
DIPARTIMENTO
DI BIOSCIENZE

UNIVERSITÀ DEGLI
STUDI DI MILANO

cy5

cy5

cy5

cy5cy5

cy5

A NEW GENERATION OF BRAIN-TARGETED NANOPARTICLES FOR CHOLESTEROL DELIVERY IN HD: 
KINETICS, DRUG RELEASE AND BEHAVIORAL EFFECTS IN MOUSE MODELS

1Department of Biosciences, University of Milan, Milan (Italy); 2Istituto Nazionale di Genetica Molecolare (INGM) “Romeo ed Enrica Invernizzi”, Milan (Italy) 
3Nanomedicine and Pharmaceutical technology, Department of Life Sciences, University of Modena and Reggio Emilia, Modena (Italy)

4Istituto di Ricerche Farmacologiche “Mario Negri” IRCCS, Milan (Italy)

Marta Valenza1,2, Giulia Birolini1,2, Ilaria Ottonelli3, Alice Passoni4, Monica Favagrossa4, Jason T Duskey3, Mauro Bombaci2, Barbara Ruozi3, 
Mario Salmona4, Giovanni Tosi3, Elena Cattaneo1,2

Background
Cholesterol (chol), an essential molecule for brain function, is produced locally in the brain as the blood-brain barrier (BBB) prevents its uptake from
blood. Huntington disease (HD) is associated with reduced synthesis within the brain, especially in the striatum (Shankaran 2017).
Previous studies showed that the delivery of a low dose of chol (20µg) to the brain of R6/2 mice via systemic injection of brain-permeable polymeric
nanoparticles (NPs-Chol_1.0) improved synaptic and cognitive but not motor defects (Valenza 2015). Recently, by infusing three doses of chol (20-250-
500µg over 4 weeks) into the striatum of R6/2 mice through osmotic minipumps, we identified the optimal dose of chol (500µg) to ameliorate both
motor and cognitive defects, rescue morphological and functional abnormalities of striatal neurons, and reduce mutant huntingtin aggregates (Birolini
2020).

Aims and Methods
To develop a cholesterol-based strategy for HD, a new generation of brain-permeable NPs (NPs-Chol_2.0), with enhanced drug loading capacity, has
been developed. Distribution, kinetics, drug release, efficacy and safety have been explored in two HD mouse models.

Results
NPs-Chol_2.0 rapidly target neural cells. Chol is released in a controlled manner and accumulates over time in the brain, while being rapidly removed
from peripheral tissues and plasma. Systemic and repeated injections of NPs-Chol_2.0 prevent cognitive decline and ameliorate motor defects in R6/2
mice, without any inflammatory reaction (Birolini 2021). Different therapeutic regimens are ongoing in Q175 mice to explore the long-term effects of
Chol on behavioural, molecular, and functional parameters. Preliminary data show that NPs-Chol_2.0 prevents cognitive decline and muscular strength
loss, and rescues paw clasping behaviour and late-onset motor defects in these HD mice.

Conclusions
This study provides insights about the benefits of chol delivery through advanced brain-permeable NPs for HD treatment.

1. Background: the rational of cholesterol based therapies for HD

2. NPs-Chol_2.0 cross the BBB and reach the brain

A. 7 weeks-old wt mice were treated with a single I.P. injection of NP-Chol_2.0 (1,18 mg) labelled with cy5. Mice were sacrificed at different
time points (n=2/time point) to analyse distribution of NPs (Cy5). B. Distribution of NP-Chol_2.0 in different brain regions after a single I.P.
injection and relative quantification (right). Graphs indicate the numbers of NPs in a field of view (FOV) (n=5 images/time point). C. Cellular
distribution of NP-Chol_2.0 in medium spiny neurons (MSNs), astrocytes and microglia in the brain of wt mice following a single I.P.
injection. Scale bars: 15 µm (B) and 25 µm (C).
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6. NP-Chol_2.0 prevent behavioural deficits in Q175 mice 
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A. Experimental groups and paradigm: mice were treated
twice a week for 5 weeks with saline or with NP-Chol_2.0
(1,8 mg of NPs loaded with 660µg of chol) and sacrificed 2
weeks after the last I.P. injection (at 11-12 weeks of age).
B. Global Activity was reduced in R6/2 mice at both 9 and 11
weeks of age. Of note, at 9 weeks of age there was a partial
rescue of this parameter in cholesterol treated mice. C. Grip
strength allows to study neuromuscular functions and
strength by determining the force developed by mouse when
the operator tries to pull it out of a grid. HD mice muscular
strength was reduced from 9 weeks of age and it was
completely rescued by cholesterol treatment. D. Novel
Object Recognition Test (NORT) is a cognitive test based on
the spontaneous tendency of rodents to spend more time
exploring a new object than a familiar one, reflected by a
positive discrimination index (DI). As expected, the DI of
R6/2 mice was decreased at 9 weeks of age compared to wt
mice. The delivery of exogenous cholesterol to the brain
completely rescued the cognitive defects. E. Paw clasping
measures hindlimb clasping, a marker of disease
progression in several mouse models of neurodegeneration.
Saline-treated HD mice retracted one or both the hindlimbs
starting from 9 weeks of age. Of note, cholesterol-treated
mice ameliorated this phenotype. Statistics: Data represent
mean ± SEM. P<0.05 was determined by one-way ANOVA
followed by Newmann–Keuls multiple comparison tests
(*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001).

NPs-Chol_1.0

• Proof-of-concept
• Amelioration of synaptic defects
• Prevention of cognitive decline
• No motor rescue
• Low drug loading
(Valenza et al., Embo Mol Med 2015)

Osmotic
mini-pumps

• Dose escalation study
• Optimal dose identified
• Prevention of cognitive decline and 

synaptic defects
• Dose-dependent motor rescue
• Rescue of other HD phenotypes
• Mechanisms of action
(Birolini et al., Embo Mol Med 2020)

• Increased drug loading
(Belletti et al., Int J Pharm 2018)

NPs-Chol_2.0

• Circulating cholesterol is not able to cross the BBB and is
produced locally in the brain (Dietschy and Turley 2001)

• Cholesterol is critical for brain development and function
(Mauch et al., 2001; Funfschilling et al., 2012; Ferris et al.,
2017)

• Brain cholesterol biosynthesis is early reduced in HD
animal models (Valenza et al., 2005; 2007; 2010;
Shankaran et al., 2017)

• The striatum is the most affected area (Shankaran et al.,
2017)

• The molecular mechanism is known (Valenza et al., 2005;
2015; Di Pardo et al. 2020; Birolini et al., 2021)

• The cerebral dysfunction is measurable in blood of HD
patients (Leoni et al., 2008; 2013)
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4. NPs-Chol_2.0 ameliorates behavioural deficits in R6/2 mice
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C. Mice were treated with a single I.P. injection of NP-Chol_2.0
and sacrificed at different time point after the I.P. injection). D.
Striatum, cortex, liver, lung, kidney and plasma were collected
to measure the amount of d6-chol in different tissues by means
of mass spectrometry. The amount of D6-chol increases over
the time in brain tissues, meaning that cholesterol is released
from the NPs and accumulates over time. While, D6-chol levels
decreases with time in peripheral tissues and in blood,
indicating that it is rapidly metabolized in periphery.
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3. Chol release and quantification from NPs-Chol_2.0 in vivo
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We have recently demonstrated that a therapeutically relevant dose of Chol delivered to
the striatum through osmotic mini-pumps indirectly stimulated endogenous cholesterol
synthesis, leading to the reversal of both motor and cognitive abnormalities in HD mice
(Birolini et al., 2020). In contrast, lower doses delivered to the striatum through osmotic
mini-pumps (Birolini et al., 2020) or to the brain via NP-Chol_1.0 (Valenza et al., 2015)
led to a complete rescue of cognitive decline without significant change in endogenous
brain cholesterol biosynthesis or in motor performance. A-C. To test whether the
increased amount of chol in NP-Chol_2.0 was sufficient to stimulate endogenous
cholesterol synthesis in the diseased brain, lanosterol (A), lathosterol (B), and
desmosterol (C) in the striatum were measured by mass spectrometry following the
experimental paradigm described in 4A. Significant increase in lanosterol and
desmosterol levels was found in striatal tissues of R6/2 mice treated with NP-Chol_2.0
unlike NP-Chol_1.0 which did not show any effects.

A B C

5. NPs-Chol_2.0 enhances endogenous cholesterol biosynthesis in R6/2 mice

wt saline R6/2 saline R6/2 + NP-Chol_1.0 R6/2 + NP-Chol_2.0

Overlap coeff. = 0.799 Overlap coeff. = 0.500
35% of chol released

St
ria

tu
m

2ws24h 10ws

Overlap coeff. = 0.232
70% of chol released

HOECHST Cy5 Bodipy

A. To assess whether cholesterol is released from NPs, wt and HD mice were
treated with a single I.P. injection of NP-Chol_2.0 labelled with cy5 and loaded with
bodipy-chol, a fluorescent cholesterol derivative. Mice were sacrificed at different
time point (24h, 1 week, 2 weeks, 10 weeks and 20 weeks after the I.P. injection. B.
Distribution of NP-Chol_2.0 (red dots) and of bodipy‐chol (green signal) was
analyzed by IF analysis in the striatum (B) and in cortex (not shown). 24h after a
single I.P., NPs and bodipy‐chol co-localized. However, starting from 2 week after
the injection, red and green signals were no longer co‐localizing, meaning that
cholesterol was released and NPs were degraded over time. Co-localization
analysis was performed by Volocity software.

Time:   0   24h        1w       2ws   10ws  20ws 

1 ip

D. To explore any side effects of
chronic administration of NPs-
chol_2.0, the inflammation
status of treated mice was
analyzed through the
simultaneous detection of 23
analytes in a single well of a 96-
well microplate using the Bioplex
assay in different brain regions,
peripheral tissues and plasma.
E. No substantial changes were
observed between groups. Data
expressed as fold-change (HD
mice treated with NP-Chol_2.0
vs HD mice treated with saline).

Step 1:
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Step 2:
add samples
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step 5:
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fluorescence sorting
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starting fro) a late ti)e point 01? 3eeks of age1' ,e)arkably, this 
para)eter 3as rescued in )ale ,>E: )ice treated 3ith hybrid-g4-/#s- 
chol 0$ig' =0i1 and 0611' 

+ollectively, these results indicate that the dose of cholesterol 
delivered and released in the brain 3ith chronic treat)ent 3as suf2cient 
to prevent cognitive decline over ti)e and a)eliorate so)e )otor de-
fects at I 3eeks of age' Ho3ever, the fast and aggressive phenotype of 
this H( )ouse )odel did not allo3 us to evaluate the long-ter) effect of 
this treat)ent 3hen all cholesterol is released fro) the /#s, 3hich )ay 
reHuire several 3eeks' 

���� 4ssessment of mar@ers of inAammation, a possi*�e si"e effect 

&o eAplore any eventual side effects of chronic ad)inistration of 
hybrid-g4-/#s-chol, 3e neAt sought to analyze the in7a))ation status 
of treated )ice' +ytokines, che)okines, and gro3th factors are cell- 
signaling proteins that )ediate a 3ide range of physiological re-
sponses including i))unity and in7a))ation, and are also associated 
3ith a spectru) of neurodegenerative diseases 8;=,;>9' &hrough the 
si)ultaneous detection of :; analytes in a single 3ell of a I>-3ell 
)icroplate, 3e analyzed the in7a))ation status of striatu), corteA, 
liver, and plas)a fro) H( )ice treated 3ith saline or 3ith hybrid-g4- 
/#s-chol' In general, 3e did not observe gross changes in the levels of 
the analytes analyzed, eAcept for an increase in I*-: in the striatu) and a 
decrease in eotaAin in corteA and in I*-1a and I*: in plas)a of ,>E: )ice 
treated 3ith hybrid-g4-/#s-chol co)pared 3ith ,>E: )ice treated 3ith 
saline 0&able 11' &hese 2ndings suggest that chronic treat)ent 3ith 
hybrid-g4-/#s-chol is safe in ,>E: )ice' Moreover, observation of the 
)ice during chronic ad)inistration regi)ens did not reveal any cases of 
)ortality in the treated and control groups and no signs of abnor)al 
behavioral reactions and general clinical sy)pto)s 3ere detected' 

Overall, these results suggest that chronic ad)inistration of hybrid- 
g4-/#s-chol does not lead to side effects in H( )ice' 

�. �onclusion 

#revious studies pointed out the bene2ts of strategies ai)ed at 
delivering cholesterol to the H( brain 8:<,:=9, but de2ning the dose of 

cholesterol that reaches the brain is critical to a co)plete understanding 
of the po3er and li)its of the approach' 5ith the ai) of developing a 
ne3 and non-invasive strategy closer to clinical application, hybrid-g4- 
/#s-chol 3ere produced 3ith i)proved che)ical and physical proper-
ties and increased cholesterol content 8:49' Here, 3e characterized 
hybrid-g4-/#s-chol in vivo in a transgenic )ouse )odel of H(' 5e 
de)onstrated that hybrid-g4-/#s-chol are taken up and reach different 
cell types in the brain, and that they accu)ulate over ti)e and are able 
to release cholesterol, 3hich beco)es available for neuronal functions' 
I)portantly, /#s are rapidly degraded in the plas)a and in peripheral 
tissues 3ithout a detectable in7a))atory response' &hese syste)s can 
be opti)ized further in order to transport not only cholesterol but other 
)olecules that can be useful in treating H( and other brain pathologies, 
or even used 3ith different routes of ad)inistration 8:>9' $inally, 3e 
highlighted the utility of cholesterol as a )odel drug 3ith 3hich to 
de2ne delivery syste)s based on /#s' 
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���le 1 
In7a))atory response of H( )ice follo3ing syste)ic and chronic in6ection of hybrid g4-/#s-chol'  

"nalyte -triatu) +orteA *iver #las)a 

$old-change $old-change $old-change $old-change 

Mean ± -.M p-value Mean ± -.M p-value Mean ± -.M p-value Mean ± -.M p-value 

I*-1a 1?1? ± ?,?:= ?,I;<F ?,I:4 ± ?,?;; ?,;FF< ?,I4> ± ?,111 ?,F>:: ��212 ± ���32 ���� ! "" 
I*-1b 1?== ± ?,:?? ?,F<;= ?,4<4 ± ?,1;< ?,;:=< 1?FF ± ?,1F< ?,4<>> ?,I:? ± ?,;F1 ?,F>?F 
I*-: 1�1� ± ��� # ����!1 "" ?,4?F ± ?,?1; ?,1?=F 11=I ± ?,14I ?,<F;1 ��3$! ± ���!1 ����#  " 
I*-; 1?1: ± ?,:IF ?,I4;I ?,441 ± ?,?I4 ?,:F<? 1?;1 ± ?,?;F ?,41=1 /E(  
I*-< ?,>;: ± ?,11? ?,=F41 1<4: ± ?,<II ?,<1?; ?,4<< ± ?,1F: ?,<;;; ?,<:I ± ?,1F< ?,;=4= 
I*-= 1:>< ± ?,1>= ?,=F;< 1:4> ± ?,=>1 ?,>F;1 ?,I:< ± ?,1=F ?,4:11 ?,;;? ± ?,?F= ?,1>1? 
I*-> 1?>1 ± ?,1;: ?,44:; 1?1I ± ?,1?: ?,I1;: ?,FFI ± ?,1;; ?,=<<> /E(  
I*-I ?,4FI ± ?,1<; ?,<?<> ?,F;> ± ?,1<= ?,=1;> ?,I?? ± ?,11: ?,>?I= /E(  
I*-1? 1?:? ± ?,:I1 ?,I=I; ?,>44 ± ?,1:; ?,1;?1 11?I ± ?,;=< ?,F1?? 114= ± ?,??: ?,1>1? 
I*-1: 0p<?1 1>>> ± ?,<;= ?,:<=? ?,>>4 ± ?,14> ?,;F>1 1F<; ± ?,11; ?,1?:= ?,I:1 ± ?,:;> ?,F1:< 
I*-1: 0p4?1 ?,I<< ± ?,:<: ?,F>?1 ?,4IF ± ?,1;F ?,;F=I ?,F?; ± ?,11> ?,<>:? /E(  
I*-1; ?,I=? ± ?,?4: ?,=>>4 ?,F;= ± ?,?>I ?,:I?: ?,I44 ± ?,?I4 ?,F<>? 1?II ± ?,1=: ?,=FF> 
I*-14 1;<= ± ?,<1< ?,=1IF ?,FI: ± ?,1:= ?,:I?: 11I< ± ?,1?< ?,;1?F 1;<= ± ?,<1< ?,=1IF 
.otaAin 1>I= ± ?,;=I ?,1<<4 ����  ± ��� ! ���22! " ?,I=F ± ?,:1= ?,FI:4 ?,F?I ± ?,1I= ?,=>;4 
G-+-$ ?,I<; ± ?,:?; ?,F<I? ?,I1< ± ?,1=; ?,>=41 1??1 ± ?,1:? ?,II4? ?,IF4 ± ?,1<F ?,I=:I 
GM-+-$ 1?:= ± ?,::: ?,I;1< 1?>? ± ?,::? ?,F;?: 1?I? ± ?,?F? ?,<:1F ?,4:< ± ?,1FF ?,:I=> 
I/G-ga))a 1<1; ± ?,:4: ?,:>?4 ?,FII ± ?,1?: ?,=<?< 11== ± ?,1F< ?,<I>F ?,4<I ± ?,;:: ?,4::= 
K+ 1;;4 ± ?,;?: ?,;<<> 1;<? ± ?,1>I ?,1<;F ?,IFF ± ?,;1; ?,I4<: ?,<FI ± ?,?F> ?,1<I< 
M+#-1 ?,I<4 ± ?,;4= ?,I:1> ?,I?4 ± ?,1I> ?,F?=F 1>=4 ± ?,<1< ?,:?F: 1;>= ± ?,>FI ?,4>;> 
MI#-1a 11;; ± ?,;:> ?,4=I; ?,F1> ± ?,1;F ?,<4?F 1?>= ± ?,1:> ?,>F4< ?,=:= ± ?,::: ?,=IF4 
MI#-1b 1=11 ± ?,1F> ?,1<FF ?,4;1 ± ?,1;4 ?,;=;; ?,I:? ± ?,1I: ?,4F?> ?,>1< ± ?,<=: ?,<4>: 
,anteg 1?1? ± ?,?4= ?,I=:? 1?:? ± ?,1;< ?,I:41 ?,FF: ± ?,?F4 ?,=I1= ?,IIF ± ?,:;1 ?,II=< 
&/$-a 114; ± ?,:4> ?,>::4 ?,F=< ± ?,:<I ?,><<4 11?? ± ?,;=: ?,F1;= ?,F=1 ± ?,;41 ?,F1?> 

(ata eApressed as fold-change 0H( )ice treated 3ith hybrid-g4-/#s-chol vs H( )ice treated 3ith saline solution1 
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• A new generation of NPs (NPs-Chol_2.0) was optimized with enhanced cholesterol loading capacity (Belletti 
et al., Int J Pharm 2018); NPs kinetics and cholesterol release and quantification was also explored (Birolini, 
Valenza et al., Journal of Controlled Release, 2021)

• Delivery of cholesterol to the brain via NPs-Chol_2.0 ameliorates disease phenotypes in R6/2 mice (Birolini, 
Valenza et al., Journal of Controlled Release, 2021) 

• Beneficial effects persist long-term in Q175 mice (unpublished data)

A. To explore the long-term potential of the new NPs, we used the Q175 mouse model and we tested different therapeutic regimens starting the treatment before the
onset of motor and cognitive defects. Trial 1 (T1) and trial 2 (T2) are still ongoing. B. At 20 weeks of age Q175 mice exhibited a pronounced cognitive deficit. The
amount of cholesterol released from NPs at this time point, following two cycles of treatments (T3) was sufficient to totally rescue cognitive defect in Q175 mice.
Importantly, the rescue persisted also at 29, 35 and 45 weeks of age. C. Q175 mice manifested low clasping activity at 20 weeks of age which was not rescued in
cholesterol-treated mice. At 29 weeks of age, a significant rescue was observed that persisted over time. D. The neuromuscular deficit was also prevented in Q175
mice treated with NPs-Chol_2.0 at all time points analysed. Data are shown as mean ± SEM. Statistic: One-way anova followed by Newman Keuls
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Conclusions

A. To explore whether NP-Chol_2.0
are able also to rescue motor and
cognitive deficits in symptomatic
Q175 mice, we also tested a
therapeutic regimen started when
symptoms were already present.
B. At 40 and 49 weeks of age Q175
mice treated with NPs did not show
cognitive defect and the behaviour
was similar to that observed in wt
mice.
C. Clasping deficit at 40 weeks of age
was not rescued in cholesterol-
treated mice. At 49 weeks of age we
observed a trend of amelioration but
with no statistical significance.
D. The neuromuscular deficit was
rescued in Q175 mice treated with
NPs-Chol_2.0 at 40 and 49 weeks of
age.
Data are shown as mean ± SEM.
Statistic: One-way anova followed by
Newman Keuls

7. NP-Chol_2.0 rescue behavioural deficits in Q175 mice 
(symptomatic treatment)
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