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Abstract: Male patients with NPC1 heterozygous mutation (Npcl1*-) are prone to obesity and diabetes, yet the mechanism remains unclear. In
this study, male Npc1*- mice (C57BL/6C-Npcl) were used to evaluate the effects of NPC1 heterozygous mutation combined with 60% high-fat
diet (HFD) on glucolipid metabolism, cholesterol accumulation, islet dysfunction and B-cell dedifferentiation. Compared with male HFD-Npc1**
or Npcl1* mice fed with low-fat diet (LFD), body weight of male HFD-Npc1*- mice gradually increased with elevated levels of fasting blood
glucose (FBG), total cholesterol (TC) and triglyceride (TG), showing hyperinsulinemia and typical characteristics of diabetes. Oral glucose
tolerance test (OGTT) and insulin tolerance test (ITT) indicated that HFD-Npcl1*- mice developed marked oral glucose intolerance and severe
systemic insulin resistance after 4 months. TC and TG were accumulated in both liver and pancreas. The HE results confirmed the large diameter
of epididymal adipocytes in HFD-Npc1*- mice. Furthermore, protein levels of insulin, 4E-BP1, p-S6 and PDX1 were suppressed obviously in B
cells of HFD-Npc1*- mice, while expression of glucagon and precursor marker ALDH1A3 increased, indicating the typical dedifferentiation
occurred in B cells. This study partly reveals the underlying mechanism of susceptibility of obesity and diabetes in Npc1*- male mice induced by
60% HFD. High metabolic stress and abnormal cholesterol metabolism in islets more directly lead to the dedifferentiation and dysfunction of
cells, to aggravate the process from obesity to diabetes.
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Introduction

Cholesterol can enter mammalian cells through
receptor-mediated low-density lipoprotein (LDL) in
plasma. Cholesterol ester (CE) is degraded by
lysosomes, which binds to membrane transporters
Niemann-Pick C2 (NPC2) and Niemann-Pick C1
(NPC1) successively, and is finally transported out of
the cell [1]. The NPC1 gene is located on chromosome
18, and encodes a complex membrane binding protein
composed of 1278 amino acids. NPC1 protein contains
13 transmembrane helical domains and 3 large lumen
domains, of which the N-terminal domain (NTD) and
sterol sensitive domain (SSD) can bind to cholesterol
independently and play a key role in lipid transport [2].
The above theories clarify the process of lipid
transmembrane transport and deepen the understanding
of Niemann-Pick C disease, which is a rare autosomal
recessive lipid storage disorder caused by NPC gene
mutation, and characterized by hepatosplenomegaly
and progressive neurodegeneration [3, 4].

Previous studies have shown that 95% NPC disease are
caused by loss of NPC1 function, and only 5% are
related to the dysfunction of NPC2 [5-8]. A genome-
wide association study (GWAS) based on European
populations has revealed that obesity in European
adults is partly associated with the mutation of NPC1
gene [9, 10]. NPC1 protein plays a central role in
maintaining lipid homeostasis by regulating the
transport of lipoprotein-derived lipids (cholesterol and
free fatty acids) from late endosomes / lysosomes to
other cells [11]. However, the deletion of NPC1 gene

may lead to abnormal accumulation of intracellular
cholesterol, further affect the physiological function
[12].

Related studies on BALB/cJ mice with Npcl
heterozygous mutation indicated the gene-food
interaction, NPC1 heterozygous mutation (Npcl*")
mice with loss of 50% NPC1 gene sharply gained body
weight when fed with high fat diet compared to NPC1
homozygous (Npc1**) mice [13, 14]. And subsequent
findings showed BALB/cJ-C57BL/6J heterozygous
mutant mice were more likely to be obese and glucose
intolerant after HFD feeding [15, 16]. A clinical
statistic showed that the body mass index of male
patients with NPC1 heterozygous mutation was
significantly higher than that of the control group [17].

In order to further explore the combined effect of
Npcl*  and HFD on islet function, we hybridized
Npcl” mice with wild-type C57BL/6J mice to establish
the model of C57BL-Npcl1* mice. It was found that
male Npcl*- mice were more sensitive to 60% HFD
than female Npcl*- and Npcl** mice. When these
male Npcl*- mice were fed with 60% HFD, the body
weight gain increased markedly, characterized by
hypertrophy of visceral adipocyte. These Npcl*- mice
also showed significant disorders of glucolipid
metabolism, including elevated fasting blood glucose,
glucose intolerance, impaired insulin sensitivity and
dyslipidemia. Furthermore, we found that cholesterol
accumulation in pancreas increased the workload of
islets and aggravated the B-cell dedifferentiation and
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dysfunction.

Materials and Methods

Materials

The normal C57BL/6C mice (18-22 g, 7 weeks) and
NPC1 knockout mice (C57BL/6C-Npcl™) were used in
this study. C57BL/6C mice were purchased from Vital
River Laboratory Animal Technology (Beijing, China,
license number: SCXK (J) 2021-0011), and
C57BL/6C-Npcl” mice were donated by Ruijin
Hospital, Shanghai, China. The experimental animals
were placed in the Experimental Animal Center of
Qingdao University (SPF standard) with adequate food
and water. All animal protocols were implemented in
accordance with the guidelines for the care and use of
laboratory animals prepared and approved by the
animal protection committee of Qingdao University.

Gene identification

Normal C57BL/6C mice were hybridized with
C57BL/6C-Npcl” mice. The tails (1-2 mm) of
offspring mice were degraded in hydrolysate and
protease K (Sorabo, China). DNA was extracted by
chloroform and amplified, and the genotypes of
offspring mice were identified by agarose gel
electrophoresis.

Experimental design

120 male mice (60 Npc1** and 60 Npc1*- mice) and 12
female mice (6 Npcl** and 6 Npcl*" mice) were
obtained. After 6 weeks of adaptive feeding, mice of
each group were fed with 6% LFD or 60% HFD,
respectively. The body weight and food intake of mice
were recorded once a week, and OGTT, ITT, FBG, TC
and TG were detected at the for 2, 4 and 6 months. The
operation of all animal experiments is in accordance
with the ethical review guidelines for the welfare of
experimental animals in Qingdao.

Biochemical analyses

Serum samples were collected after feeding LFD or
HFD for 2, 4 and 6 months. Serum TC, TG, high
density lipoprotein cholesterol (HDL-c) and low-
density lipoprotein cholesterol (LDL-c) were detected
by kits (Nanjing Jiancheng Technology Co., Ltd.). At
the same time, the content of serum insulin was
detected by insulin kit (American ALPCO mouse
hypersensitive insulin ELISA kit). Then the liver and
pancreas were grinded to obtain homogenate for the
determination of TC and TG by the same method
mentioned above.

Oral glucose tolerance test (OGTT) and insulin
tolerance test (ITT)

After fasting for 4 hours, glucose solution (2g/kg) was
given by intragastric administration. The blood glucose
was measured before glucose-loading (Omin) and at
30min, 60min and 120min after glucose loading. And
the area under curve (AUC) is calculated by using the
following formula, AUC=0.25* (S¢+Ssz) + 0.25 *
(Ss0+Se0) + 0.5 (Se0+S120).

After fasting for 4 hours, insulin solution (0.4U/kg)
was injected subcutaneously, and the blood glucose at 0
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min was measured before injection, then the blood
glucose was measured at 40 and 90 min after injection.
The percentage of blood glucose decrease at 40 min
was calculated to be (So-Sa0) / So X 100%.

HE staining

Liver and pancreas were fixed in 4% paraformaldehyde
for 24-48 hours and then embedded with paraffin after
dehydration. The sections were stained with
hematoxylin-eosin ~ (Sorabo, China), and the
morphological characteristics of liver and pancreas
were observed and analyzed.

Quantitative real-time PCR

Total RNA was extracted from liver with Trizol reagent
(Sigma-Aldrich). After reverse transcription, combined
with primers, it was detected by Bio-Rad fluorescence
quantitative instrument. -actin was used as the internal
control of data standardization. The target gene primers
have been listed in Table 1.

Immunohistochemistry and immunofluorescence
Adipose tissue and pancreas were fixed with 4%
paraformaldehyde and embedded in paraffin. The
sections were dewaxed with xylene ethanol gradient,
repaired with EDTA buffer, permeabilized with 0.1%
Triton X-100, and then blocked with 0.5% BSA.
Primary antibodies insulin (Abcam, ab282459; 1:1000),
glucagon (Novus Biologicals, NBP2-21803F; 1:4000),
PDX1 (Abcam, 1:300; ab219207) and ALDHAS3
(Novus, 1:500; NBP2-15339) were used in turn at4 °
C overnight, and then the A corresponding secondary
antibodies (Goat anti-mouse 1gG, donkey anti-rabbit
IgG, 1:1000, Abcam) and Alexa fluor 488 anti-rabbit
(Abcam, ab150077; 1:300), Alexa flow 488 anti-mouse
(Abcam, ab150113; 1:300), Alexa flower 647 anti-
rabbit (Abcam, ab150079; 1:300) was used to detect
the primary antibody, and DAPI was used to detect the
nucleus. Finally, confocal microscopy was performed
(Nikon, Japan).

Statistical analyses.

All the experimental results were statistically analyzed
with Graphpad prism 8.0, and the statistical data were
expressed as mean £ SD. one-way ANOVA was used to
analyze the data, and the significant difference (P <
0.05) was statistically significant.

Result

1. Identification of Npc1*- mice

PCR technique was used to identify Npcl*/- mice. As
shown in DNA electrophoresis of Fig.1A, the Npc1*"
mice had bands at 450 bp, while NPC1 wild type mice
(Npc1**) had no bands at 450 bp.

2. Weight gain curve

Npc1** and Npcl*- mice were fed with LFD or HFD
for growth analysis to explore the effects of NPC1 gene
- diet interactions on body weight. The body weight of
mice fed with LFD or HFD from week 6 to 28 were
shown in Fig.1B. There was no significant difference in
body weight between female Npc1** and Npcl*- mice
fed with HFD. In contrast, compared with male HFD-
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Npc1** mice, body weight of male HFD-Npc1*- mice
significantly increased by 12.3% (35.8 +3.3g vs. 31.88
+1.59). The white fat index (epididymal fat and
abdominal fat) and liver index in male HFD-Npc1*-
mice were much higher than those of HFD-Npcl**
mice (Fig.1C).

3. Pathological morphology of epididymal adipose
tissue

HE staining was used to observe the morphology of
epididymal adipose tissue of male Npc1** and Npc1*-
mice fed with LFD or HFD. The results showed that
the diameters of epididymal adipocytes in LFD-Npc1*"
and LFD-Npc1** mice were similar (Fig.1D-E), but the
diameter of epididymal adipocytes in HFD-Npcl*-
mice were marked larger than that of HFD-Npcl** or
LFD-Npc1* mice, and the number of adipocytes in the
same visual field under microscope was decreased.
Therefore, when male Npc1*- mice were fed with HFD,
the amount and diameter of epididymal adipocytes
increased obviously, the increased proportion of
adipose tissue stored more energy, which further
confirmed the correlation between NPC1 gene and high
calorie diet.

4. Analysis of lipid metabolism

4.1 Detection of HDL-c and LDL-c in serum

The levels of HDL-c and LDL-c in serum of LFD-
Npcl*- were higher than those of LFD-Npcl** mice in
Fig.S1. In other two groups, serum HDL-c and LDL-c
of HFD-Npc1*- mice increased gradually compared
with those of HFD-Npc1** mice from the 4" month,
and showed significant difference at the end of 6
months. Therefore, NPC1*"- plus HFD can destroy the
dynamic balance of lipid metabolism.

4.2. Detection of TC and TG in serum

As shown in Fig.S2, compared with LFD-Npcl*",
serum TC increased significantly in HFD-Npc1*- mice
after 2 months feeding. Subsequently, TC level of
HFD-Npcl1*- group was much higher than that of LFD-
Npc1*- or HFD-Npcl1** (P < 0.0001, P < 0.01). Then,
it showed similar trend as that of TC. After 6 months,
content of TG of HFD-Npc1*- mice also increased, and
it was markedly higher than that of other groups.
Therefore, heterozygous mutation of Npcl gene causes
abnormal accumulation of TC and TG under HFD
feeding, leading to obvious hyperlipidemia.

5. Analysis of glucose metabolism

As shown in Fig.2A-C, the continuous changes of FBG
were measured. After 2 months, the FBG of HFD-
Npcl1*- was much higher than that of LFD-Npc1*" mice
(P < 0.05); and at the end of 6 months, the FBG of
HFD-Npc1*- mice was even much higher than that of
HFD-Npc1** mice. As to the serum insulin
concentration, there was no significant difference
between LFD-Npcl** and LFD-Npcl*" mice in the
whole duration (Fig.2D-F); but it was significantly
higher in HFD-Npc1*- mice than that of LFD-Npc1**
mice after 2 months, and the insulin level of HFD-
Npcl* mice was 36.7% higher than that of HFD-
Npc1** mice at the end of 6 months (5.21 +0.4 nM vs.
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3.81 +0.5 nM, P <0.01) (Fig. 2F). Therefore, Npc1*"
gene plus 60% HFD can easily lead to
hyperinsulinemia, suggesting that NPC1 gene mutation
is more prone to insulin resistance and hyperglycemia
under high calorie diet.

6. Oral glucose tolerance

Results of OGTT showed that there was no significant
difference in blood glucose value between LFD-Npc1*-
and LFD-Npc1** mice at each time-point in OGTT
from 2 to 6 months (Fig.2G-1). However, compared
with HFD-Npc1**, blood glucose value of HFD-
Npcl*- mice increased gradually at each time-point
after 2 months, and it increased by 37.3% at O min, by
16.1% at 30 min, by 27.7% at 60 min, by 27.8% at 120
min respectively at the end of 6 months. And AUC of
HFD-Npcl1*- mice also showed the similar increasing
trend. Therefore, Npcl*" together with 60% HFD is
closely related to abnormal oral glucose tolerance,
indicating a decline in glucose homeostasis regulation.

7. Insulin resistance

During the continuous change of glucose blood value
in ITT, we used the decline percentage of blood
glucose at 40 min after insulin injection to evaluate the
insulin sensitivity. As shown in Fig.2M-R, the decline
percentage at 40 min of HFD-Npcl*~ mice after 2
months was significantly lower than that of LFD-
Npcl*- group (P < 0.05), the gap widened further in
the next four months. At the end of 6 months, the
decline percentage at 40 min of HFD-Npcl*- group
was markedly lower than that of LFD-Npc1*- group (P
< 0.001) or HFD-Npc1** group (P < 0.05). Therefore,
when NPC1 heterozygous mutants encounters over-
nutrition, the systemic insulin sensitivity decreases, and
the mutation of Npcl gene can increase the
susceptibility to insulin resistance.

8. TC/ TG contents and inflammation in liver and
pancreas

After 6-month feeding, the livers and pancreas were
collected. The results of immunohistochemistry
showed that the expression of NPC1 protein in liver
and pancreas was decreased in both LDF-Npc1*- and
HDF-Npc1*- groups (Fig.3A-B). Contents of TC and
TG showed that there was no significant difference in
liver and pancreas between LFD-Npcl* and LFD-
Npcl** mice. In another two groups, the contents of
TC and TG in HFD-Npc1*- mice were markedly higher
than those of HFD-Npcl** mice (Fig.3C-F).
Subsequent HE staining showed that the liver fat
infiltration was obvious and islet morphology was
destroyed in HFD group (Fig.3G-H). We further
examined the mRNA levels of inflammatory cytokines
in liver, the expression of TNF-a and IL-1p in HFD-
Npcl* mice was much higher than those in other
groups (Fig.31-J), indicating a inflammatory state in
livers of HFD-Npcl*  mice. Therefore, Npcl*
combined with HFD in male mice can increase the
accumulation of cholesterol in liver and pancreas,
causing metabolic inflammation and fat infiltration,
which are likely to interfere with the physiological
function of liver and pancreas.
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9. Activation of mMTORC1 pathway in islets

The above experiments confirmed the accumulation of
cholesterol in the pancreas, and it’s also found that
amyloid protein could not be detected in islets by sulfur
S staining (Fig.S3). Next, we found that the expression
of two key regulatory factors 4E-BP1 and p-S6 in islets
were obviously decreased in HFD-Npcl*- group
(Fig.3K-L), mTORC1 signal pathway was partly
suppressed, which may affect the differentiation and
function of B cells.

10. Analysis of function and differentiation of islet
cells

By the immunofluorescence and

immunohistochemistry, it was found that the
expression of insulin and glucagon in LFD-Npc1*- was
similar to that of LFD-Npcl** mice. However, in
another two groups fed with HFD, insulin expression
decreased significantly and glucagon expression
increased in islets of HFD-Npc1*~ mice compared with
those of HFD-Npcl** mice (Fig.4). In addition, we
found that expression of PDX1, an identity marker of B
cells, was much lower in HFD-Npc1*- mice than that
of other groups, but expression of ALDH1A3 was
significantly increased (Fig.4). ALDH1A3 is regarded
as B-cell precursor marker, its upregulation can
accelerate the dedifferentiation of [ cells into
precursors, and impair the islet function.
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Fig. 1. Body weight and adipocyte morphology in

Fig. 1. Body weight and adipocyte morphology in mice. A. Identification of Npcl1+/- mice by DNA electrophoresis; B. Body weight growth curve
of male and female mice fed with 60% HFD; C. Oragan index of epididymal white adipose tissue(eWAT), inguinal white adipose tissue(iWAT)
and liver in male mice fed with 60% HFD; D. HE staining of epididymal adipose tissue; E. The diameter of epididymal adipocytes. Data are
presented as mean = SEM, n=5-8. (&P<0.05, &&P<0.01 vs. HFD-Npc1** male; #P<0.05, ##<0.01 vs. HFD-Npc1** mice; *P < 0.05, **P < 0.01,

****P < 0.0001 vs. LFD-Npcl*- mice;)
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Fig 2. Changes of glucose metabolism and insulin sensitivity in mice.

Fig 2. Changes of glucose metabolism and insulin sensitivity in mice. A-C. FBG levels of each group at the end of 2, 4 and 6 months; D-F.
Serum insulin levels; G-1. Blood glucose curves of OGTT; J-L. The area under curve (AUC) in OGTT; M-O. The curve of blood glucose value in
ITT; P-R. The decline percentage of blood glucose at 40 min in ITT. Data are presented as mean + SEM, n=6-8. (*P<0.05, **P<0.01, ***P<0.001
vs. LFD-Npc1* mice; #P<0.05, ##P<0.01 vs. HFD-Npc1** mice)
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Fig 4. The functional proteins of B cells detected by immunofluorescence and immunohistochemistry. A. Expression of Insulin; B. Expression of
Glucagon; C. Expression of ALDH1A3; D. Expression of PDX1. n=3-5.
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Fig S3. Thioflavin S staining of islets in each group.

Fig S3. Thioflavin S staining of islets in each group.

Discussion

The biological function of Npcl protein is to maintain
the intracellular cholesterol homeostasis by regulate the
transport of cholesterol esters [2]. Homozygous
mutation of NPC1 gene can lead to loss of functions or
even premature death of most cell, which is
characterized by progressive and fatal
neurodegeneration. NPC1 heterozygous mutation
mainly causes the disturbance of fat storage in liver and
other tissues, which is characterized by abnormal
accumulation of unesterified cholesterol in different
degrees. According to recent epidemiological statistics,
NPC1 heterozygous mutation easily induced late
obesity in adult males, and this phenomenon was
closely related to the age and eating habits [18].
Related findings explored that the phenotypic and
pathological changes of Npcl*  mice fed with HFD
were highly similar to those of human NPC1
heterozygous mutation. The genome-wide association
studies emphasized the significance of common NPC1
variants in adult with obesity or type 2 diabetes [19]. In
this study, male Npcl*- mice were used as a model to
investigate the effects of NPC1 heterozygous mutation
on glucolipid metabolism and islet function from the
point of view of B-cell cholesterol metabolism disorder.

Our study indicated that the expression of NPC1
decreased by 50% in C57 BALB/cJ-Npcl* mice, and
only male Npc1*- mice were more likely to gain body
weight when fed with 60% HFD, but not with LFD,
which is consistent with gene-food interaction in other
studies [20]. In order to further investigate the specific
relationship between NPC1 heterozygous mutation and
liver dysfunction, insulin resistance and islet B-cell
dysfunction, we hybridized Npc1*- mice with wild type
C57BL/6C mice and used their offspring to explore the
combined effect of gene and food. With the induction
of 60% HFD, male Npcl*  mice gradually appeared
abdominal obesity, accompanied by abnormal
glucolipid metabolism, oral glucose intolerance, insulin
resistance and hyperglycemia and other clinical
manifestations of diabetes [21]. The overall results
showed that high-calorie diet obviously aggravate the
incidence of obesity and diabetes in male Npc1* mice.

As expected, the white adipose tissue and liver weight
of HFD-Npcl* mice increased markedly compared
with those of HFD-Npc1** and LFD-Npcl*- groups,
and HE staining showed an obvious increase in the
diameter of epididymal adipocytes. Morphological
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examination showed liver degeneration and destruction
of islet structure in HFD-Npcl* mice. It is worth
noting that HFD-Npc1*- mice had characteristics of fat
infiltration and metabolic inflammation in liver,
indicating the obvious non-alcoholic  hepatitis
associated with local insulin resistance and abnormal
energy metabolism [22, 23]. Further detection of tissue
homogenate proved the accumulation of TC and TG in
liver and pancreas, showing the disorder of lipid
metabolism, which may further affect the function of
liver and f cells [24].

Previous studies revealed that NPC1 was expressed in
many organs and had certain biological functions, yet
few studies had been done on the islet function [25].
We used NPC1 heterozygous mutated mice to further
explore the effects of intra-pancreatic cholesterol
accumulation on obesity and diabetes. The 50%
deletion of NPC1 protein was accompanied by the
accumulation of cholesterol in islets of Npcl*" mice,
which is an important factor leading to dysfunction of
cells [26]. However, we did not detect the
accumulation of amyloid in islets by thioflavin S
staining, the main reason may be the different amino
acid sequence of amyloid polypeptide (IAPP) was
different between mice and humans [27-29]. Next, we
also found that cholesterol accumulation in islets
inhibited the protein expression of 4E-BP1 and PS6 in
mTOR pathway of HFD-Npc1*- mice, which were the
key factors determining B-cell dedifferentiation and
dysfunction [30, 31]. In addition, cholesterol
accumulation was associated with the decreased
expression of insulin and PDX1, indicating that p-cell
function began to decline. And it was also found that
the expression of glucagon and ALDH1AS3 in the islets
were increased, indicating [ cells tended to
dedifferentiate into precursor cells [32, 33].

To sum up, NPC1 heterozygous mutants in male mice
combined with HFD can easily lead to obesity or
diabetes. The abnormal cholesterol metabolism occurs
in islets as well as in liver, which more directly inhibits
the mTORC1 pathway, to promote [ cells to
dedifferentiate to precursor cells and decrease the
ability of insulin synthesis and secretion. The
interaction between NPC1 and HFD significantly
disrupts the disorder of glucolipid metabolism, which
should be closely related to cholesterol accumulation in
islets and liver. Meanwhile, during this study, we found
that female NPC1 mice had a high tolerance to high
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calorie diet and did not show obvious symptoms of
obesity and diabetes. This phenomenon may be related
to hormones in female mice, which will be another
direction worthy of in-depth study.
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