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Niemann-Pick disease type C1 (NPC1) is a neurodegenerative disorder characterized by
lysosomal storage of free cholesterol. 2-Hydroxypropyl-p-cyclodextrin (HPRCD) is a cyclic
oligosaccharide derivative that is being developed to treat NPC1. Recently, metformin was
reported to be beneficial in various neurodegenerative diseases, such as Alzheimer’'s and
Huntington’s diseases. In this study, we examined the effects of combined treatment with
HPBCD and metformin on Npc1™~ mice. Unfortunately, body weight and survival rates
showed that cotreatment with metformin did not extend survival time and increase the body
weight of HPBCD-treated Njpc7™~ mice. However, cotreatment with metformin reduced
inflammatory response and inhibited the proinflammatory cytokine release in the brain, liver
and spleen of HPBCD-treated Npc1™~ mice. Furthermore, metformin did not reduce the free
cholesterol levels in Npc 1™~ brain tissue or fibroblasts. In conclusion, our results demonstrate
that metformin does not show beneficial effects on body weight or survival time but reduced
the inflammatory response in a mouse model of NPC1 when combined with HPBCD.

Keywords: NPC1 disease, HPBCD, metformin, cholesterol accumulation, combined therapy

INTRODUCTION

NPCI is a rare, neurodegenerative, inherited recessive disease caused by mutations in the NpcI or
Npc2 gene (Vanier, 2010). These mutations affect the intracellular trafficking of cholesterol and other
lipids, which leads to the progressive accumulation of unesterified cholesterol in the CNS and other
organs (Vanier, 2015). Unfortunately, there are few well-established pharmacological approaches to
treat NPC. In preclinical studies, 2-hydroxypropyl-p-cyclodextrins (HPBCD) significantly delayed
cerebellar Purkinje cell loss, slowed the progression of neurological manifestations, and increased
lifespans in mouse and cat models of NPC1 (Peake and Vance, 2012; Vite et al., 2015). Recently,
patients with NPC1 who were treated with intrathecal HPBCD exhibited slowed disease progression
and an acceptable safety profile in an open-label, dose-escalation phase 1-2a study (Ory et al., 2017).
Although the mechanism by which HPBCD affects NPC1 is not understood, this treatment has been
shown to be effective in reversing the intracellular accumulation of cholesterol and associated lipids
in neuronal cell lines.
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Metformin is the most frequently used oral antidiabetic drug.
Metformin has been indicated to decrease plasma glucose levels
and exert anti-inflammatory, antiapoptotic and antioxidative
effects through several mechanisms (Mahmood et al., 2013).
Recently, metformin has proven protective in a wide variety of
animal models of neurodegenerative diseases, such as
Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease (Cardoso and Moreira, 2020). Most neurodegenerative
diseases share pathological mechanisms of neuroinflammation
and cell damage that occur through parallel stress pathways in
diabetes (Gantois et al., 2019). Mechanistically, metformin can
enhance neuronal bioenergetics, promote nerve repair and reduce
toxic protein aggregates in neurological diseases through the
activation of AMPK and suppression of the mammalian target
of rapamycin (mTOR) pathway (Demaré et al., 2021). The clinical
features of NPC1 show severe neuroinflammation. Similar to
other neurodegenerative diseases, activation of the innate
immune system occurs in the brain, resulting in
neuroinflammation (Cologna et al, 2014). Some studies have
reported that Npcl deficiency or cholesterol trafficking inhibition
leads to synergistic inhibition of mTOR signaling (Head et al,
2017; de la Roche et al., 2018). Methyl-B-cyclodextrin, a potent
analog of HPBCD, restores impaired autophagic flux in Npcl-
deficient cells through the activation of AMPK (Dai et al., 2017).
These studies identify AMPK/mTOR as an attractive target for
the development of drugs to treat NPC1. Because AMPK is the
primary target of metformin, we hypothesized that metformin
may have a beneficial effect on NPC1 in a mouse model.
However, no study has reported the role of metformin in NPCI1.

In this study, we examined the effects of combined treatment
with HPBCD and metformin on Npcl™~ mice. Compared with
the treatment of HPBCD alone, cotreatment with metformin did
not extend life span and increase body weight in HPBCD-treated
NpcI™~ mice. However, combination therapies have the potential
to reduce inflammatory response and inhibit the
proinflammatory cytokine release in the brain, liver and spleen
of Npcl™~ mice. Further, metformin did not reduce the free
cholesterol levels in Npcl™~ brain tissue or fibroblasts. In
summary, our results demonstrate that metformin can reduce
the inflammatory response but not improve the lifespan in a
mouse model of NPC1 when combined with HPBCD.

MATERIALS AND METHODS

Animal Experiments

Heterozygous Npcl mutant mice (BALB/cNctr-Npcl mIN/T) were
obtained from Jackson Laboratory (United States) and bred to
generate homozygous Npcl mutants (NpcI ™). HPBCD (Sigma)
and metformin (Sigma) were dissolved in PBS. A total of 53 age-
matched (P20) NpcI™~ mice were divided into the following four
groups: 1) the control group was treated with PBS (20 uL/g) (n =
15; nine males and six females); 2) the HPBCD group was treated
with 2000 mg/kg HPBCD every other day (n = 13; seven males
and six females); 3) the metformin group was treated with
100 mg/kg/day metformin (n = 12; seven males and five
females); and 4) the metformin and HPBCD group was treated

Metformin and HpBCD Treatment in Npc1—/- Mice

TABLE 1 | Primers for gPCR.

Gene Sequence

Mouse cd68 Forward: GGCGGTGGAATACAATGTGTCC
Reverse: AGCAGGTCAAGGTGAACAGCTG

Mouse Tnfa Forward: AGGGTCTGGGCCATAGAACT
Reverse: CCACCACGCTCTTCTGTCTAC

Mouse il6 Forward: TCCATCCAGTTGCCTTCTTG
Reverse: AAGCCTCCGACTTGTGAAGTG

Mouse i1 Forward: GGTCAAAGGTTTGGAAGCAG

Reverse: TGTGAAATGCCACC GA
Forward: GTTGTCTCCTGCGACTTCA
Reverse: GCCCCTCCTGTTATTATGG

Mouse GAPDH

with 2000 mg/kg HPBCD every other day and 100 mg/kg/day
metformin (n = 13; seven males and six females). The dose of
HPBCD or metformin solution was 20 pL/g in all of the drug-
treated groups. All mutant mice received drugs at 20 days of age
by intraperitoneal injection. Body weight was measured every
other day until reaching the late humane end-point (loss of 1 g
body weight within 24 8) as previously described (Williams et al.,
2014). All mice were bred and housed under nonsterile
conditions, with food and water available ad libitum. The
Guidelines of the Animal Care Committee of Xinxiang
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FIGURE 1 | Effect of combination therapies on survival in Npc1™~ mice.
Survival was evaluated applying a late humane end point and is presented as
Kaplan—-Meier survival plots (A) and mean survival (B). Statistical analysis is
based on one-way ANOVA followed by Tukey test, ns represents not
signaficant, **p < 0.001. All data are provided as means + SEM.
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FIGURE 2| Effect of test drugs on body weight of in Npc7™~ mice. The
mean weight for each treatment group is plotted against age (A). The
maintenance of weight in each treatment group is shown as the mean weight
for each group at 9 weeks of age in (B). Statistical analysis is based on
one-way ANOVA followed by Tukey test, ns represents not significant,

*p < 0.05, **p < 0.001. All data are provided as means + SEM.

Medical University were followed when carrying out the in vivo
experiments.

Immunofluorescence Staining
Immunofluorescence staining are used to identify phagocytic
macrophage (CD68") infiltration or microglia expression
(Ibal). Briefly, the liver sections were fixed in 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100.
Then, the slides were incubated with the primary CD68 or Ibal
antibody overnight at 4°C. Then the samples were incubated in
PBS for 1 h at room temperature with secondary antibodies [goat
anti-rabbit Alexa Fluor 594 (1:200) or goat anti-rabbit Alexa
Fluor 488 (1:200)] after washing three times for 10 min each time.
The nuclei were counterstained with DAPI (Sigma). Finally, the
immunofluorescence staining was analysed using a laser-
scanning confocal microscope (Leica) and quantitatively
determined by Image].

qPCR Assay

For gPCR assays, reverse transcription total RNA was isolated
using TRIzol reagent (#W9514, Tiangen) from either tissue
samples or cultured cells. Total RNA was obtained and then
reverse-transcribed was performed with 2 pg total RNA using the
Reverse Transcription Kit (#PIA279, Promega) following the

Metformin and HpBCD Treatment in Npc1—/- Mice

manufacturer’s instructions. qRT-PCR experiments were
carried out by an CFX96 real-time PCR system (Bio-Rad,
C1000) using SYBR green real-time PCR master mix (G891,
abm). The mRNA expression levels of the target genes were
normalized to Gapdh or actin expression. The primer pairs used
in this study are listed in Table 1.

Filipin Staining

WT and Npcl™~ fibroblasts were isolated from the tails of WT
and NpcI™~ mice. These cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (HyClone) supplemented
with 10% fetal bovine serum (FBS) (Gibco), 100 pg/ml
penicillin and streptomycin at 37°C and 5% CO2. Normal and
NPC1 fibroblasts (5 x 10> cells) were seeded in 24-well plates and
incubated overnight. The cells were treated with HPBCD (0.01,
0.1, 1, and 10mM) or/and 10 mM metformin for 24h.
Intracellular cholesterol was visualized with Filipin III staining
(Sigma) as described in a previous report (Tamura and Yui,
2018).

For visualization of unesterified cholesterol in brain tissue, the
brain sections were fixed in 4% paraformaldehyde for 15 min,
washed 3 x 5min in PBS at room temperature, and incubated
with 0.1 mg/ml filipin for 1 h. After three washing steps with PBS,
the slides were analysed using a laser-scanning confocal
microscope (Leica).

Statistical Analysis

All experiments were repeated at least three times independently.
Statistical analyses were performed using GraphPad Prism
version 6 (GraphPad Software). Statistical comparisons
between groups were performed using one-way ANOVAs
followed by the Tukey test or Dunnett’s test. Differences were
considered significant at the level p < 0.05 (p values <0.05 were
considered significant, *p < 0.05, **p < 0.005, ***p < 0.001). The
data are presented as the arithmetic mean + standard error of the
mean (SEM).

RESULTS

Effects of HPFCD And/Or Metformin on
Survival Times and Changes in Body Weight
in Npc1™~ Mice

Recent reports have shown that treatment with HPPCD delays
clinical disease onset, reduces intraneuronal storage and
secondary markers of neurodegeneration, and significantly
increases the lifespans of NpcI™/~ mice (Davidson et al.,
2009). To confirm whether metformin is an effective
treatment for NPCl1 when combined with HPPCD,
heterozygous Npcl™~ mice were bred to generate Npcl ™/~
mice. NpcI™'~ mice were treated with PBS, monotherapies
and combined therapy. The control NpcI™~ mouse model
had an acute clinical course, and the mice died by
8-11 weeks of age, with a mean survival of 10 weeks. The
mean lifespan did not show a clear change in response to
monotherapy treatment with metformin. As previously
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FIGURE 3 | Effects of test drugs on Iba1 and CD68 expression in Npc1™~ brain. Representative images of Iba1 and CD68 expression in the hippocampus (A),
cerebral cortex (B) and olfactory bulb (C) in the indicated groups (n = 4) (scale bar: 100 pm). Quantitative analysis of Iba1 and CD68 positive cells in the hippocampus (D),
cerebral cortex (E) and olfactory bulb (F) using ImagedJ. Significant differences were detected by one-way ANOVA followed by Dunnett’s test, ns represents not
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reported, HPBCD extended the lifespan in the Npcl1™~ mouse
model and exerted additive benefits, with a 26% increase in
lifespan relative to that of the control group. Combining
metformin and HPBCD had a survival benefit, extending
life expectancy (mean of 13.5 weeks), and inducing a 30%
increase in lifespan compared to that of control mice.
However, the combined treatment did not extend life
expectancy compared to that of the HPPCD-treated mice
(Figures 1A,B). Taken together, these results suggest that
metformin does not prolong survival time in a mouse
model of NPC1 when combined with HPBCD.

Another indicator of the therapeutic effect on NpcI™~ mice is
the maintenance of body weight (Davidson et al, 2009).
Naturally, the body weights of Npcl™~ mice entered the
stationary phase when the mice reached 4-5 weeks of age and

began to decline progressively at 5-6 weeks. Previous studies have
shown that weight loss is associated with metformin in both
diabetic and nondiabetic individuals (Ouyang et al., 2020). In our
study, metformin treatment slightly decreased the body weights
of Npcl—/— mice at 5 weeks of age compared to those of control
mice. The average body weight was significantly improved and
decreased at 7-8 weeks of age in the HPPCD-treated group.
However, combining metformin and HPBCD did not influence
the body weights of Npcl—/— mice compared to HPBCD
treatment alone. In 13 combination treatment mice, only one
mouse survived to nearly 130 days and maintained a stable weight
index at the later stage of life (Figures 2A,B). Despite individual
differences, the results show that metformin does not change the
body weights obviously of NpcI—/— mice when combined with
HPBCD.
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Effects of HPCD And/Or Metformin on

Brain Inflammation in Npc1 ~/~ Mice

Inflammation in the brain is a hallmark of many
neurodegenerative diseases, irrespective of the underlying
cause. It has been reported that metformin has anti-
inflammatory effects in many diseases. To test whether the
treatments had any impact on brain inflammation, Npcl™~
mice were treated with metformin, HPBCD, metformin and
HPBCD or fed standard chow as a control. The animals were
sacrificed at 8 weeks of age. Subsequently, the Ibal and CD68
expression in the hippocampus (HC), cerebral cortex (CC) and
olfactory bulb (OB) were analysed as a measure of brain
inflammation. The HPBCD treated NpcI™’~ mice showed no
significant difference on Ibal® or CD68" cells compared to
untreated Npcl™”~ animals. However, the metformin or
combined drugs treated Npcl™”~ animals presented with
significantly less CD68" cells and slightly less Ibal* cells in all
areas of the HC, CC and OB (Figures 3A-F). Furthermore, we
therefore used quantitative PCR to study the expression profile of

proinflammatory cytokine as neuroinflammatory factors in the
brain of NpcI™~ mice at 8 weeks of age. The results showed the
transcript level of ¢d68 was decreased in the metformin or
combined drugs treated NpcI™~ brain compared to untreated
or HPBCD treated Npcl™~ animals. Meanwhile, we found the
metformin or combined drugs can inhibit the proinflammatory
cytokine (Tnfa, il1f and il6) release in the brain (Figures 5A-D).
In summary, the combined therapy of metformin and HPCD
has a certain protective effect on NPC1 brain inflammation.

Effects of HPBCD and/or Metformin on
Hepatosplenic Inflammation in Npc1~/~
Mice

NPC1 is characterized by neurodegeneration and a hepatosplenic
phenotype. To test whether the treatments had any impact on
liver and spleen inflammation, Npc1™~ mice were treated with
metformin, HPBCD, metformin and HPBCD or fed standard
chow as a control. The animals were sacrificed at 8 weeks of age

Frontiers in Pharmacology | www.frontiersin.org

January 2022 | Volume 12 | Article 825425


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Du et al.

Metformin and HppCD Treatment in Npc1—/— Mice

A Brain B Brain Cc Brain D Brain
1.5 ok 1.57 i 1.5 ek 1.57
o ok [} ey ek Sk
g ns E ns % ns 2] **
g i: 2 % ns
1.0 . 1.0 2 4.0
g 210 < 210
© [S 14
$ g e 5
S 0.5 = 0.5 = 0.5 L 0.5
2 2 2 2
& © k] ©
3 ©
x o &) m &) 04 & 0-
Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met
E Liver F Liver G Liver H Liver
1.57 1.57 ok 1.59 soxk 1.57
1’ ek hekk *kk X
[ e 3 3 ns 2} =
K > ns > © ns
< e 2 2 F
- < - .04 - —
z 1.0 E1.0 é 1.0 < 1.0
g £ € x
o K] Q €
8 0.5 £0.57 = 0.51 L 051
2 2 2 2
k] K © k]
] = (0] [0}
x g & o x ol x Qd
Untreated HPRCD Met HPRCD&Met Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met
I Spleen J Spleen K Spleen L Spleen
1.5 1.5 159 x 1.59 -
% L] K’} ok » hkad ns -
o ] 0
3 - % ns 2 ns ?
2 107 < 1.0 < 1.0 = 107
@ o é =
E £ € 4
8 8 @ £
8 0.5 < 0.5 = 0.5 L (.54
2 2 = 2
k] k] % k]
[0) o) [0
x o &) 0- xr ol x o
Untreated HPBCD Met HPBCD&Met Untreated HPRCD Met HPBCD&Met ~ Untreated HPBCD Met HPBCD&Met Untreated HPBCD Met HPBCD&Met
FIGURE 5 | Effects of test drugs on proinflammatory cytokine release in Npc1~~ brain, liver and spleen. Quantitative PCR to study the expression profile of cd68,
Tnfa, i1 and il6 at 8 weeks of age in Npc1~~ brain (A-D), liver (E-H) and spleen (I-L) (n = 4). Significant differences were detected by one-way ANOVA followed by
Dunnett’s test, ns represents not significant, *p < 0.05, *p < 0.01, **p < 0.001. versus untreated group.

and the CD68 expression in the liver and spleen were analysed.
The metformin or combined drugs treated NpcI™~ animals
presented with significantly less CD68" cells in liver and
spleen compared to untreated or HPBCD treated Npcl™~
animals  (Figures 4A,B). Furthermore, also used
quantitative PCR to study the expression profile of
proinflammatory cytokine release of Npcl™~ mice at 8 weeks
of age. The results showed the transcript level of cd68 and the
proinflammatory cytokine (Tnfe, il1 and il6) was decreased in
the metformin or combined drugs treated Npcl™~ brain
compared to untreated or HPBCD treated Npcl™~ animals
(Figures 5E-L). In summary, the combined therapy of
metformin and HPBCD has a certain protective effect on
NPCI hepatosplenic inflammation.

we

Effects of HPCD And/Or Metformin on

Cholesterol Accumulation in Npc1~~ Mice
Npcl is a multispan membrane protein that is localized at late
endosomes and lysosomes, whereas Npc2 is a soluble glycoprotein

in the lumen. These two proteins bind to cholesterol and
cooperate in endosomal cholesterol transport (Qian et al,
2020). One of the symptoms of NPCI is increased cholesterol
storage caused by impaired intracellular cholesterol trafficking.
Intracellular cholesterol storage can be assessed using filipin, a
cholesterol binding fluorescence dye. Therefore, we test the
cholesterol storage in Npcl™~ mice that were treated with
metformin, HPBCD, metformin and HPBCD or fed standard
chow. As expected, the HPPCD treatment can reduced
cholesterol storage compared to the untreated Npcl™~ mice.
However, there are no further reduction of cholesterol
accumulation in the metformin or combined drugs treated
NpcI™™ brain compared to HPBCD treated Npcl™~ animals
(Figure 6A), thus implying metformin does not affect
cholesterol trafficking in NPCI.

To test whether metformin is effective in reducing cholesterol
storage in vitro, primary Npcl™'~ mouse fibroblasts were treated
with metformin and HPPCD. Increasing concentrations of
HPBCD reduced the intracellular fluorescence of filipin.
However, metformin did not reduce cholesterol accumulation,
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10mM

either alone or in combination with HPBCD (Figure 6B). These
finding may explain why the combination of metformin and
HPBCD had no obvious beneficial effect on NPC1 mouse model
compared to HPBCD treatment alone.

DISCUSSION

NPC1 is a highly complex lipid storage disorder that can be
targeted with small molecules. Previous studies of monotherapies
showed that treatment with 1,000, 2000, or 4,000 mg/kg HPBCD
(subcutaneously, once per week) significantly improved survival

in Npcl™™ mice (Tanaka et al, 2015). We originally chose
4,000 mg/kg every other day for this project because of the
plethora of published data defining the NPC1 mouse model at
this dose. We found that the mutant mice died after 2-4
injections. Then, we reduced the dose to 2000 mg/kg. The
results after HPBCD therapy are in broad agreement with
those of previous studies. HPBCD at a dose of 2000 mg/kg
could significantly improve the life expectancies and body
weights of Npcl™~ mice. We refer to several articles about
drug treatment in Npcl™~ mice. Miglustat was administered
to 3 week-old mice, and HPBCD was administered at 6 weeks.
We injected the drugs at P20 (nearly 3 weeks old) to ensure the
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therapeutic effect. Even though HPBCD did not significantly
penetrate the blood brain barrier (BBB) on P20, HPPCD
lowered the levels of cholesterol in the liver and delayed the
onset of neurological signs by 20% (Calias, 2017).

However, the effect of metformin on NPCI has not been
reported. We found that metformin treatment did not change the
average lifespan and slightly decreased the body weights of
NpcI™ mice. This finding is consistent with previous reports
that metformin reduces glycated hemoglobin and fasting plasma
glucose while inducing mild weight loss (Stumvoll et al., 1995). Of
greater interest were the results of the combination therapies.
Anti-inflammatory drugs such as aspirin and ibuprofen are often
used in combination with miglustat or HPBCD (Davidson et al.,
2009; Smith et al, 2009). Intense research has shown that
metformin is a novel treatment against inflammation. In this
study, we combined metformin and HPBCD to determine
whether dual therapy provides greater functional benefit for
Npcl™~ mice than monotherapy. We hypothesize that
combination treatment with metformin and HPBCD can
effectively prolong the survival of Npc1™~ mice. Unfortunately,
there is no expected superposition effect of the combination
therapy for disease treatment. Throughout our study, there
were no synergistic increases in survival or weight using
metformin plus HPPCD. HPPCD reverses cholesterol
accumulation and is one of the very few drugs to do so.
However, dual treatment did not further reduce cholesterol
storage in mice with NPCl. Our experimental results have
preliminarily proven that metformin has no significant
beneficial effect on body weight or survival time in HPPCD-
treated Npcl™~ mice. Most likely, metformin improves
inflammation and reduces apoptotic cells in mutant mice due
to its anti-inflammatory, antiapoptotic and antioxidative
properties through several mechanisms. In this study, we
focused on the anti-inflammatory effect of metformin in
NPCI. Although cotreatment with metformin did not extend
survival time and improve body weights in HPBCD treated
Npcl™~ mice, it can reduce inflammatory response and
inhibited the proinflammatory cytokine release in the brain,
liver and spleen of NpcI™™ mice.

Disruption of Npc1 function affects lipid transport, lysosomal
homeostasis, vesicular trafficking and autophagy. Previous
reports suggest that combination therapies may play important
roles in the management of NPCl and potentially exert
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