500, Wanleibio, China), Bcl-2 (1:500,
Wanleibio, China), Bax (1: 500, Wanleibio, China) and p-actin
(1:1000, Santa Cruz, USA) at 4 °C overnight and then incu-
bated with secondary antibodies for 2 h at room temperature.
Protein bands were visualized using an ECL kit. The band
intensity was quantified using densitometry with Image]
software.

2.15. Molecular docking

The crystal structure of the CaMKII holoenzyme (PDB ID:
3S0A) in the complex with aloe emodin (PubChem
Compound, https:/pubchem.ncbi.nlm.nih.gov/) was used for
molecular modeling. AutodockVina 1.2.2 was used to perform
docking calculations. For docking analysis, the protein and
molecular files were converted into PDBQT format with all
water molecules excluded and polar hydrogen atoms added.
The grid box was centered to cover the domain of each protein
and to accommodate free molecular movement. The grid box
was set to 30 A x 30 A x 30 A, and the grid point distance was
0.05 nm. Molecular docking studies were performed by
Autodock Vina 1.2.2 (https:/autodock.scripps.edu/).

2.16. Statistical analysis

The data were analyzed using SPSS 21.0. The statistical signifi-
cance was determined using one-way ANOVA followed by
Fisher’s LSD multiple comparisons test with homogeneity of
variance or Dunnett’s T3 test with heterogeneity of variance.
Experimental data are represented as means + SD. p < 0.05
indicates statistical significance.
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3. Results could not prevent against the body weight loss of R6/1 mice.
Compared to the control group, the neurological scores were sig-
nificantly decreased in R6/1 mice, and 150 mg kg™ aloe emodin
prevented hindlimb clasping symptoms, but the difference was
The body weight of R6/1 mice, which was used as an index of not significant (p = 0.126, Fig. 1b and c). R6/1 mice exhibited a
general health, progressively decreased at age 15 to 20 weeks, from  decrease in fall latency times from 14 to 20 weeks in the rotarod
21.90 + 2.72 g to 18.7 + 2.39 g (p < 0.01, Fig. 1a). Aloe emodin test, which indicated that R6/1 mice showed motor coordination

3.1. Effects of aloe emodin on body weight, neurological
scores, motor and cognitive dysfunction in R6/1 mice
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Fig. 1 Effect of aloe emodin on the body weight and neurological scores in R6/1 mice. R6/1 mice exhibited a progressive decrease in body weight
from 8 to 20 weeks of age (a) and obvious hindlimb clasping symptoms at 20 weeks old (b and c). Aloe emodin could not prevent the body weight
loss (a). Aloe emodin decreased neurological scores, but the difference was not significant (b and c). All results are expressed as the mean + SD or
SEM (neurological scores). n = 7-10; ##p < 0.01 vs. control.
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Fig. 2 Effect of aloe emodin on motor and cognitive dysfunction in R6/1 mice. R6/1 mice exhibited a progressive decrease in the fall latency time in
the rotarod test (a), muscle strength weakness in the grip strength test (b), memory recall and visual recognition deficits in the novel object reco-
gnition test (c and d) compared to the control mice. Aloe emodin improved the performance of the R6/1 mice in the rotarod test, grip strength test
and cognitive deficits in the novel object recognition test from 16 weeks of age. All results are expressed as the mean + SD. n = 7-10; #p < 0.05,
##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. model.
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deficits (p < 0.05, Fig. 2a). Compared to the model group, aloe
emodin significantly attenuated this decrease at 16 and 18 weeks
(p < 0.05, Fig. 2a). The grip strength was gradually decreased in 16-
to 20-week-old R6/1 mice, from 100.14 + 12.79 g to 60.16 + 15.23 g
(p < 0.01, Fig. 2b). Compared to the model group, aloe emodin
attenuated muscle strength weakness at 20 weeks of age (p < 0.01,
Fig. 2b). Thus, aloe emodin attenuated motor dysfunction in the
rotarod test of R6/1 mice. Furthermore, we used another HD trans-
genic mouse model, B6-hHTT130-N mice, to reconfirm the effect
of aloe emodin on motor dysfunction. Compared to the model
group, aloe emodin significantly increased the fall latency times of
12-week-old B6-hHTT130-N mice in the rotarod test (p < 0.01, ESI
Fig. 11). The polyphenol fisetin decreases the expression of mHftt,
improves the rotorod performance and increases the lifespan in
the R6/2 HD transgenic mice.>” Therefore, we used fisetin as a
positive control in this study. We found that fisetin could also
prevent motor coordination deficits of 12-week-old B6-
hHTT130-N mice in the rotarod test (p < 0.05, ESI Fig. 11).

Cognitive dysfunction, especially recall memory dysfunc-
tion, appears even before motor dysfunction in HD patients
and mouse models. Therefore, the novel object recognition
test was used to evaluate memory recall and visual recognition
impairments in R6/1 mice. Compared to the control group, the
PI value at 1 h was decreased in 20-week-old R6/1 mice (p <
0.01, Fig. 2c). Similar results were observed in the PI value at
24 h (p < 0.01, Fig. 2d). Aloe emodin prevented the decrease in
Pl at1 h (p < 0.05, Fig. 2c).

3.2. Effect of aloe emodin on brain injury in R6/1 mice

After the behavioral test, the mouse brains were weighed to
evaluate the neuroprotective effect of aloe emodin. R6/1 mice
exhibited lighter brain weights than the control group mice
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(p < 0.01, Fig. 3a). Aloe emodin slightly attenuated this
decrease in brain weight, but the effect was not significant (p
= 0.190, Fig. 3a). HE staining was used to determine the survi-
val of striatal cells. The outline of cells was unclear and
arranged irregularly in R6/1 mice. Aloe emodin prevented
pathological damage (Fig. 3b). Immunohistochemistry of the
neuronal marker neuronal nuclear antigen (NeuN) was used to
evaluate the neuronal injury in the striatum. Compared to the
control group, the numbers of NeuN positive cells were signifi-
cantly decreased in the model group. Aloe emodin could sig-
nificantly increase the NeuN covered area (p < 0.05, Fig. 3¢ and
d).

Dopamine- and cAMP-regulated phosphoprotein 32 kDa
(DARPP32) is a mediator of dopaminergic signaling in cells.
Dopamine receptor activates PKA, and further promotes the
phosphorylation of DARPP32. The literature reported that
levels of phosphorylation of DARPP32 were significantly
decreased in HD patients and mouse models.*>?** In this
study, compared with the model group, aloe emodin signifi-
cantly increased the expression of D1R, D2R and p-DARPP32
levels in the striatum (p < 0.05, Fig. 4a-d).

3.3. Effect of aloe emodin on the expression of mHtt, TGF-f
and CaMKII signaling in R6/1 mice

Mutant htt induces neuronal cell death, particularly in the
striatum and cerebral cortex. Therefore, we tested the effect of
aloe emodin on mHtt. In experiment A, aloe emodin decreased
the expression of mHtt to 40% in the striatum (WB, p < 0.01;
IHC mean IntDen, p < 0.01; IHC covered area, p < 0.05, Fig. 5a
and d-f). To investigate whether aloe emodin regulates mHtt
at the transcriptional level, we used RT-PCR and qPCR to test
the mRNA levels in R6/1 mouse brain samples. We found that
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Fig. 3 Effect of aloe emodin on brain injury in R6/1 mice. R6/1 mice exhibited a decrease in brain weight (a) compared to control mice. Aloe
emodin slightly prevented the decrease in brain weight, but the difference was not significant. Aloe emodin improved cell morphology in the stria-
tum, as shown by HE staining (b). Aloe emodin also significantly increased the expression of neuronal marker NeuN in the striatum (c and d). All
results are expressed as the mean + SD. Brain weight, n = 7-8; HE and IHC, n = 4. ##p < 0.01 vs. control; *p < 0.05 vs. model.
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Fig. 4 Effect of aloe emodin on dopamine receptor and DARPP32. Aloe emodin treatment for 10 weeks significantly ameliorated the reduced
expression of D1R, D2R and the p-DARPP32 (T34) level in the striatum of the R6/1 mice (a). Quantification of the band densities of D1R, D2R and
p-DARPP32 after aloe emodin treatment (b,c and d). Maybe aloe emodin can protect dopaminergic neurons against mHtt-induced excitotoxicity. All
results are expressed as the mean + SD. n = 5. ##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. model.

aloe emodin did not change the mRNA level of mHtt (p > 0.05,
Fig. 5b and c). Perhaps aloe emodin only inhibits mHtt at the
protein level. In experiment B, we obtained similar experi-
mental results to those of experiment A, where aloe emodin
and fisetin significantly decreased the protein expression of
mHtt in the striatum of the B6-hHTT130-N mice (mean
IntDen, p < 0.01, ESI Fig. 27).

Compared to the model group, TGF-f1 and p-CaMKII levels
in the aloe emodin group were significantly decreased to 8.19 +
1.08 pg mg~" and 70% (p < 0.05, Fig. 6a, d and e); aloe emodin
also decreased the p-Smad 2/3 level to 78% (p < 0.01, Fig. 6d
and f) in the cerebral cortex. Aloe emodin treatment could not
prevent the decrease in the contents of TGF-f2 (p > 0.05,
Fig. 6b), while no significant differences in the contents of TGF-
B3 were observed among the groups (p > 0.05, Fig. 6¢). Thus,
aloe emodin inhibited mHtt expression and TGF-f1 and CaMKII
signaling and prevented neuronal cell death in R6/1 mice. Both
striatum and cerebral cortex are the main injury sites of HD but
mice striatum is a very small tissue, which is not enough to
detect all experimental indicators. Therefore, we tested TGF-p1
and p-CaMKII levels in the cerebral cortex, not in the striatum.

To evaluate the affnity of aloe emodin for its target, we per-
formed molecular docking analysis. The binding poses and
interactions of aloe emodin with CaMKII were obtained with

5210 | Food Funct., 2023, 14, 5205-5216

Autodock Vina v.1.2.2 and binding energy was generated. The
result showed that aloe emodin had low binding energy of
—7.18 keal mol™, indicating highly stable binding. The target
protein was bound to aloe emodin through visible hydrogen
bonding and strong electrostatic interactions; moreover, hydro-
phobic pocket of target protiens were occupied successfully by
aloe emodin (Fig. 7).

3.4. Effect of aloe emodin on apoptosis in the hippocampal
area of R6/1 mice

We found that aloe emodin attenuated memory recall and
visual recognition impairments of R6/1 mice in the novel
object recognition test. Compared with the striatum, the hip-
pocampus is more closely related to learning and memory.
Thus, maybe aloe emodin could prevent or delay hippocam-
pal-dependent cognitive deficits. Therefore, we tested the
effect of aloe emodin on apoptosis in the hippocampus of R6/
1 mice. First, we observed the expression of the myelin basic
protein (MBP) in the hippocampal CA1 region, because it regu-
lates  neuronal  membrane integrity and  axonal
regeneration.”>?® Compared to the control group, the
expression of MBP was significantly decreased in the model
group (p < 0.05, Fig. 7a and b). Aloe emodin could prevent this
decrease of MBP, which was comparable with the model group

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Effect of aloe emodin on the protein and mRNA levels of mHtt in the striatum of R6/1 mice. Aloe emodin treatment for 10 weeks significantly
decreased the expression of mHtt (a) by WB, and the intensity and positive area of EM48-positive cells (d—f) in the striatum by IHC. However, aloe
emodin did not change the mRNA levels of mHtt in the striatum (b and c). Perhaps aloe emodin only inhibits mHtt at the protein level. All results are

expressed as the mean + SD. WB, n = 5; IHC, n = 4, bar = 30 ym; PCR, n =

(p < 0.05, Fig. 7a and b). Neuronal degeneration and loss are
the contributors to cognitive dysfunction. To evaluate whether
aloe emodin can prevent mHtt-induced neuronal apoptosis,
we used TUNEL staining to test the anti-apoptosis effect of
aloe emodin. Compared to the control group, the number of
apoptotic cells was significantly increased in the hippocampal
CA1 region of the model group mice, which means that mHtt
induced DNA breaks in the hippocampal neuron (p < 0.01,
Fig. 7c and d). Also, with aloe emodin treatment, the number
of apoptotic cells obviously decreased (p < 0.05, Fig. 7c and d).
The endogenous apoptosis pathway starts from the pro-apopto-
tic protein Bax. After receiving the apoptosis signal, Bax trans-
fers to mitochondria and promotes the release of cytochrome
c. The anti-apoptotic protein Bcl-2 can prevent the effect of
Bax. Aloe emodin significantly increased the expression of Bcl-
2 and decreased the expression of Bax in the hippocampus
(Bcl-2, p < 0.01; Bax, p < 0.05, Fig. 7e-g). These results indi-
cated that aloe emodin prevented neuronal apoptosis in the
hippocampus of R6/1 mice.

4. Discussion

Aloe emodin is a natural anthraquinone derivative and an
active ingredient of herbs.?” Aloe emodin decreases the infarct
size and behavioral score, and prevents neuroinflammation of
middle cerebral occlusion reperfusion rats.'>'® Aloe emodin
also protects oxygen and glucose deprivation reperfusion-

This journal is © The Royal Society of Chemistry 2023

3. ##p < 0.01 vs. control; **p < 0.01 vs. model.

induced SH-SY5Y cell death and decreases the inflammatory
cytokine levels in LPS-treatd BV2 cells.” But, the effect of aloe
emodin on neurodegenerative diseases has not been fully
reported. The literature has reported that R6/1 mice show
motor and cognitive dysfunction beginning at around 14
weeks, and this dysfunction lasts more than 20 weeks.?**’
Therefore, in the present study, we used the rotarod test and
grip strength test to assess motor deficits and muscle strength
in 8-20-week-old R6/1 mice. We found progressive deterio-
ration of locomotor coordination and muscular weakness in
the forelimb of R6/1 mice, which was prevented by aloe
emodin. Similar results were found in supplementary experi-
ments; aloe emodin could attenuate motor coordination defi-
cits of 12-week-old B6-hHTT130-N mice in the rotarod test.
Cognitive dysfunction, especially neuron and synapse loss-
induced serious recall memory dysfunction, occurs even
dysfunction in HD patients and mouse
models. In this study, aloe emodin increased the prefer-
ential index in novel object recognition at 1 h, indicating that
aloe emodin improves recall memory. Although not signifi-
cant, aloe emodin tended to attenuate the performance in the
novel object recognition test at 24 h.

Mutant huntingtin decreases glutamate uptake in the
brains, and increases neuronal susceptibility to excitotoxi-
city.** We found that aloe emodin reduced mHtt at the protein
level, but not mRNA in the striatum. Aloe emodin also amelio-
rated the reduced expression of DIR, D2R and p-DARPP32.
Obvious dopaminergic alterations were found in HD patients.

before motor
28,30,31
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Fig. 6 Effect of aloe emodin on TGF-ps and CaMKIl signaling in R6/1 mice. Aloe emodin treatment for 10 weeks significantly decreased the TGF-p1
content (a), the expression of p-CaMKIl and the p-Smad2/3 level (d) in the cerebral cortex. Quantification of the band densities of p-CaMKIl and
p-Smad2/3 after aloe emodin treatment (e and f). Aloe emodin treatment had no effect on the contents of TGF-p2 (b). No significant differences in
the contents of TGF-$3 were found among all groups (c). (g) Docking mode of aloe emodin with the protein crystal structure of CaMKI, key inter-
actions of aloe emodin in the active site of CaMKIl (PDB: 3SOA). (h) The binding pose of aloe emodin in the active site of CaMKIIl, where aloe emodin
is highlighted in orange. All results are expressed as the mean + SD. TGF-p, n = 5-6; WB, n = 5. #p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p <

0.01 vs. model.

The up-regulation of dopamine receptors activated PKA, and
increased the Thr 34 level of DARPP-32. Therefore, maybe aloe
emodin can protect dopaminergic neurons against excitotoxicity.

TGF-B1, a multifunctional cytokine, participates in cell sur-
vival and microglial activation and is upstream of the Smad
signal transduction pathway.’>** Current studies show that
TGF-p1 regulates pathogenesis in several neurodegenerative
disorders. AD, PD and amyotrophic lateral sclerosis patients
display higher TGF-f1 content in serum and CSF than control
patients.®> However, the level of TGF-f1 in HD patients or
animal models yielded contradictory results. With the aggrava-
tion of HD, TGF-p1-positive cells were increased in the brains
of postmortem HD patients and colocalized with astrocytes.>*
The TGF-p pathway was activated in human HD-induced pluri-

5212 | Food Funct, 2023, 14, 5205-5216

potent stem cells (hiPSCs).>> Increasing TGF-p1 and p-SMAD2
levels were identified in iPSC-derived neural progenitor cells
(NPCs) transfected with expanded CAG repeats.*® In the hippo-
campus of a transgenic HD rat and R6/2 transgenic mice, the
TGF-B pathway was significantly activated.® In contrast,
Battaglia et al observed decreased TGF-f1 levels in HD
patients.>* In the cortex of YAC128 mice and R6/2 mice, TGF-
B1 levels were reduced.*® Therefore, we believe that additional
studies should be performed to clarify the role of TGF-p1 in
HD. CaMKII participates in synaptic plasticity and memory for-
mation. On the one hand, CaMKII (T286) autophosphorylation
maintains spatial memory formation and LTP; on the other
hand, CaMKII promotes tau phosphorylation.’”*° The excit-
atory neurons in CA1 exhibit high levels of CaMKIL*® The lit-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Effect of aloe emodin on apoptosis in the hippocampal area of R6/1 mice. Compared to the model group, aloe emodin increased the
expression of MBP (a and b), decreased the number of TUNEL positive cells (c and d) in the hippocampal CAl region, and also decreased the Bax/
Bcl-2 expression ratio in the hippocampus (e—g). These results indicate that maybe aloe emodin prevented neuronal apoptosis in the hippocampus
of R6/1 mice. All results are expressed as the mean + SD. Immunofluorescence and TUNEL, n = 4; WB, n = 5. #p < 0.05, ##p < 0.01 vs. control; *p <

0.05, **p < 0.01 vs. model.

erature has reported that inhibition of CaMKII also decreases Naturally, anthraquinone derivatives generally have the effect

p-Smad2/3 levels in human primary and pluripotent stem of inhibiting TGF-p1. Emodin shows an anti-fibrosis effect in

cells.**

renal fibrotic rats via inhibiting the TGF-p1/Smad7 pathway,*>

Maybe inhibiting CaMKII/Smad and TGF-p1/Smad signal- inhibits epithelial-mesenchymal transition induced by bleo-
ing is another potentially important function of aloe emodin. mycin in the lungs via suppressing the TGF-f1/Smad2/3.*?

This journal is © The Royal Society of Chemistry 2023
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Emodin also inhibits the phosphorylative level and activity of
CaMKII in renal ischemia-reperfusion injury models.** In this
study, aloe emodin significantly decreased TGF-f1 levels and
phosphorylation levels of Smad2/3 in R6/1 transgenic mice.
However, no difference was found among any of the groups in
the content of TGF-B2 or TGF-B3 of R6/1 mice. Active astrocytes
and microglia showed strong TGF-f1 immunoreactivity.
Therefore, we believe that inhibition of TGF-p1 downregulates
the level of neuroinflammation, which may contribute to the
anti-HD effect of aloe emodin. In this study, aloe emodin sig-
nificantly decreased phosphorylation levels of CaMKII in R6/1
transgenic mice. Disruption of calcium homeostasis occurs
not only in the brain but also in the peripheral tissues of HD
patients.”> Maybe, therefore, it is not just the brain that
benefits from the regulation of calcium by aloe emodin. But
we still do not know how dose aloe emodin block TGF-§
secretion. The mechanism of regulating TGF-f1 secretion is
complex. For example, argonaute 2 activates TGF-p1 transcrip-
tion and induces TGF-p1 production.*® Inhibition of galectin-3
blocks TGF-f secretion and attenuates the late-stage pro-
gression of lung fibrosis after bleomycin.*” Inhibiting PKC
activity prevents TGF-f1 transport.”®* The NF-xB signalling
pathway can enhance the transcription of TGF-f1 in hepatic
I/R injury.*® There are also many microRNAs that can regulate
the secretion and activity of TGF-B.*®>°">> Therefore, it may be
difficult to find out what upstream target of aloe emodin inhi-
bits TGF-f1 secretion. Maybe the RNA-seq method should be
used in our next study.

5. Conclusions

Taken together, aloe emodin attenuated the motor and cogni-
tive dysfunction in R6/1 mice. Aloe emodin also decreased the
level of mutant huntingtin protein and inhibited CaMKII/
Smad and TGF-f1/Smad signaling. The present study suggests
that aloe emodin may be a promising candidate for use in HD
and other neurodegenerative diseases.
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