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Abstract: Niemann-Pick Type C1 (NPC1, MIM 257220) is a rare, progressive, lethal, inherited
autosomal-recessive endolysosomal storage disease caused by mutations in the NPC1 leading to
intracellular lipid storage. We analyzed mostly not jet known alterations of the weights of 14 different
organs in the BALB/cNctr-Npc1m1N/-J Jackson Npc1 mice in female and male Npc1+/+ and Npc1−/−

mice under various treatment strategies. Mice were treated with (i) no therapy, (ii) vehicle injection,
(iii) a combination of miglustat, allopregnanolone, and 2-hydroxypropyl-ß-cyclodextrin (HPßCD),
(iv) miglustat, and (v) HPßCD alone starting at P7 and repeated weekly throughout life. The 12
respective male and female wild-type mice groups were evaluated in parallel. In total, 351 mice (176
Npc1+/+, 175 Npc1−/−) were dissected at P65. In both sexes, the body weights of None and Sham
Npc1−/− mice were lower than those of respective Npc1+/+ mice. The influence of the Npc1 mutation
and/or sex on the weights of various organs, however, differed considerably. In males, Npc1+/+ and
Npc1−/− mice had comparable absolute weights of lungs, spleen, and adrenal glands. In Npc1−/−

mice, smaller weights of hearts, livers, kidneys, testes, vesicular, and scent glands were found. In
female Npc1−/− mice, ovaries, and uteri were significantly smaller. In Npc1−/− mice, relative organ
weights, i.e., normalized with body weights, were sex-specifically altered to different extents by the
different therapies. The combination of miglustat, allopregnanolone, and the sterol chelator HPßCD
partly normalized the weights of more organs than miglustat or HPßCD mono-therapies.

Keywords: NPC1; lipid storage disorder; treatment effect; miglustat; 2-hydroxypropyl-β-cyclodextrin;
allopregnanolone; organ weights; organs dimension; stomach volume; femur length;
gender-specific effects

1. Introduction

Niemann-Pick Type C1 (NPC1) is a rare, progressive, lethal, inherited autosomal-
recessive endolysosomal storage disease caused by mutations in the NPC1 gene located on
chromosome 18q11 [1–3]. A mutation in NPC1 leads to massive intracellular accumulation
of unesterified cholesterol, sphingomyelin, phospholipids, glycosphingolipids, and GM2
and GM3 gangliosides in late endosomes/lysosomes and the Golgi apparatus [4–6].

Patients with NPC1 initially present with visceral symptoms such as hepatosplenomegaly,
which is followed by progressive neurodegeneration leading to severe motor deficits and
various psychiatric and neurological symptoms [7–23].

We used the BALB/cNctr-Npc1m1N/-J Jackson Npc1 mouse strain [24–29] that carries
a spontaneous mutation of Npc1. These mice have an almost total absence of the Npc1
protein and display pathological hallmarks of human disease [24,29–32].
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Presently, there is no effective cure for NPC disease [33–35], which is able to minimize
both general symptoms and neurodegeneration [36–38]. In the face of the lack of any causal
therapy to date, the iminosugar miglustat (MIGLU) (N-butyldeoxynojirimycin) (Zavesca®,
Actelion Pharmaceuticals, Allschwil, Switzerland), introduced by Lachmann and Platt in
2001 [39] and acting as a substrate reduction agent, is the only drug approved in Europa,
Canada, and Japan to treat the progressive neurological manifestations of NPC1 disease in
adults and children [14,40,41].

Miglustat (MIGLU) is a small iminosugar molecule that reversibly inhibits glucosylce-
ramide synthase, the enzyme that catalyzes the first committed step of glycosphingolipid
synthesis [42–44]. MIGLU is able to cross the blood–brain barrier, allowing it to access
malfunctioning neurons in the brain [45]. MIGLU has been shown to delay disease pro-
gression and stabilize neurological symptoms in several randomized, controlled clinical
trials, observational studies, and long-term extension studies [46–50]. Thus, the depletion
of glycosphingolipids by MIGLU reduced pathological lipid storage, improved endosomal
uptake, and normalized lipid trafficking in peripheral blood B lymphocytes, improving
clinical symptoms [51–53]. Furthermore, MIGLU is believed to reduce oxidative stress,
and in the course of long-term therapy, it was well tolerated, increased lifespan, and
stabilized neurologic functions in NPC patients [54]. However, MIGLU-treated patients
complain of different side effects such as weight decrease, abdominal pain, diarrhea, flatu-
lence, and tremors [48,55–57]. In the murine and feline models of NPC, MIGLU has been
shown to reduce neuronal glycosphingolipid accumulation, delay the onset of neurological
dysfunction, and prolong the lifespan of the animals [44,58].

A further seemingly promising drug is the neurosteroid allopregnanolone (ALLO).
Griffin et al. [59] showed that adding ALLO to the drinking water only slightly increased
the lifespan of Npc1−/− mice from 67 to 80 d. Concurrently, locomotor function and coor-
dination declined at 8 weeks in both untreated and ALLO-treated Npc1−/− mice, but the
rate of decline was lower in ALLO-treated NPC mice. Interestingly, there was no difference
in survival, locomotor function, or motor coordination between male and female mice
receiving ALLO treatment. However, replacement therapy with injected allopregnanolone—
solubilized in the sterol chelator 2-hydroxypropyl-ß-cyclodextrin (HPßCD)—has been
demonstrated to delay the onset of neurological symptoms in the mouse model of NPC1 to
increase Purkinje and granule cell survival in the cerebellum, to reduce cortical ganglioside
accumulation, cholesterol accumulation, and inflammation and to enhance
myelination [59–61]. Ahmad et al. [60] confirmed the results of Griffin et al. [62] that a
single injection of ALLO solubilized in HPßCD at postnatal day (P) 7 considerably ex-
tended the life span of Npc1−/− mice and additionally showed that injections starting at
P7 and repeated at 2-week intervals, had a moderately better outcome than the single P7
injection. Furthermore, ALLO treatment results in the improvement of neurological symp-
toms in Npc1−/− mice, significantly reduces microglial activation, and increases neuronal
survival. The effects on survival and weight loss of a single injection on P7 followed by
injections every 2 weeks were found to be more beneficial than following a single injection
at P7 [60].

Davidson et al. [40] described that administration of ALLO solubilized in HPßCD
to Npc1−/− mice at P7 was beneficial; the treated mice exhibited delayed clinical onset,
extended lifespan, and reduced ganglioside accumulation. Simultaneously, the same
group announced that ALLO without HPßCD does not appear beneficial: administration
of HPßCD had the same impact on ameliorating disease progression in Npc1−/− mice
as did the administration of ALLO solubilized in HPßCD [40]. Interestingly, single or
multiple doses of HPßCD when administered systemically, improved CNS disease mor-
phology, significantly reduced lysosomal cholesterol accumulation in almost every organ,
delayed the progression of neurodegeneration and significantly prolonged the lifespan of
Npc1−/− mice by allowing trapped cholesterol within the late endosome/lysosome to be
released [4,40,63–67].
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According to Ramirez et al. [68], weekly administration of HPßCD overcomes the
lysosomal transport defect associated with the Npc1 mutation, nearly normalizes hepatic
and whole-animal cholesterol pools, prevents the development of liver disease and slows
down cerebellar neurodegeneration, but has little or no effect on the development of
progressive pulmonary disease. HPßCD administration reverses the cholesterol transport
defect seen in the Npc1−/− mice at any age, and this reversal allows the sequestered sterol
to be excreted from the body as bile acid [4]. In addition, cyclic oligosaccharides are
known to extract cholesterol from the plasma membrane of a variety of cells in vitro [69–71].
Therefore, it seems clear that not ALLO but HPßCD alone was responsible for most and
possibly for all of the effects of ALLO/HPßCD treatment [59,60,63,64].

Taking the studies together, three drugs were reported to positively affect lifespan
and clinical symptoms in Npc1−/− mice: MIGLU, ALLO, and HPßCD [32,40,60,66,72–75].
The COMBI treatment, recommended by Davidson et al. [40], has been shown to reduce
cerebellar neurodegeneration and intracellular lipid storage, resulting in the prevention of
further Purkinje cell loss and an increased lifespan in Npc1 mutant mice [34,40,54,72–74].
Moreover, COMBI therapy positively influenced the motor function of Npc1−/− mice [73].

NPC1 disease is one of many lysosomal storage diseases and results mainly from
a mutation that inactivates the NPC1 protein responsible for the transport of unesteri-
fied cholesterol from the late endosomal/lysosomal compartment to the cytosol in every
cell [76]. This causes cholesterol to accumulate in all organs and practically in all tissues
in the body; the accumulation is characterized by progressive enlargement of the internal
organs, causing organ dysfunction, which can manifest clinically as hepatosplenomegaly,
splenomegaly, prolonged newborn jaundice, liver dysfunction, lipoid pneumonitis, lung
failure and, ultimately, progressive neurological dysfunction secondary to selective neu-
rodegeneration [28,54,68,77–82].

With the exception of a recent study [75], most studies on the therapeutic effects of
various drugs in Npc1−/− mice and the respective wild-types were evaluated in gender-
mixed groups [37,40,59,73,83–85]. Also, clinical observations in NPC1 patients described
primarily only age-dependent heterogeneity of the beginning, expression, and symptoms
of the disease without differentiation of the patients’ gender [86–89]. Only the study
performed by Walterfang et al. [90] described two siblings with schizophrenia whose adult
NPC genotypes were identical but showed dimorphism in their illness courses and their
clinical and biochemical parameters due to gender. The authors suggest that the course of
the disease and the degree of impairment may be different in female patients and that sex
hormones may play a role. However, they stated that human data on the effect of sex on
the biochemical and clinical parameters in NPC disease are lacking.

Recently, using a mouse model of NPC1 [75], the therapeutic effects of the COMBI
therapy with that of MIGLU or HPßCD alone on body and brain weight and the behavior of
Npc1−/− mice were compared in a larger cohort, with special reference to gender differences.
Our results suggest that, in Npc1−/− mice, each drug treatment regimen had a beneficial
effect on at least some of the parameters evaluated when compared to Sham-treated mice,
partly showing gender-specific therapeutical benefit.

Although in NPC1 lysosomal storage of various lipids is found throughout the body,
until now, the existing few studies in different animal models of NPC1 described only
the alterations of some disease-involved organs, including mainly liver, spleen, lung, and
brain [28,54,84,91–98] (Supplementary Materials Table S1). Therefore, in the present study,
we analyzed, for the first time, alterations of weight and relative weight, dimension, and
volume of 14 organs in BALB/cNctr-Npc1m1N/-J Jackson Npc1 mouse strain in larger
cohorts of female and male Npc1+/+ and Npc1−/− mice. All parameters were evaluated in
one trial after COMBI medication as well as after exclusive MIGLU and HPßCD medication
in the different groups, each consisting of more than 12 animals and with special reference
to gender: male and female Npc1−/− mutant mice treated with (i) no therapy (None),
(ii) vehicle injection (Sham), (iii) combination of MIGLU, ALLO, and HPßCD (COMBI),
(iv) MIGLU alone (MIGLU), (v) HPßCD alone starting at P7 and repeated weekly through-
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out life (HPßCD), and (vi) HPßCD alone given only once at P7 (HPßCD1x). The 12
respective Npc1+/+ mouse (male and female wild-type mice) groups were evaluated in
parallel. In addition to the recently evaluated mice (n = 239; [75]), further mice (n = 112)
from ongoing experiments were included here. Thus, this study is based on the dissection
of 351 mice (176 Npc1+/+, 175 Npc1−/−) evaluated in the 24 groups. A total of 6835 organ
measurements were included in the study.

Because we did not find noticeable differences in the weights between the left and
right sides in any pair of organs in male and female animals, we further analyzed averaged
weight values.

2. Results

In Table 1, the measures found in the male and female Npc1+/+ and Npc1−/− mice of
the untreated None groups are summarized.

Table 1. Mean values ± SEM of the evaluated parameters of untreated (None groups) male and
female Npc1+/+ and Npc1−/− mice.

Parameter
Male Female

Npc1+/+ Npc1−/− Npc1+/+ Npc1−/−

body weight [g] 26.601 16.438 AAA 20.558 CCC 13.544 BBB,DDD

±0.535 ±0.426 ±0.359 ±0.445

heart weight [g] 0.143 0.088 AAA 0.115 0.075 BBB

±0.007 ±0.005 ±0.004 ±0.004

lung weight [g] 0.414 0.388 0.398 0.335 B,D

±0.028 ±0.018 ±0.016 ±0.019

liver weight [g] 1.549 1.312 AA 1.160 CCC 1.097 DD

±0.070 ±0.056 ±0.038 ±0.046

spleen weight [g] 0.120 0.112 0.114 0.093 DD

±0.006 ±0.004 ±0.013 ±0.015

kidney average weight [g] 0.245 0.153 AAA 0.167 CCC 0.115 BBB,DDD

±0.008 ±0.006 ±0.004 ±0.005

adrenal gland average weight [g] 0.0027 0.0029 0.0042 CCC 0.0029 BBB

±0.0002 ±0.0001 ±0.0001 ±0.0002

bladder weight [g] 0.0298 0.0172 AAA 0.0201 0.0151 CCC

±0.0023 ±0.0019 ±0.0015 ±0.0019

testis average weight [g] 0.156 0.120 AAA — —
±0.005 ±0.004

vesicular gland average weight [g] 0.100 0.025 AAA — —
±0.005 ±0.002

scent gland average weight [g] 0.049 0.017 AAA — —
±0.003 ±0.001

ovary average weight [g] — — 0.0039 0.0022 BBB

±0.0001 ±0.0002

uterus weight [g] — — 0.120 0.029 BBB

±0.007 ±0.008

stomach volume [mm3] 683.15 609.81 579.59 480.53 D

±54.89 ±43.24 ±38.40 ±47.68

femur average length [cm] 1.441 1.377 AA 1.398 C 1.320 BBB,DD

±0.016 ±0.013 ±0.011 ±0.014
A Significant difference between male Npc1+/+ and male Npc1−/−, B significant difference between female Npc1+/+

and female Npc1−/−, C significant difference between male Npc1+/+ and female Npc1+/+, D significant difference
between male Npc1−/− and female Npc1−/− (x p < 0.05, xx p < 0.01, xxx p < 0.001).
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2.1. Body Weight

Male mice: The body weights of the male Npc1+/+ mice of the groups None (26.60± 0.54 g)
and Sham (25.23 ± 0.67 g) did not differ significantly (Figure 1A). The weights of the None
(26.60 ± 0.54 g) and MIGLU (25.95 ± 0.74 g) groups were significantly higher than those of
the COMBI group (p < 0.001 and p = 0.01, respectively). Body weights in the HPßCD group
(25.95 ± 0.74 g) were lower than those of the None group (p = 0.006) (Figure 1A). The body
weights of the male Npc1−/− mice of the None (16.44 ± 0.426 g) and Sham (15.58 ± 0.65 g)
groups did not differ significantly (Figure 1A). The body weights of all 4 Npc1−/− treatment
groups significantly increased compared with both None and Sham groups: COMBI (21.75
± 0.54 g), MIGLU (20.56 ± 0.83 g), HPßCD (21.48 ± 0.83 g) and HPßCD1x (19.80 ± 1.04 g)
groups, respectively (Figure 1A). When male wild-type and mutant mice were compared,
Npc1−/− mice had significantly reduced body weights in the None, Sham, MIGLU, and
HPßCD1x groups (each p < 0.001) (Figure 1A).
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Female mice: The body weights of the female Npc1+/+ mice of groups None (20.56± 0.36 g),
Sham (20.64 ± 0.76 g), COMBI (18.819 ± 0.51 g), MIGLU (19.75 ± 0.72 g), HPßCD
(19.22 ± 0.76 g) and HPßCD1x (19.00 ± 0.56 g) did not differ significantly (Figure 1B).
In female Npc1−/− mice, the body weights of the groups Sham (17.13 ± 0.65 g), COMBI
(18.18 ± 0.59 g), MIGLU (18.04± 0.66 g), HPßCD (19.09± 0.68 g) and HPßCD1x (15.54 ± 0.57 g)
were increased compared with the None group (13.54 ± 0.45 g). Comparison of female
wild-type and mutant mice revealed significantly lower body weights in Npc1−/− mice
of the None, Sham, and HPßCD1x groups (each p < 0.001) (Figure 1B). In contrast, the
weights of COMBI, MIGLU, and HPßCD groups did not differ significantly (Figure 1B)
from wild-types.

2.2. Thoracic Organ Weights
2.2.1. Heart

Male mice: The heart weights of male Npc1+/+ mice of the groups None (0.143 ± 0.00657 g)
and Sham (0.145 ± 0.00735 g) did not differ significantly from those of the groups COMBI
(0.135 ± 0.00617 g), MIGLU (0.143 ± 0.00805 g), HPßCD (0.117 ± 0.00767 g), and HPßCD1x
(0.127± 0.0127 g) (Figure 2A). Likewise, the respective weights of male Npc1−/− mice of the
None (0.0882 ± 0.00509 g) and Sham (0.106 ± 0.00706 g) groups did not differ significantly
(Figure 2A). The weights of the COMBI (0.131 ± 0.00600 g) group were significantly
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higher than in the None (0.0882 ± 0.00509 g), MIGLU (0.0973 ± 0.00900 g), and HPßCD1x
(0.0872 ± 0.0114 g) groups (Figure 2A). The heart weights of the male Npc1−/− mice of the
None, Sham, MIGLU, and HPßCD1x groups were significantly lower compared with the
respective groups of the Npc1+/+ mice (Figure 2A). The heart weights of the COMBI and
HPßCD groups of male Npc1−/− and Npc1+/+ mice did not differ significantly (Figure 2A).
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The relative heart weights (% of body weight) of male Npc1+/+ mice did not differ signif-
icantly between all six groups (Figure 2C): None = 0.539± 0.0030%, Sham = 0.575 ± 0.034%,
COMBI = 0.601 ± 0.028%, MIGLU = 0.551 ± 0.037%, HPßCD = 0.501 ± 0.035%,
HPßCD1x = 0.503 ± 0.058% groups (Figure 2C). The relative weights of the male Npc1−/−

mice of all groups—except for a higher value in the Sham-treated mice (0.691 ± 0.032%)—
were in a comparable range (0.460–0.607%) and did not differ significantly. Thus, the
relative weight of hearts in the Sham group was significantly greater compared with the
None (0.532 ± 0.023%), MIGLU (0.476 ± 0.04%), HPßCD (0.527 ± 0.041%), and HPßCD1x
(0.460 ± 0.052%) groups (Figure 2C).
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Female mice: The heart weights of female Npc1+/+ mice of all groups were not
significantly different: None (0.115 ± 0.00357 g), Sham (0.120 ± 0.00684 g), COMBI
(0.112 ± 0.00471 g), MIGLU (0.104 ± 0.00649 g), HPßCD (0.101 ± 0.00684 g) and HPßCD1x
(0.100 ± 0.00530 g) (Figure 2B). Heart weights of female Npc1−/− mice of the None
(0.0746 ± 0.00428 g) and Sham (0.0824 ± 0.00592 g) groups did not differ significantly.
The weights of the COMBI group (0.105 ± 0.00548 g) were significantly higher than the
values of the None and HPßCD1x groups (Figure 2B). Female Npc1−/− mice of the None,
Sham, and HPßCD1x groups had significantly smaller hearts compared with the respective
Npc1+/+ mice (Figure 2B). Thus, COMBI, MIGLU, and HPßCD treatment normalized the
heart weights of female Npc1−/− mice (Figure 2B).

In all mice of the 12 female Npc1−/− groups, the relative heart weights were in a similar
range between 0.485 and 0.577% of body weight (Figure 2D).

2.2.2. Lungs (Both Sides)

Left and right lungs were weighed together because of their known side-specific
anatomical differences in the mouse [99–101].

Male mice: The lung weights of male Npc1+/+ mice of all six groups were in the range
of 0.414 to 0.554 g and did not differ significantly between groups (Figure 3A). In male
Npc1−/− mice, weights were comparable (range: 0.388 to 0.542 g). Only the lung weights of
the COMBI group (0.516 ± 0.030 g) significantly surpassed the values of the None group
(0.388 ± 0.026 g) (p = 0.028) (Figure 3A). The lung weights of the male Npc1+/+ and Npc1−/−

mice in the respective experimental groups did not differ significantly.
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The relative lung weights of the male Npc1+/+ mice of all groups were in the range of
1.75 to 2.20% and did not differ significantly between the treatment groups (Figure 3C). The
same holds true for the relative lung weights of the male Npc1−/− mice, except for larger
values in the Sham group (Figure 3C). The relative lung weights of the male Npc1−/− mice
generally exceeded those of the respective group of Npc1+/+ mice, reaching a significant
level in the None, Sham, MIGLU, and HPßCD groups.

Female mice: The lung weights of female Npc1+/+ mice of all six groups did not
differ significantly between groups: None (0.398 ± 0.0153 g), Sham (0.439 ± 0.0289 g),
COMBI (0.429 ± 0.0204 g), MIGLU (0.471 ± 0.0289 g), HPßCD (0.470 ± 0.0306 g), and
HPßCD1x (0.404 ± 0.0232 g) showed no significant differences (Figure 3B). The lungs
of the female Npc1−/− mice in the None (0.335 ± 0.0185 g) and Sham (0.416 ± 0.0250 g)
groups did not differ significantly (Figure 3B). The weights of the COMBI (0.478± 0.0240 g),
HPßCD (0.454 ± 0.0261 g), and MIGLU (0.444 ± 0.0289 g) groups were significantly higher
compared with the values of the None group (Figure 3B). Comparison of female Npc1+/+

and Npc1−/− mice revealed, with the exception of smaller weights in the Npc1−/− mice of
the None group, that there were no significant differences in lung weight (Figure 3B).

The relative lung weights of all female Npc1+/+ mice were in the range of 1.93 to 2.39%,
without significant differences between the respective treatment groups (Figure 3D). Also,
no significant intergroup differences were found in female Npc1−/− mice (Figure 3D).

Although the relative lung weights in all-female groups tentatively exceeded the
respective values of the Npc1+/+ mice, significantly increased relative lung weights were
only found in the None and HPßCDx1 groups (Figure 3D).

2.3. Abdominal Organ Weights
2.3.1. Liver

Male mice: The liver weights of the male Npc1+/+ mice of groups None (1.549 ± 0.0699 g)
and Sham (1.570 ± 0.0843 g) did not differ significantly (Figure 4A). The weights of the
groups COMBI (1.469 ± 0.0678 g), MIGLU (1.752 ± 0.0932 g), HPßCD (1.457 ± 0.0884 g),
and HPßCD1x (1.534 ± 0.140 g) also were not significantly different from the values of
the groups None and Sham (Figure 4A). The liver weights of the male Npc1−/− mice in
groups None (1.312 ± 0.0559 g) and Sham (1.327 ± 0.0932 g) were in the same range, as
were the weights of groups HPßCD (1.296 ± 0.106 g) and HPßCD1x (1.540 ± 0.161 g)
(Figure 4A). The liver weights of the None or Sham group were significantly exceeded by
the COMBI (1.580 ± 0.0699 g) and the MIGLU (1.796 ± 0.0989 g) groups (Figure 4A). A
comparison of the respective treatment groups revealed that only the Npc1−/− None group
had significantly smaller livers than the wild-type mice (Figure 4A).

The relative liver weights of the male Npc1+/+ mice of all groups were in the range
of 5.88 to 6.71% without significant differences between the treatment groups (Figure 4C):
None (5.88± 0.031%) and Sham (6.21± 0.38%), COMBI (6.45± 0.30%), MIGLU (6.71 ± 0.42%),
HPßCD (6.24± 0.39%), and HPßCD1x (6.03± 0.62%) (Figure 4C). The relative liver weights
of the Npc1−/− mice of groups None (7.94 ± 0.25%), Sham (8.46 ± 0.42%), and MIGLU
(8.79 ± 0.44%) were significantly higher than those of the HPßCD group (6.01 ± 0.47%)
(Figure 4C). The relative weights of the Npc1−/− mice of the None, Sham, COMBI, and
MIGLU groups significantly exceeded the values of the respective Npc1+/+ groups (Figure 4C).

Female mice: The liver weights of the female Npc1+/+ mice of all groups were about
1.16 g, showing no significant differences: None (1.160 ± 0.038 g), Sham (1.316 ± 0.090 g),
COMBI (1.177 ± 0.0503 g), MIGLU (1.199 ± 0.073 g), HPßCD (1.041 ± 0.083 g), and
HPßCD1x (1.044 ± 0.063 g) (Figure 4B). The liver weights of the female Npc1−/− mice were
highest in the MIGLU group (1.473 ± 0.063 g), significantly exceeding the groups None
(1.097 ± 0.046 g), COMBI (1.202 ± 0.0503 g), HPßCD (1.148 ± 0.083 g) and HPßCD1x
(1.202 ± 0.069 g) (Figure 4B). A comparison of liver weights of the respective female
Npc1−/− and Npc1+/+ mice groups revealed a significantly higher liver weight in the MIGLU
group of the Npc1−/− mice (Figure 4B).
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The relative liver weights of the female Npc1−/− mice of the groups None (8.20 ± 0.25%),
Sham (8.07 ± 0.36%), and MIGLU (8.29 ± 0.34%) were significantly higher than those of
the COMBI (6.58 ± 0.33%), HPßCD (5.77 ± 0.45%), and HPßCD1x (7.09 ± 0.38%) groups
(Figure 4D). Moreover, the relative liver weights of the Npc1−/− mice of the None, Sham,
MIGLU, and HPßCD1x groups were significantly higher compared with the respective
groups of the Npc1+/+ mice (Figure 4D).

2.3.2. Spleen

Male mice: The spleen weights of the male Npc1+/+ mice of the groups None
(0.120± 0.0061 g) and Sham (0.118± 0.0065 g) as well as of the groups COMBI (0.119± 0.0055 g),
MIGLU (0.112 ± 0.0072 g), HPßCD (0.130 ± 0.0068 g) and HPßCD1x (0.113 ± 0.011 g)
showed no significant differences (Figure 5A). Also, the spleen weights of the male Npc1−/−

mice of groups None (0.112± 0.0044 g) and Sham (0.113± 0.0068 g) and those of the groups
COMBI (0.114 ± 0.0057 g), HPßCD (0.118 ± 0.0080 g), and HPßCD1x (0.105 ± 0.010 g) did
not reveal significant differences. Only the spleen weights of the Npc1−/− MIGLU group
(0.179 ± 0.0080 g) were significantly higher than all other groups (p < 0.001) (Figure 5A).
A comparison of the respective treatment groups revealed that only the spleens of the
MIGLU-treated Npc1−/− mice had significantly heavier spleens than the wild-type mice
(Figure 5A).
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The relative spleen weights of the Npc1+/+ mice of the groups None (0.458 ± 0.0273%)
and Sham (0.469 ± 0.0295%) were in the range of all other groups: COMBI (0.526 ± 0.0248%),
MIGLU (0.431 ± 0.0323%), HPßCD (0.559 ± 0.0308%) and HPßCD1x (0.447 ± 0.0510%)
showed no significant differences between the groups (Figure 5C). In the male Npc1−/−mice,
the relative spleen weights of the groups None (0.673 ± 0.0200%), Sham (0.734 ± 0.0308%),
and MIGLU (0.881 ± 0.0361%) significantly exceeded those of the groups COMBI
(0.533 ± 0.0255%), HPßCD (0.553 ± 0.0361%) and HPßCD1x (0.537 ± 0.0457%). More-
over, the relative spleen weights of the Npc1−/− mice of the None, Sham, and MIGLU
groups were significantly higher (p < 0.001) compared with the same groups of the Npc1+/+

mice (Figure 5C).
Female mice: The spleen weights of the female Npc1+/+ and Npc1−/− mice of all

groups did not show any significant differences, probably due to the unexpectedly high
interindividual variability, only seen in this organ of female mice (Figure 5B). Likewise,
the relative spleen weights of the Npc1+/+ and Npc1−/− mice of all groups did not show
significant differences (Figure 5D).

2.4. Retroperitoneal Organ Weight
2.4.1. Kidney (Mean of Both Sides)

Male mice: The kidney weights of the male Npc1+/+ mice of all groups did not
show significant differences: None (0.245 ± 0.0084 g), Sham (0.246 ± 0.0094 g), COMBI
(0.235 ± 0.0079 g), MIGLU (0.255 ± 0.0103 g), HPßCD (0.213 ± 0.0099 g), and HPßCD1x
(0.229 ± 0.0163 g) (Figure 6A). In the male Npc1−/− mice, kidney weights of groups None
(0.153 ± 0.0064 g) and Sham (0.162 ± 0.0091 g) did not differ significantly (Figure 6A). The
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weights of the groups MIGLU (0.177 ± 0.0115 g) and HPßCD1x (0.160 ± 0.0146 g) showed
no significant differences from the values of the groups None and Sham. However, the
weights of the COMBI (0.210 ± 0075 g) and HPßCD (0.195 ± 0.0115 g) groups significantly
exceeded the values of the None group (Figure 6A). With the exception of the HPßCD
group, the kidney weights of all male Npc1−/− mice groups were significantly lower than
those of the comparable Npc1+/+ groups (Figure 6A).
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(B,D) mice. Significant post-hoc tests are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
Data are means ± SEM.

The relative kidney weights of the male Npc1+/+ mice in all groups did not differ signifi-
cantly: None (0.927± 0.0364%), Sham (0.975± 0.0407%), COMBI (1.043± 0.0342%), MIGLU
(0.985 ± 0.0446%), HPßCD (0.909 ± 0.0425%), and HPßCD1x (0.901 ± 0.0704%) (Figure 6C).
The relative kidney weights of the male Npc1−/−mice of the groups None (0.927 ± 0.0276%),
Sham (1.045± 0.0391%), COMBI (0.975± 0.0323%), MIGLU (0.879 ± 0.0498%), and HPßCD
(0.909 ± 0.0498%) groups did not show significant differences (Figure 6C). Only the rel-
ative kidney weights of the Sham group significantly exceeded those of the HPßCD1x
(0.816 ± 0.0630%) group (Figure 6C). There were no significant differences in the relative
kidney weights of Npc1+/+ and Npc1−/− mice when comparing the respective experimental
groups(Figure 6C).

Female mice: There were considerable differences in the kidney weights of the female
Npc1+/+ mice between different groups. Kidneys of the HPßCD1x group (0.137 ± 0.0053 g)
were significantly smaller compared with the None (0.167± 0.0036 g), Sham (0.166 ± 0.0068 g),
and COMBI (0.165 ± 0.0045 g) groups (Figure 6B), but did not differ significantly from
the MIGLU (0.150 ± 0.0064 g) and HPßCD (0.156 ± 0.0068 g) groups (Figure 6B). The
kidney weights of the female Npc1−/− mice in the groups None (0.115 ± 0.0045 g) and
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Sham (0.133 ± 0.0059 g) were in the range of the MIGLU (0.131 ± 0.0059 g) and HPßCD1x
(0.114± 0.0051 g) groups (Figure 6B). With the exception of the COMBI and HPßCD groups,
the kidney weights of the other female Npc1−/− mouse groups were significantly lower
than those of the comparable Npc1+/+ groups (Figure 6A).

In the Npc1+/+ mice, the relative kidney weights of the groups None (0.815 ± 0.0194%)
and Sham (0.827 ± 0.0366%) did not differ significantly (Figure 6D) from the other experi-
mental groups. Only the relative weights of the COMBI group (0.889 ± 0.0245%) exceeded
the values of the MIGLU (0.760 ± 0.0347%) and HPßCD1x (0.724 ± 0.0283%) groups sig-
nificantly (Figure 6D). The relative kidney weights of the Npc1−/− mice of the groups
None (0.859 ± 0.0245%) and Sham (0.778 ± 0.0317%) were not significantly different. How-
ever, the values found in the MIGLU (0.733 ± 0.0317%) and HPßCD1x (0.741 ± 0.0274%)
groups were significantly smaller (Figure 6D). The comparison of the respective data be-
tween Npc1+/+ and Npc1−/− mice of the same experimental groups showed no significant
differences (Figure 6D).

2.4.2. Adrenal Gland (Mean of Both Sides)

Male mice: The adrenal gland weights of the male Npc1+/+ mice of groups None
(0.00273 ± 0.00016 g) and Sham (0.00237 ± 0.00019 g) did not differ significantly from the
values of the other groups: COMBI (0.00280 ± 0.00016 g), MIGLU (0.00259 ± 0.00019 g),
HPßCD (0.00273 ± 0.00020 g), and HPßCD1x (0.00251 ± 0.00030 g) (Figure 7A). Also, in
the male Npc1−/− mouse groups the adrenal gland weight was in a similar range: None
(0.00292 ± 0.00012 g), Sham (0.00303 ± 0.00017 g), COMBI (0.00259 ± 0.00014 g), MIGLU
(0.00244 ± 0.00022 g), HPßCD (0.00246 ± 0.00023 g), and HPßCD1x (0.00244 ± 0.00027 g)
(Figure 7A). When comparing wild-types and mutants, only the None Npc1−/− mice had
larger adrenal glands than the corresponding wild-types.
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The relative adrenal gland weights of the Npc1+/+ mice of the groups None
(0.0104 ± 0.0009%) and Sham (0.0095 ± 0.0011%) did not differ significantly from values of
the COMBI (0.0128 ± 0.0009%), MIGLU (0.0100 ± 0.0011%), HPßCD
(0.0114 ± 0.0012%), and HPßCD1x (0.0100 ± 0.0018%) groups (Figure 7C).

In the Npc1−/− mice of the groups None (0.0179 ± 0.0007%) and Sham
(0.0198 ± 0.0010%), the relative adrenal gland weights were significantly higher compared
with the MIGLU (0.0123 ± 0.0013%), HPßCD (0.0114 ± 0.0013%), COMBI
(0.0121± 0.0008%), and HPßCD1x (0.0133± 0.0016%) groups. When comparing wild-types
and mutants, only the None and Sham Npc1−/− mice had highly significantly larger adrenal
glands than the corresponding wild-types (Figure 7C).

Female mice: The adrenal gland weights of the female Npc1+/+ mice of groups None
(0.00419 ± 0.00013 g), Sham (0.00354 ± 0.00025 g), COMBI (0.00373 ± 0.00017 g), HPßCD
(0.00376 ± 0.00025 g), and HPßCD1x (0.00352 ± 0.00019 g) did not differ significantly
(Figure 7B). The weights of the MIGLU group (0.00332 ± 0.00024 g) were significantly
lower than the values of the None group (p = 0.024) of the female Npc1+/+ mice (Figure 7B).
The adrenal gland weights of the female Npc1−/− mice in the None (0.00286 ± 0.00017 g)
and Sham (0.00272 ± 0.00024 g) groups did not differ significantly (Figure 7B). The weights
of the groups MIGLU (0.00267 ± 0.00022 g), HPßCD (0.00320 ± 0.00023 g), and HPßCD1x
(0.00313 ± 0.00019 g) were in the same range and did not show significant differences from
the values of groups None and Sham (Figure 7B). Only the weights of the COMBI group
(0.00374 ± 0.00019 g) were significantly higher compared with the values of the MIGLU,
None, and Sham groups (p = 0.005 and p = 0.012 and p = 0.015) (Figure 7B).

The relative adrenal gland weights of the female Npc1+/+ mice of all groups were in
the range of 0.0170–0.0204%, showing no significant differences: None (0.0204 ± 0.0008%),
Sham (0.0175 ± 0.0014%), COMBI (0.0201 ± 0.0010%), MIGLU (0.0170 ± 0.0014%), HPßCD
(0.0196 ± 0.0014%), and HPßCD1x (0.0187 ± 0.0011%) (Figure 7D). The respective data
of the Npc1−/− mice, however, differed. The groups None (0.0213 ± 0.0010%), COMBI
(0.0206 ± 0.0011%), and HPßCD1x (0.0206 ± 0.0011%) groups significantly exceeded the
MIGLU (0.0151 ± 0.0013%) mice (Figure 7D). A comparison of wild-types and mutants
revealed no significant differences with respect to their relative adrenal gland weights
(Figure 7D).

2.5. Pelvic Organ Weight
Bladder

Male mice: The bladder weights of the male Npc1+/+ mice of groups None
(0.0298 ± 0.0023 g), Sham (0.0273 ± 0.0030 g), MIGLU (0.0339 ± 0.0032 g), HPßCD
(0.0288 ± 0.0034 g), and HPßCD1x (0.0362 ± 0.0059 g) showed no significant differences
(Figure 8A). However, the weights of the COMBI group (0.0444 ± 0.0026 g) were sig-
nificantly higher compared with the values of the Sham, None, and HPßCD groups
(Figure 8A). Except for the male Npc1−/− mice in group COMBI (0.0322 ± 0.0024 g), the
bladder weights of all others were in a comparable range: None (0.0172 ± 0.0019 g), Sham
(0.0212 ± 0.0030 g), MIGLU (0.0245 ± 0.0036 g), HPßCD (0.0281 ± 0.0036 g), and HPßCD1x
(0.0314 ± 0.0046 g) showed no significant differences (Figure 8A). The weights of the
COMBI group (0.0322 ± 0.0024 g) were significantly higher than the values of the None
group (p < 0.001) (Figure 8A). In the male Npc1−/− mice, the bladder weights of the None
and COMBI groups were significantly lower compared with the appropriative groups of
the Npc1+/+ mice (each p < 0.001).

The relative bladder weights of the male Npc1+/+ mice of groups None (0.112 ± 0.011%),
Sham (0.108 ± 0.013%), MIGLU (0.129 ± 0.015%), HPßCD (0.125 ± 0.016%), and HPßCD1x
(0.145 ± 0.027%) were in a comparable range (Figure 8C). However, the values of the
COMBI group (0.200 ± 0.012%) were significantly higher compared with the values of
the None group (Figure 8C). Except for the male Npc1−/− mice of the COMBI group
(0.149 ± 0.011%), the relative bladder weights of all others were in a comparable range:
None (0.105 ± 0.009%), Sham (0.139 ± 0.013%), MIGLU (0.117 ± 0.016%), HPßCD



Int. J. Mol. Sci. 2023, 24, 573 14 of 41

(0.131± 0.016%), and HPßCD1x (0.161 ± 0.021%) and showed no significant differences
(Figure 8C). The weights of the COMBI group (0.200 ± 0.012 g) were significantly higher
than the values of the None group (p = 0.002) (Figure 8C). Only the relative bladder weight
of the Npc1−/− mice of the COMBI group was significantly lower than that of the same
groups of Npc1+/+ mice (Figure 8C).
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Female mice: The bladder weights of the female Npc1+/+ mice of all groups—except
for a higher weight in the Sham group (0.0303 ± 0.0031 g)—were in a comparable range:
None (0.0201 ± 0.0015 g), COMBI (0.0237 ± 0.0021 g), MIGLU (0.0298 ± 0.0035 g), HPßCD
(0.0296 ± 0.0031 g), and HPßCD1x (0.0259 ± 0.0027 g) (Figure 8B). The bladder weights
of the female Npc1−/− mice showed no significant differences between the groups: None
(0.0154 ± 0.0019 g), Sham (0.0190 ± 0.0028 g), COMBI (0.0227 ± 0.0024 g), MIGLU
(0.0157 ± 0.0028 g), HPßCD (0.0212± 0.0029 g), and HPßCD1x (0.0223± 0.0024 g) (Figure 8B).
In the groups Sham, MIGLU, and HPßCD, the bladder weights of the Npc1−/− groups
were significantly smaller compared with the corresponding groups of wild-type mice
(Figure 8B).

The relative weights of the Npc1+/+ mice of the None group (0.098± 0.007%) fell signifi-
cantly below the values of groups HPßCD (0.155± 0.014%) and HPßCD1x (0.144 ± 0.012%)
(Figure 8D). The relative weights of groups Sham (0.136± 0.014 g), COMBI (0.127± 0.010 g),
and MIGLU (0.146± 0.016 g) did not show significant differences from the values the group
None (Figure 8D). The relative bladder weight of the Npc1−/− mice of the MIGLU and
HPßCD groups was significantly lower than in the respective wild-type groups (Figure 8D).
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2.6. Genital Organ Weight
2.6.1. Testis plus Epididymis (Mean of Both Sides)

The testis weights of the Npc1+/+ mice in all groups were in a comparable range of
values: None (0.156± 0.0048 g), Sham (0.157± 0.0061 g), COMBI (0.143± 0.0051 g), MIGLU
(0.144 ± 0.0066 g), HPßCD (0.142 ± 0.0070 g), and HPßCD1x (0.155 ± 0.011 g) (Figure 9A).
In Npc1−/− mice, significantly different values were only found between group None
(0.120 ± 0.0038 g) and the HPßCD group (0.146 ± 0.0074 g) (Figure 9A). The testis weights
of the Npc1−/− mice of the None (0.120 ± 0.0038 g), Sham (0.119 ± 0.0058 g), and COMBI
(0.128± 0.0048 g) groups were significantly lower compared with the corresponding groups
of the Npc1+/+ mice (Figure 9A).
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The relative testis weights in all Npc1+/+ mice groups were not significantly differ-
ent: None (0.588 ± 0.022%), Sham (0.625 ± 0.027%), COMBI (0.629 ± 0.023%), MIGLU
(0.556 ± 0.030%), HPßCD (0.607 ± 0.032%), and HPßCD1x (0.615 ± 0.047%) (Figure 9B).
The relative testis weights of the Npc1−/− mice of the groups None (0.732 ± 0.017%)
and Sham (0.774 ± 0.026%) significantly exceeded the values of the COMBI-treated ones
(Figure 9B). The relative testis weights of the Npc1−/− mice of the None, Sham, and MIGLU
groups were significantly higher compared with the corresponding groups of the Npc1+/+

mice (Figure 9B).

2.6.2. Vesicular Gland and Scent Gland (Mean of Both Sides)

The weights of the vesicular glands of the Npc1+/+ mice of all groups were compa-
rable: None (0.0995 ± 0.0043 g), Sham (0.110 ± 0.0054 g), COMBI (0.0985 ± 0.0046 g),
MIGLU (0.118 ± 0.0060 g), HPßCD (0.107 ± 0.0063 g), and HPßCD1x (0.102 ± 0.0094 g)
(Figure 10A). The weights of the vesicular glands of the Npc1−/− mice, however, differed:
groups None (0.0248 ± 0.0038 g) and Sham (0.0259 ± 0.0060 g) had significantly lower
weights compared with COMBI (0.0875 ± 0.0043 g), MIGLU (0.0875 ± 0.00431 g), and
HPßCD groups (0.0813 ± 0.0067 g), but had values at the same low level as the HPßCD1x
group (0.0328± 0.0084 g) (Figure 10A). Comparing wild-type and mutant mice, the weights
of the vesicular glands of the Npc1−/− groups None, Sham, MIGLU, HPßCD, and HPßCD1x
were significantly smaller compared with the corresponding Npc1+/+ mice (Figure 10A).
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Nearly identical differences between experimental groups were observed in relative
vesicular gland weights of Npc1+/+ and Npc1−/− mice (Figure 10C).

The scent gland weights of the Npc1+/+ mice of groups None (0.0491 ± 0.0024 g) and
Sham (0.0470 ± 0.0030 g) did not differ significantly from the weights of the groups COMBI
(0.0489 ± 0.0026 g), MIGLU (0.0559 ± 0.0032 g), HPßCD (0.0427 ± 0.0034 g) and HPßCD1x
(0.0361 ± 0.0051 g). However, the scent glands of the MIGLU group were significantly
heavier than those of the HPßCD1x group (p = 0.021) (Figure 10B). Npc1−/− mice of groups
None (0.0171 ± 0.0021 g) and Sham (0.0185 ± 0.0030 g) had similar scent gland weights
(Figure 10B). With the exception of the HPßCD1x group (0.0241 ± 0.0046 g), the COMBI
(0.0419 ± 0.0024 g), MIGLU (0.0307 ± 0.0036 g), and HPßCD (0.04106 ± 0.0036 g) groups
had significantly higher scent gland weights than the None or Sham groups (Figure 10B).
The weights of the scent glands of Npc1−/− mice in the None, Sham, COMBI, and MIGLU
groups were significantly lower than those in the same groups of Npc1+/+ mice (Figure 10B).

The relative scent gland weights of the Npc1+/+ mice of the groups None (0.183 ± 0.010%)
and Sham (0.187 ± 0.012%) did not differ significantly from the respective values of the
COMBI (0.216± 0.011%), MIGLU (0.219± 0.013%), HPßCD (0.182± 0.014%) and HPßCD1x
(0.141 ± 0.021%) groups (Figure 10D). Npc1−/− mice of groups None (0.104 ± 0.008%) and
Sham (0.120 ± 0.012%) had similar relative scent gland weights (Figure 10D). With the
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exception of the HPßCD1x group (0.124 ± 0.019%), the COMBI (0.191 ± 0.010%), MIGLU
(0.153 ± 0.015%), and HPßCD (0.189 ± 0.015%) groups had significantly higher relative
scent gland weights than the None or Sham groups (Figure 10B). The relative weights of
the scent glands of Npc1−/− mice in the None, Sham, and MIGLU groups were significantly
lower than those in the same groups of Npc1+/+ mice (Figure 10D).

2.6.3. Ovary (Mean of Both Sides)

The ovarian weights of Npc1+/+ mice in the None (0.00389 ± 0.00015 g), Sham
(0.00312 ± 0.00028 g), COMBI (0.00367 ± 0.00019 g), MIGLU (0.00312 ± 0.00026 g), HPßCD
(0.00312 ± 0.00029 g), and HPßCD1x (0.00330 ± 0.00023 g) were all in a comparable range
with no significant differences between their values (Figure 11A). The ovarian weights of the
Npc1−/− mice of groups None (0.00218 ± 0.00021 g), Sham (0.00203 ± 0.00026 g), MIGLU
(0.00234 ± 0.00025 g), HPßCD (0.00261 ± 0.00028 g), and HPßCD1x
(0.00235 ± 0.00021 g) were comparably low without significant differences (Figure 11A).
Only the COMBI-treated mice (0.00363 ± 0.00022 g) had statistically bigger ovaries com-
pared to the MIGLU, None, and Sham groups. The ovaries of the Npc1−/− groups None,
Sham, MIGLU, and HPßCD1x were significantly smaller compared with the Npc1+/+ mice
(Figure 11A).
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The relative ovary weights of the groups of Npc1+/+ mice were in the same range:
None (0.0190 ± 0.0008%), Sham (0.0155 ± 0.0015%), COMBI (0.0195 ± 0.0010%), MIGLU
(0.0158 ± 0.0014%), HPßCD (0.0160 ± 0.0016%), and HPßCD1x (0.0170 ± 0.0012%) were
without significant differences (Figure 11B). The respective values in Npc1−/− mice revealed
that the relative weights in the COMBI-treated group were significantly higher than in the
Sham (0.0119 ± 0.0014%) and MIGLU (0.0128 ± 0.0013%) and HPßCD (0.0137 ± 0.0015g)
groups (Figure 11B). Only the Npc1−/− mice of the None group had a significantly lower
relative ovary weight than those of the same Npc1+/+ mice (Figure 11B).

2.6.4. Uterus

The uterus weights of the Npc1+/+ mice in the groups None (0.120 ± 0.007 g), Sham
(0.0782 ± 0.014 g), COMBI (0.105 ± 0.0085 g), MIGLU (0.123 ± 0.013 g), and HPßCD
(0.114 ± 0.013 g) showed no significant differences (Figure 12A). Only the weights of the
HPßCD1x group (0.077 ± 0.011 g) were significantly lower compared with the None
group (p = 0.016) (Figure 12A). The uterus weights of the Npc1−/− mice of the None
(0.029 ± 0.008 g), Sham (0.027 ± 0.012 g), MIGLU (0.029 ± 0.012 g), and HPßCD1x
(0.031 ± 0.010 g) groups showed no significant differences. However, the uteri of the
COMBI (0.080 ± 0.010 g) and HPßCD (0.120 ± 0.013 g) groups were significantly larger
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than those of the None or Sham groups (Figure 12A). The weights of the Npc1−/− groups
None, Sham, MIGLU, and HPßCD1x groups were significantly lower than those of the
respective groups of Npc1+/+ mice (Figure 12A). Nearly identical differences between exper-
imental groups were observed in the relative uterine weights of Npc1+/+ and Npc1−/− mice
(Figure 12B).
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2.7. Stomach Volume

Male mice: The stomach volumes of the Npc1+/+ mice of all experimental groups were
in the range of 625.32 to 759.93 mm3: None (683.15 ± 54.89 mm3), Sham
(738.22± 70.21 mm3), COMBI (691.88± 58.22 mm3), MIGLU (625.32± 73.64 mm3), HPßCD
(709.65 ± 70.21 mm3), and HPßCD1x (759.93 ± 116.44 mm3) showing no significant differ-
ences (Figure 13A). Also, the stomach volumes of the Npc1−/− mice were in the range of
421.76–645.48 mm3 without significant intergroup differences: None (609.81 ± 43.24 mm3),
Sham (449.05 ± 70.21 mm3), COMBI (645.48 ± 53.43 mm3), MIGLU (421.76 ± 82.33 mm3),
HPßCD (577.48 ± 82.33 mm3), and HPßCD1x (501.89 ± 104.14 mm3) (Figure 13A). Com-
paring the levels of Npc1+/+ and Npc1−/− mice, Sham-treated wild-types had significantly
larger stomachs than mutant mice (Figure 13A).

The relative stomach volumes (volume per body weight) of the Npc1+/+ mice were
similar in all groups: None (25.79 ± 2.69 mm3/g), Sham (29.19 ± 3.44 mm3/g) COMBI
(31.18 ± 2.85 mm3/g), MIGLU (23.96 ± 3.61 mm3/g), HPßCD (29.99 ± 3.44 mm3/g), and
HPßCD1x (29.79 ± 5.71 mm3/g) (Figure 13C). Rather similar values of relative stom-
ach weight were also found in Npc1−/− mice: Sham (28.45 ± 3.44 mm3/g), COMBI
(30.50 ± 2.62 mm3/g), HPßCD (26.85 ± 4.04 mm3/g), and HPßCD1x 27.38 ± 5.10 mm3/g)
(Figure 13C). In Npc1−/− mice, the largest relative gastric volumes were found in the None
(37.01 ± 2.12 mm3/g) group, the smallest in the MIGLU-treated group (21.23 ± 4.04 mm3/g)
(Figure 13C). Comparing the respective levels of Npc1+/+ and Npc1−/− mice, the None
group of wild-types had significantly larger stomachs than the respective mutant mice
(Figure 13C).

Female mice: The stomach volumes of the Sham Npc1+/+ group (878.38 ± 77.86 mm3)
significantly exceeded those of the None (579.59 ± 38.40 mm3) and MIGLU group
(444.18 ± 73.86 mm3) (Figure 13B). The volumes of the COMBI (649.69 ± 53.58 mm3),
HPßCD (681.78 ± 82.59 mm3), and HPßCD1x (623.99 ± 60.31 mm3) groups did not show
significant differences from the values of the None group (Figure 13B). With the excep-
tion of the Sham-treated group (756.32 ± 67,43 mm3), whose gastric volume was sig-
nificantly greater than that of the Npc1−/− None group (480.53 ± 47.68 mm3), all other
volumes were within the range of the None group: COMBI (528.97 ± 60.31 mm3), MIGLU
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(525.24 ± 67.43 mm3), HPßCD (595.13 ± 73.86 mm3) and HPßCD1x (563.64 ± 60.31 mm3)
showed no significant differences from the values of the None and Sham groups (Figure 13B).
No significant differences were found when the respective groups of Npc1−/− and Npc1+/+

mice were compared (Figure 13B).
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The relative stomach volumes of the female Npc1+/+ mice of group Sham
(43.67 ± 4.37 mm3/g) were significantly greater than those of the None (28.09 ± 2.15 mm3/g)
(p = 0.010) and of the MIGLU groups (22.35 ± 4.14 mm3/g) (p = 0.001) (Figure 13D). The
volumes of the groups COMBI (34.47 ± 3.01 mm3/g), HPßCD (36.06 ± 4.63 mm3/g), and
HPßCD1x (33.09 ± 3.38 mm3/g) showed no significant differences to the values of the
groups None and Sham (Figure 13D). The relative stomach volumes of the Npc1−/− mice in
all groups did not differ significantly: None (35.50± 2.67 mm3/g), Sham (44.66 ± 3.78 mm3/g),
COMBI (29.63 ± 3.38 mm3/g), MIGLU (29.16 ± 3.78 mm3/g), HPßCD (31.38 ± 4.14 mm3/g),
and HPßCD1x (36.29± 3.38 mm3/g). Comparing the levels of Npc1+/+ and Npc1−/− mice,
the None group of wild-types had significantly larger stomachs than the respective mutant
mice (Figure 13D).

2.8. Femur Length

Male mice: The femur lengths of the Npc1+/+ mice of the None (1.441 ± 0.016 cm) and
Sham (1.428 ± 0.019520 cm) groups did not differ significantly (Figure 14A). The lengths
of the groups MIGLU (1.405 ± 0.021 cm) and HPßCD1x (1.404 ± 0.034 cm) showed no
significant differences from the values of the None and Sham groups. However, treatment
with COMBI (1.373 ± 0.016 cm) or HPßCD (1.363 ± 0.020 cm) resulted in significantly
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shorter femurs (Figure 14A). The femurs of Npc1−/− mice in all groups were comparable:
None (1.377 ± 0.013 cm), Sham (1.370 ± 0.019 cm), COMBI (1.376 ± 0.016 cm), MIGLU
(1.383 ± 0.024 cm), HPßCD (1.397 ± 0.024 cm), and HPßCD1x (1.391 ± 0.030 cm) showed
no significant differences. The femur lengths of the Npc1−/− None and Sham groups were
significantly shorter compared to the respective wild-types (Figure 14A).
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The relative femur lengths of the Npc1+/+ mice in groups None (0.0543 ± 0.0015 cm/g),
Sham (0.0568± 0.0019 cm/g), COMBI (0.0608± 0.0016 cm/g), MIGLU (0.0546 ± 0.0021 cm/g),
HPßCD (0.0584 ± 0.0020 cm/g), and HPßCD1x (0.0557 ± 0.0033 cm/g) groups were
in a comparable range showing no significant differences (Figure 14C). The relative fe-
mur lengths of the Npc1−/− mice in groups None (0.0841 ± 0.0013 cm/g) and Sham
(0.0886 ± 0.0018 cm/g) did not differ but significantly exceeded the values of the COMBI
(0.0641 ± 0.0015 cm/g), MIGLU (0.0683 ± 0.0024 cm/g), HPßCD (0.0655 ± 0.0024 cm/g)
and HPßCD1x (0.0744 ± 0.0030 cm/g) groups (Figure 14C). The relative femur lengths
of the Npc1−/− None, Sham, MIGLU, HPßCD, and HPßCD1x groups were significantly
greater than in the corresponding groups of wild-type mice (Figure 14C).

Female mice: The femurs of the Npc1+/+ mice of all groups had a comparable length:
None (1.398 ± 0.011 cm), Sham (1.409 ± 0.024 cm), COMBI (1.366 ± 0.015 cm), MIGLU
(1.395± 0.021 cm), HPßCD (1.395± 0.023 cm), and HPßCD1x (1.392± 0.017 cm) (Figure 14B).
Likewise, in the Npc1−/− mice, all groups had similar femur lengths: None
(1.320 ± 0.014 cm), Sham (1.303 ± 0.020 cm), COMBI (1.339 ± 0.017 cm), MIGLU
(1.298 ± 0.020 cm), HPßCD (1.371 ± 0.021 cm), and HPßCD1x (1.323 ± 0.017 cm)
(Figure 14B). The femur lengths of the Npc1−/− mice of groups None, Sham, MIGLU,
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and HPßCD1x were significantly smaller compared with the same groups of the Npc1+/+

mice (Figure 14B).
The relative femur lengths of the Npc1+/+ mice of all groups None (0.0682 ± 0.0014 cm/g),

Sham (0.0708± 0.0032 cm/g), COMBI (0.0734± 0.0020 cm/g), MIGLU (0.0709 ± 0.0029 cm/g),
HPßCD (0.0731 ± 0.0030 cm/g) and HPßCD1x (0.0738 ± 0.0023 cm/g) showed no sig-
nificant differences (Figure 14D). In the Npc1−/− mice, the relative femur lengths of
the None group (0.0994 ± 0.0018 cm/g) were significantly greater than in the Sham
(0.0765 ± 0.0026 cm/g), COMBI (0.0744 ± 0.0023 cm/g), MIGLU (0.0731 ± 0.0026 cm/g),
HPßCD (0.0730± 0.0029 cm/g), and HPßCD1x (0.0876± 0.0023 cm/g) groups (Figure 14D).
Moreover, the Npc1−/− mice of the HPßCD1x group had significantly greater relative femur
lengths compared with the Sham, COMBI, MIGLU, and HPßCD groups (Figure 14D). The
femur lengths of the Npc1−/− mice of the None and HPßCD1x groups were significantly
larger compared with the similar group of the Npc1+/+ mice (Figure 14D).

3. Discussion

The organ weights of 175 Npc1−/− and 176 Npc1+/+ mice are compared and discussed
first with respect to gender and second with respect to the potential benefit of the therapeu-
tic regimens used.

Systematical studies dealing with gender-specific organ weights of Npc1+/+ and
Npc1−/− mice are rare. With the exception of Xie et al. [102], who found that in both
Npc1+/+ and Npc1−/− mice, females had lower liver weights than males, all other studies
with weight data, to our knowledge, examined gender-mixed groups in a different number
of organs.

In addition to the brain [4,28,37,74,84,95,103–109], quantitative measurements of the
liver [28,54,63,68,79,80,84,91,94–98,102,103,105–112], spleen [28,68,79,80,95,103,105–107,112],
lung [28,68,95,103,106,113,114], heart [111], kidney [68,80,95,103], adrenal gland [95], small
intestine [4,95,106,115], stomach [95], and gall bladder [38] were reported in decreasing
frequency (Supplementary Materials Table S1). However, most studies described rela-
tive organ weights [28,54,63,68,80,84,97,103,107,111,112,114,116], and only a few studies
reported absolute organ weights [63,79,84,96,98,106] (Supplementary Materials Table S1).
As yet, no measurements are accessible for the bladder, genital organs (testis/epididymis,
vesicular gland, scent gland, ovary, uterus), and the femur, a representative of long bones.

3.1. Npc1+/+ Control Wild-Type Mice Showed Normal Mouse Organ Weights

The organ weights of the Npc1+/+ wild-type mice lie in a range comparable with the
organ weights dealt with for BALB/C mice [63,84,96,98,106] (Supplementary Materials
Table S1). Although most studies described organ weights relative to body
weight [28,54,63,68,80,84,97,103,107,111,112,114,116], a few reports gave absolute organs
weights [63,79,84,96,98,106] (Supplementary Materials Table S1). For instance, the absolute
liver weight in Npc1+/+ mice was 1.0 g [63,79,84,96,98,106]; the absolute spleen weight in
Npc1+/+ mice was 0.10 g [106]; the absolute lung weight was 0.15 g [106].

Only Xie et al. [102] described the absolute liver weight for both genders separately
and reported that the absolute liver weight in male Npc1+/+ mice was 1.32 ± 0.04 g and in
female Npc1+/+ mice was 1.11 ± 0.03 g. The authors also determined the body weights in
both genders separately: the body weight in male Npc1+/+ mice was 23.1± 0.3 and in female
Npc1+/+ mice, 19.6 ± 0.2 g. These data correspond well with our results in female and male
Npc1+/+ mice: the absolute liver weight in male Npc1+/+ mice was 1.549 ± 0.070 g and in
female Npc1+/+ mice was 1.160 ± 0.038 g. The respective body weight in male Npc1+/+

mice was 26.601 ± 0.535 and in female Npc1+/+ mice was 20.558 ± 0.359 g.
Interestingly, we confirm literature data on gender-specific differences in the absolute

weight of the adrenal gland. As mentioned by Hedrich [117], we also found higher weights
in females compared with males (p < 0.001, Table 1).
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3.2. Absolute Organ Weights of Npc1+/+ and Npc1−/− Mice Mostly Differed in Both Genders

Compared with male Npc1+/+ mice, the organ weights of the heart, liver, kidney,
bladder, testis, vesicular, and scent glands of male Npc1−/− mice were lower, and femur
length was shorter (Table 1). Furthermore, Xie et al. [102] found that the absolute liver
weight of male Npc1+/+ mice at 1.32 ± 0.04 g was lower than that of male Npc1−/− mice
at 1.39 ± 0.04 g. Similarly, the absolute liver weight of the female Npc1+/+ was lower than
that of the Npc1−/− mice at 1.11 ± 0.03 g and 1.26 ± 0.05 g respectively. No significant
differences were found in the weights of the spleen, adrenal gland, or in stomach volumes.
Somewhat differing data were found in females: heart, lung, kidney, adrenal gland, ovary,
and uterus of the female Npc1−/− mice had lower weights, and femur length was shorter
(Table 1). No significant differences were found in the weights of the liver, spleen, or in
stomach volumes (Table 1).

Seemingly, organ weights of the None mice groups can be roughly divided into
two groups: (i) smaller organs were found in smaller mice, or (ii) organ weights were
comparable, although mice differed considerably in body weight.

As shown in Figure 15, irrespective of gender and genotype, smaller organ weights
were found in the heart (Figure 15A), kidney (Figure 15B), bladder (Figure 15C), testis
(Figure 15D), vesicular gland (Figure 15E), scent gland (Figure 15A), ovary (Figure 15A),
and uterus (Figure 15H) in mice with smaller body weights. It can be assumed that during
the specific development of the heart, kidney, and bladder, changed cholesterol metabolism
played a subordinate role. Interestingly, hormone-producing and hormone-dependent
organs were massively underdeveloped in both genders of Npc1−/− mice (Figure 15D-H).
The findings indicate that the infertility of Npc1−/− mice are reflected in the morphology.
Steroid hormones are vital bioactive metabolites derived from cholesterol synthesized in
the endoplasmic reticulum and mitochondria [118–120], which are divided according to
their function and structure into glucocorticoids, mineralocorticoids, estrogens, progestins,
androgens, and neurosteroids [121,122]. Because of mitochondrial abnormalities associ-
ated with NPC, an abnormal steroid hormone metabolism may be expected [59,123–130].
The Npc1−/− gene is important for the normal development of reproductive functions,
illustrated by the fact that both Npc1−/− affected males and females are sterile and have
important histological abnormalities in the gonads [125,128]. Gévry et al. [128] showed that
female BALB/cnpcnih−/− mice are infertile with underdeveloped ovarian follicles, reduced
steroidogenesis, no ovulation, and no corpora lutea. The results of this study provided
strong evidence for the view that infertility in the BALB/cnpcnih−/− mice is attributed to a
maturation failure of the ovarian follicle to the great antrum and preovulatory stages. This
leads to disruption of the cascade of ovarian and pituitary hormone secretion and prevents
normal heat cycles.

Mice with a spontaneous mutation in the Npc1 have been described as infertile [131].
The absence of the functional Npc1 causes abnormalities in spermatogenesis and deregula-
tion of cholesterol homeostasis in the seminiferous tubules. Reducing cholesterol levels is
crucial for normal sperm function [132], suggesting that balanced cholesterol levels of the
sperm membranes are required for male fertility. The decrease in testosterone synthesis in
Npc1−/− mice suggests that the disrupted cholesterol trafficking in NPC might also disrupt
neurosteroidogenesis [59].

The work of Akpovi et al. [125] extends the findings from other studies that reported
decreased testosterone production by Leydig cells in Npc1−/− mice [131]. This was seem-
ingly not due to insufficient precursor availability of cholesterol [123] but to reduced
stimulation of the pituitary gland [133], which was corrected by the expression of Npc1 in
the glia [134]. Abe et al. [127] analyzed the metabolic changes of steroid hormones in the
NPC model and wild-type cells and developed a simultaneous steroid hormone analysis
method using LC-MS/MS, which allows for a deeper understanding of NPC pathophysiol-
ogy and their involvement in mitochondrial steroid hormone production. It was found that
testosterone, androsterone, progesterone, and estrone levels were significantly reduced in
the NPC model cells [127].
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Figure 15. Organ weight in relation to body weight of individual Npc1−/− and Npc1+/+ mice of
the None groups: (A) heart, (B) kidney, (C) bladder, (D) testis, (E) vesicular gland, (F) scent gland,
(G) ovary, (H) uterus.
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The organ weights of the lung, liver, and spleen were in a comparable range, irre-
spective of mice gender and Npc1 gene expression (Figure 16A–C). Our data corroborate
published measures (Supplementary Materials Table S1).
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Figure 16. Organ weight in relation to body weight of individual Npc1−/− and Npc1+/+ mice of the
None groups: (A) lung, (B) liver, (C) spleen, and (D) volume of the stomach.

Systematic studies dealing with gender-specific organ weights of Npc1+/+ and Npc1−/−

mice are rare. To our knowledge, only Xie et al. [102] studied both genders separately,
stating that in both Npc1+/+ and Npc1−/− mice, females had lower liver weights than males.
The absolute liver weight was 1.32 ± 0.04 g in male Npc1+/+ mice and 1.11 ± 0.03 g in
female Npc1+/+ mice. The respective body weights were 23.1 ± 0.3 g in male Npc1+/+ mice
and 19.6 ± 0.2 g in female Npc1+/+ mice. These data correspond well with our results
in female and male Npc1+/+ mice: the absolute liver weight in male Npc1+/+ mice was
1.549 ± 0.070 g and in female Npc1+/+ mice, 1.160 ± 0.038 g. The respective body weight
in male Npc1+/+ mice was 26.601 ± 0.535 g and in female Npc1+/+ mice, 20.558 ± 0.359 g.
All other available studies with weight data examined gender-mixed groups in a different
number of organs.

It can be assumed that, especially in the lung and liver tissue of Npc1−/− mice, the
sometimes massive intracellular deposits of myelin-like inclusions seen in electron mi-
crographs (Figure 17A,C) were responsible for the relatively higher organ weights of
the mutants.
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red), enlarged portions of type I pneumocytes (green, arrowheads) of the blood-air barrier, and 
macrophages (M). Type II pneumocytes (blue) often contain large secretory vesicles (*) void of lip-
ophilic substances such as a surfactant. Al, alveolar space; E, erythrocyte. (B) Alveolar substructures 
in a wild-type mouse do not contain pathologic lipophilic deposits. (C) Two adjacent hepatocytes 
(green and blue, respectively) form a biliary capillary (B,C) with multiple lipophilic inclusions (ar-
rows) of late Golgi stacks/lysosomes. (D) Similar aspect of two hepatocytes in a wild-type mouse 
with normal morphology. M, mitochondrion; BC, bile capillary. 

Figure 17. Transmission electron micrographs of the lung (A,B) and liver (C,D) of male Npc1−/−

(A,C) and Npc1+/+ (B,D) mice. (A) Myelin-like inclusions (arrows) occur in endothelial cells (col-
ored in red), enlarged portions of type I pneumocytes (green, arrowheads) of the blood-air barrier,
and macrophages (M). Type II pneumocytes (blue) often contain large secretory vesicles (*) void
of lipophilic substances such as a surfactant. Al, alveolar space; E, erythrocyte. (B) Alveolar sub-
structures in a wild-type mouse do not contain pathologic lipophilic deposits. (C) Two adjacent
hepatocytes (green and blue, respectively) form a biliary capillary (B,C) with multiple lipophilic in-
clusions (arrows) of late Golgi stacks/lysosomes. (D) Similar aspect of two hepatocytes in a wild-type
mouse with normal morphology. M, mitochondrion; BC, bile capillary.

A conspicuously gender-different result was found for the weights of the adrenal
gland. In males, the None group Npc1−/− had weights in the range of the respective
wild-types (Table 1, Figures 7A and 18A). One reason could be the clear occurrence of
intracellular and extracellular myelin-like deposits in Npc1−/− mice (Figure 19A,E), not
found in the respective wild-types (Figure 19B,D). However, in female Npc1−/− mice of
the None group, the organs were significantly lighter than in the respective female Npc1+/+

mice (Figures 7B and 18A).
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myelin-like inclusions are visible (arrows). Secretory vesicles appear normal. N, nucleus. (B) In
a wild-type animal, adrenocortical cells do not contain such pathologic deposits. (C) Subcapsular
adrenocortical blastema cells of a mutant animal with many myelin-like deposits, some of which are
shed in an enlarged intercellular space. An endothelial cell is colored red. Fibroblasts of the capsule
in light green. (D) Normal adrenocortical blastema cells (B, green and blue) and an endothelial cell
(red). Fi, capsule fibroblasts; Ca, capillary.

Concerning the femur lengths, it can be seen in Figure 18B that mice with smaller
body weights generally had shorter femurs, irrespective of gender and genotype. Femur
lengths of the four None groups were found in the identical descending order as the
respective body weights: male Npc1+/+ mice, female Npc1+/+ mice, male Npc1−/− mice,
and female Npc1−/− mice. The femur, as a representative of a long limb bone, appears
to be primarily dependent on body weight for its length and not further dependent on
cholesterol metabolism.

3.3. Relative Organ Weights of Npc1+/+ and Npc1−/− Mice of the None Groups Partly Differed in
Both Genders

The relative organ weights of the None groups in the Npc1−/− mice, calculated as
percent of the respective body weights, differed considerably between organ and gender
from the wild-types. In males, the relative weights of the heart, kidney, and bladder did
not differ between Npc1+/+ and Npc1−/− mice; in females, besides the heart, kidney, and
bladder, it was between the spleen and adrenal glands also.Other organs of Npc1−/− mice
had a higher or lower relative weight compared with Npc1+/+ mice: in male Npc1−/− mice,
relatively higher weights were found in the lung, liver, spleen, adrenal gland, and testis,
and only in the lung and liver in females. Relatively lower weights were found in Npc1−/−

males in vesicular and scent glands and in females in the ovary and uterus. It can be
speculated that the organs which have relatively higher organ weights in Npc1−/− mice
contain lipid deposits that were not found in wild-types. With the exception of the testes,
all other genital organs of both genders studied (vesicular and scent glands, ovary, uterus)
had disproportionately small weights. One reason could be the massive disturbances of
the sexual hormone system, depending on the starting product cholesterol [59,123–130].

3.4. Absolute Organ Weights of Npc1+/+ Mice Were Mostly Left Unchanged in Both Genders by
the Applied Drugs

Administration of the various drugs to Npc1+/+ mice resulted in small but significant
changes in organ weight compared to the None group. In male mice, MIGLU induced an
increased bladder weight (+13.8%), whereas COMBI (−4.7%) and HPßCD (−5.4%) reduced
femur length. Even fewer organs were affected by the drugs in Npc1+/+ females: MIGLU
induced a decreased adrenal gland weight (−20.8%), and following HPßCD1x the kidney
(−18.0%) and the uterus were lighter (−35.7%). It can be inferred that the drug-induced
changes in cholesterol metabolism had only limited effects on normal mouse development.

3.5. Absolute Organ Weights of Npc1−/− Mice Were Partly and Differently Increased in Both
Genders by the Applied Drugs

Regardless of which drugs were used, the body weights of male and female Npc1−/−

mice increased significantly (Figure 1) compared with the None groups. In Npc1−/− mice
of both genders, the absolute organ weights were never decreased by the applied drugs
(Figure 20). All drugs generally improved the health of these mice by at least in part
disrupting the pathological cholesterol metabolism. The effects of the various drugs on the
weights of the investigated organs, however, were quite different.
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Chronic treatment with HPßCD, however, had a massive effect (Figures 20 and 21) 
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describing a significantly improved health status in the NPC1 disease mouse model. 
HPßCD significantly limits cholesterol levels and ganglioside storage in neurons of young 
Npc1−/− mice [40]. Tanaka et al. [66] described that chronic treatment with 1000, 2000, or 
4000 mg/kg HPßCD1 (subcutaneously, once a week) significantly improved the survival 
of Npc1−/− mice. Ramirez et al. [68] demonstrated that only weekly treatment with 4000 
mg/kg) s. c. HPßCD prevents hepatosplenomegaly in Npc1−/− mice. Moreover, Lopez et al. 
[103] showed that systemic administration of HPβCD, starting in early neonatal life, di-
minishes unesterified cholesterol accumulation in most organs, slows disease progression, 
and extends lifespan. 

  

Figure 20. Changes of the absolute organ weights, volumes, or lengths, induced by COMBI, MIGLU,
HPßCD, and HPßCD1x in male and female Npc1−/− mice. Significant amelioration (↑) or no signifi-
cant change (-) compared with the respective None groups.

Except for a slightly increased body weight, in no absolute organ-specific measure-
ment of male and female Npc1−/− mice, did HPßCD1x treatment have a significant effect
(Figure 20). It can be speculated that a single dose of HPßCD at P7 is too little to influence
these parameters. This partly contradicts the results of Liu et al. [4,64] found in gender-
mixed mice groups, who state that administration of a single dose of HPßCD1x at P7
increased the lifespan of Npc1−/− mice, and at P49 still reduced cholesterol in the liver,
kidney, and spleen.

Chronic treatment with HPßCD, however, had a massive effect (Figures 20 and 21)
started at P7 (Figure 22). Our data agree well with the results of Davidson et al. (2009), de-
scribing a significantly improved health status in the NPC1 disease mouse model. HPßCD
significantly limits cholesterol levels and ganglioside storage in neurons of young Npc1−/−

mice [40]. Tanaka et al. [66] described that chronic treatment with 1000, 2000, or 4000 mg/kg
HPßCD1 (subcutaneously, once a week) significantly improved the survival of Npc1−/−

mice. Ramirez et al. [68] demonstrated that only weekly treatment with 4000 mg/kg) s.
c. HPßCD prevents hepatosplenomegaly in Npc1−/− mice. Moreover, Lopez et al. [103]
showed that systemic administration of HPβCD, starting in early neonatal life, dimin-
ishes unesterified cholesterol accumulation in most organs, slows disease progression, and
extends lifespan.



Int. J. Mol. Sci. 2023, 24, 573 29 of 41Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 31 of 44 
 

 

Male  COMBI MIGLU HPßCD HPßCD1x 
 Female     
heart weight -  -  -  -  

  -  -  -  - 
lung weight -  -  -  -  

  -  -  -  - 
liver weight ↓  -  -  -  

  ↓  -  ↓  - 
spleen weight ↓  ↑  ↓  ↓  

  -  -  -  - 
kidney weight -  -  -  -  

  -  ↓  -  ↓ 
adrenal gland weight ↓  ↓  ↓  -  

  -  ↓  -  - 
bladder weight ↑  -  -  -  

  -  -  -  - 
testis/epididymis weight ↓  -  -  -  
vesicular gland weight ↑  ↑  ↑  -  

scent gland weight ↑  ↑  ↑  -  
ovary weight  -  -  -  - 
uterus weight  ↑  -  ↑  - 

stomach volume -  ↓  -  -  
  -  -  -  - 

femur length ↓  ↓  ↓  ↓  
  ↓  ↓  ↓  ↓ 

Figure 21. Changes of the relative organ weights, volumes, or lengths, induced by COMBI, MIGLU, 
HPßCD, and HPßCD1x in male and female Npc1−/− mice. Significant increase (↑), decrease (↓) or no 
significant change (-) compared with the respective None groups. 

Figure 21. Changes of the relative organ weights, volumes, or lengths, induced by COMBI, MIGLU,
HPßCD, and HPßCD1x in male and female Npc1−/− mice. Significant increase (↑), decrease (↓) or no
significant change (-) compared with the respective None groups.

With the exception of absolute stomach volume and femoral length, which showed
no significant drug-related changes, all other organs increased their weight in at least one
sex as part of one therapeutic scheme (Figure 22). COMBI application increased weights
in six male and six female organs, MIGLU in four males and two females, and HPßCD in
four male and three female ones (Figure 20). More than half of the male and female organs
in which COMBI had a beneficial effect (n = 12) were also benefited by HPßCD treatment
(n = 7). Thus, it can be assumed that the greater part of the COMBI effect is due to HPßCD.

3.6. Relative Organ Weights of Npc1−/− Mice Were Differently Influenced in Both Genders

Studying the weights of organs in relation to body weight is often used in the Npc1
literature. It gives a reliable measurement to indicate whether an organ is smaller, equal,
or larger in relation to body weight [54,92,94,97,98,110,114] (Supplementary Materials
Table S1). Organs that lost or gained relative weight appeared to be affected by treatment
differently than the whole animal.

Taking male and female Npc1−/− mice together, in the 92 organ measurements, the
relative weights in 60 cases were not significantly different from the None groups (Figure 21).
For 22 measurements, the relative organ weights decreased, and for 10, they increased
compared with the None groups (Figure 21).
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CA, USA). From P23 onward, animals were fed with miglustat included in standard chow (1.200 
mg/kg per day) until termination. Mice of the Sham groups were injected with the respective 
amounts of 0.9% NaCl according to the treatment plan of the combination-treated group. Abbrevi-
ations used for the experimental groups are given in bold on the left side. 
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Figure 22. Timeline of drug administrations for all experimental groups. At P7 and thenceforth, Npc1
mice were injected weekly with allopregnanolone (25 mg/kg; Sigma Aldrich, St. Louis, MO, USA)
dissolved in HPßCD (4.000 mg/kg, i.p.; Sigma Aldrich). At P10 and until P23, animals were injected
daily with miglustat (300 mg/kg, i.p.; Zavesca; Actelion Pharmaceuticals, San Francisco, CA, USA).
From P23 onward, animals were fed with miglustat included in standard chow (1.200 mg/kg per
day) until termination. Mice of the Sham groups were injected with the respective amounts of 0.9%
NaCl according to the treatment plan of the combination-treated group. Abbreviations used for the
experimental groups are given in bold on the left side.

Because we are not aware of any study that has published the effects of the drugs
used in Npc1−/− mice on organ-specific weights in a gender-specific manner, the pub-
lications cited in this paragraph refer to gender-mixed mice. Comparable to Figure 21,
Ebner et al. [54] showed that both COMBI and HPßCD monotherapy (injected weekly
with HPβCD (4000 mg/kg starting at P7) significantly reduced the liver-to-body-weight
(LW/BW) ratio in Npc1−/−mice and reached the values found in sham-treated Npc1+/+ mice.

In the study of Lopez et al. [103], Npc1−/− mice and their Npc1+/+ controls were given
four weekly subcutaneous injections of either saline or HPβCD (4000mg/kg bw) from
49 days of age and studied at P77. When compared with their Npc1+/+ controls at P49,
Npc1 mutant mice exhibited the prototypical relative organomegaly of the liver, spleen,
and lung. The enlargement of the liver seen in the 49-day-old Npc1−/− mice persisted in the
P77 mutants given saline but was substantially diminished in their counterparts receiving
HPβCD. The changes in relative spleen weight paralleled those of the liver, whereas relative
kidney weights did not change with HPβCD treatment. In the case of the lungs, relative
weights were consistently greater in the Npc1−/− mice but otherwise did not change as a
function of age or treatment. Although Lopez et al. [103] used a late-onset therapy, their
results tend to agree with ours.

Neßlauer et al. [116] analyzed the organ-to-body weight ratio in the spleen (SW/BW)
after COMBI treatment. Consistent with our results, their mutant Npc1−/− mice showed



Int. J. Mol. Sci. 2023, 24, 573 31 of 41

increased spleen weight and increased lipid accumulation that could have been avoided by
COMBI treatment.

Ramirez et al. [68] injected Npc1+/+ and Npc1−/− mice with saline or a dose of HPβCD
(4000 mg/kg) subcutaneously at P7 and every week thereafter until mice were studied
as young adults at P49. The Npc1−/− mice that received saline alone exhibited significant
enlargement of the liver, spleen, and lung but not of the other organs so far analyzed.
Weekly treatment with HPβCD prevented this hepatosplenomegaly. We found comparable
results in these three organs but very different results in many other organs after using
different treatment strategies (Figures 20 and 21).

3.6.1. Relative Organ Weights of Npc1−/− Mice Were Not Significantly Changed in
60 Cases

The majority of organs did not show significant drug-induced changes in their relative
weights. This means that these organs changed their weight proportionally to the respective
body weight, independent of the treatment used. Drug effects were comparable in these
organs and throughout the body. Correspondingly, larger organs were found, for example,
in the hearts and lungs of heavier Npc1−/− mice. Concerning the lungs, Lopez et al. [103]
showed in the NPC mouse model that, even after systemic administration of HPβCD, the
relative lung weights were consistently greater in the Npc1−/− mice. They did not change
as a function of treatment. According to our results, the same held true for the heart in all
treatment groups.

3.6.2. Relative Organ Weights of Npc1−/− Mice Were Significantly Decreased in 22 Cases

Differentiated results were found in the soft tissue organs liver, spleen, kidney, and
adrenal gland, which had relatively reduced organ weights in some drug-treated groups
either in both sexes or in only one sex. Drug treatment in these organs resulted in de-
creased pathological lipid deposits, so the organs were lighter than expected, considering a
proportionate organ and body growth.

H&E staining of Sham-treated, COMBI-treated, or mono-treated with HPβCD
(4000 mg/kg starting at P7) Npc1+/+ mice showed normal liver morphology and nor-
mal microvascular integration. In contrast, liver tissue from sham-treated Npc1−/− mice
showed necrosis. Moreover, the liver architecture was characterized by lipid accumulation
in hepatocytes—analog to Figure 17C—and frequent invasion of histiocytic foam cells into
sinusoids. Following COMBI therapy and monotherapy with HPβCD (4000 mg/kg starting
at P7), Npc1−/− mice showed an improvement in liver morphology and less necrosis but
still some fat deposits [54].

Lopez et al. [103] also found large numbers of foamy, lipid-laden macrophages in the
livers of Npc1−/− mice who were given saline compared with their Npc1+/+ littermates.
In contrast, in the 91-day-old mice administered with HPβCD, there was a significant
reduction in the presence of these macrophages [103].

H&E staining of Sham-treated or COMBI-treated Npc1+/+ spleen showed normal mor-
phology and a regular lymphoid follicular architecture. In contrast, spleen tissue from
sham-treated Npc1−/− mice showed significant morphological differences due to the infiltra-
tion of foam cells, which strikingly alter the splenic architecture by displacing the lymphoid
follicles. In addition, this phenomenon was remarkably reduced in COMBI-treated Npc1−/−

mice showing fewer foam cells, generally resembling the Npc1+/+ phenotype [116].
Ramirez et al. [68] showed, in a multi-organ study, that in untreated P49 Npc1−/−

mice, numerous lipid-laden macrophages were scattered throughout the liver. At the
same time, this infiltrate is almost completely absent in HPβCD-treated animals. Even
after 160 days of treatment, the architecture of the liver in Npc1−/− mice was essentially
normal, apart from occasional accumulations of macrophages in a pericentral distribution.
Histologically, the liver was completely normal in Npc1+/+ animals treated with weekly
HPβCD. However, the lungs behaved differently. In the P49, untreated Npc1−/− mice
displayed small clusters of macrophages scattered throughout the alveoli of the lungs—as
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seen in the electron micrograph Figure 17A—and similar clusters were still found after
treatment with HPβCD. This progressive infiltration continued even with weekly HPβCD
treatment until, at P160, accumulations of lipid-laden macrophages filled many of the
alveolar spaces. Notably, the lungs appeared completely normal in the Npc1+/+ mice treated
weekly with HPβCD. Finally, renal architecture was essentially normal in the untreated
Npc1−/− mice, but vacuolation was noted in some tubular epithelia after administration of
HPβCD, as previously reported [68].

In line with histological results showing lower drug-induced lipid storage in various
organs, weight analysis revealed lower relative organ weights for the liver, spleen, and
adrenal gland after MIGLU, HPβCD, and COMBI.

The significant decrease in relative femoral lengths in all four drug-treated groups of
both sexes compared with the None groups is likely caused by constant femur measure-
ments in these mice in combination with significantly increased drug-induced body weights.

3.6.3. Relative Organ Weights of Npc1−/− Mice Were Significantly Increased in 10 Cases

The organs belonging to the group of secondary sex organs, with the exception of the
bladder in the Npc1−/− COMBI-treated males, increased their relative weight significantly.
It can be speculated that a partly drug-related normalization of steroid hormone levels
increased the growth and development of these hormone-dependent organs in particular.
It is well known that the steroid hormone levels of the Npc1−/− None groups significantly
decrease compared with the wild-types [59,123–130]. However, it must be noted that the
verification of a hypothetical drug-induced increase in steroid hormone concentrations in
Npc1−/− mice is still pending.

3.7. Drug-Specific Effects on Absolute and Relative Organ Weights of Male and Female
Npc1−/− Mice

Comparing the significant effects of the various treatments on organ weights of
Npc1−/− mice, it can be summarized that, concerning absolute weights, the COMBI effects
were seen in 12 (6 in males, 6 in females), the MIGLU effects in 6 (4 in males, 2 in females),
and the HPβCD effects in 7 (4 in males, 3 in females) measurements (Figure 20). Concern-
ing relative organ weights, significant changes were found in 11 measures (8 in males,
3 in females) after COMBI, 9 (6 in males, 3 in females) following MIGLU, and 8 (5 in males,
3 in females) following HPβCD treatment (Figure 21).

3.8. Organ Weights of Npc1−/− Mice Depend on Various Parameters and Are Partly Influenced by
Pharmacological Treatment Approaches

Specific organ weights are the result of a complex interplay of various parameters.
Primarily, organ weight is dependent on body weight: heavier mice have heavier organs.
Weight is also influenced by the sex of the mouse: females have smaller organs than
males, possibly due to their smaller body weight and/or hormonal status. The mutant
Npc1 gene affects weight by intracellular accumulation of unesterified cholesterol, sph-
ingomyelin, phospholipids, glycosphingolipids, and GM2 and GM3 gangliosides in late
endosomes/lysosomes, endoplasmic reticulum and the Golgi apparatus. The extent of the
deposits varies from organ to organ, and so do the specific organ weights. Because the
metabolism of cholesterol as the precursor for the synthesis of sex hormones is massively
disturbed, steroid hormone levels of Npc1−/− mice are significantly decreased compared
with wild-type, resulting in hampered organ development and weight. Interventions
in cholesterol metabolism by MIGLU, HPβCD, and COMBI treatments have a positive
effect on clinical symptoms in Npc1−/− mice, leading to reduced lipid accumulations in
organs and to a still hypothetical drug-induced increase in steroid hormone concentra-
tions in Npc1−/− mice. It is hypothesized that the decreased relative weights of thoracic
and abdominal organs are due to drug-induced decreased lipid accumulation. The in-
creased relative weights of sex organs are due to the drug-induced normalization of steroid
hormone concentrations.
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4. Materials and Methods
4.1. Animals

All animal procedures were approved by the local authorities (Landesamt für Land-
wirtschaft, Lebensmittelsicherheit und Fischerei des Landes Mecklenburg-Vorpommern;
approval ID: 7221.3-1.1-030/12, 14 June 2012). All institutional guidelines for animal welfare
and experimental conduct were followed, and all efforts were made to minimize suffering.

Heterozygous Npc1+/− mice breeding pairs of Npc1 mice (BALB/cNctr-Npc1m1N/-J)
were obtained from Jackson Laboratories (Bar Harbor, ME, USA) for generating homozy-
gous Npc1−/− mutants and Npc1+/+ control wild-type mice. Experimental animals were
maintained under standard conditions with free access to food and water with a 12 h
day/night cycle, a temperature of 22 ◦C, and a relative humidity of about 60%. Geno-
types were determined by postnatal day P7 by PCR analysis of tail DNA as previously
described [135,136]. Npc1−/− mutants and Npc1+/+ wild-type controls of both sexes were
used for different therapeutic treatment schedules. Fixed cadavers, still containing most
organs, from different studies were collected from 2012 to 2019. Altogether, 176 wild-type
mice (103 females, 73 males) and 175 mutant mice (92 females, 83 males) were involved in
this study. The exact numbers of animals investigated in the various groups are listed in
Table 2.

Table 2. Number of male and female Npc1+/+ and Npc1−/− mice used in the various treatment groups.

Group Male Female

Npc1+/+ Npc1−/− Npc1+/+ Npc1−/−

None 19 30 40 26
Sham 12 13 9 12

COMBI 17 19 20 15
MIGLU 10 8 10 12
HPßCD 11 8 9 11

HPßCD1x 4 5 15 16

4.2. Treatment

We used 24 different animal treatment subgroups: male Npc1+/+ mice, female Npc1+/+

mice, male Npc1−/− mice, female Npc1−/− mice, each group with six subgroups: (i) no
therapy (None), (ii) vehicle injection (Sham), (iii) combination of MIGLU, ALLO, and
HPßCD (COMBI), (iv) MIGLU alone (MIGLU), (v) HPßCD alone starting at P7 and repeated
weekly throughout life (HPßCD), and (vi) HPßCD alone given only once at P7 (HPßCD1x)
(Figure 22).

Combination therapy (COMBI group): Therapy started at postnatal day 7 (P7), and
weekly thereafter, mice were injected with HPßCD/ALLO (25 mg/kg ALLO dissolved
in 40% HPßCD) (both from Sigma-Aldrich, Munich, Germany). Additionally, from P10
until P23, mice were injected daily with MIGLU (300 mg/kg, i.p.; Zavesca; Actelion
Pharmaceuticals, San Francisco, CA, USA), dissolved in saline. Beginning at P23 and until
the termination of the experiments, the mice were fed standard chow, including MIGLU,
with a daily dose of 1200 mg/kg.

HPßCD monotherapy (HPßCD group): HPßCD was injected starting at postnatal day
7 (P7) and weekly thereafter, in the same dose as included in COMBI (4.000 mg/kg, i.p.;
Sigma Aldrich, Munich, Germany).

HPßCD1x (HPßCD1x group): These mice received only a single injection of HPßCD at
P7 (4.000 mg/kg, i.p.).

MIGLU monotherapy (MIGLU group): comparable to COMBI, mice were injected
daily with MIGLU (300 mg/kg, i.p.) at P10 until P23. From P23 onward, animals were fed
standard chow (V1184-000, Ssniff, Soest, Germany), including MIGLU, with a daily dose of
1200 mg/kg.

Sham (Sham group): Sham-treated mice were injected following the scheme of the
COMBI mice, however, omitting the drugs in the saline.
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None (None group): These mice were left uninjected.
All mice were sacrificed at P65.

4.3. Body Weight and Anesthesia

Before sacrification, body weights were measured, and animals were deeply anes-
thetized with an in-house drug mixture, a diluted solution of 0.75 g ketamine hydrochloride
(contained in 7.5 mL of a 10% ketamine hydrochloride ready-to-use preparation; Ketamin®

10%, Bela-Pharm, Vechta, Germany) + 0.05 g xylazine (contained in 2.5 mL of a 2% xylazine
ready to use preparation; Rompun®, Bayer, Leverkusen, Germany), and 90 mL saline.

4.4. Fixation of the Animals

After sacrification, animals were perfused transcardially via the left ventricle with 0.9%
sodium chloride, followed by 3.7% paraformaldehyde (PFA) solved in phosphate-buffered
saline (0.1 M, pH 7.4) and thereafter postfixed with Bodian’s fixans (consisting of 900 mL
of 80% isopropanol, 50 mL of 37% formaldehyde and 50 mL of glacial acetic acid) or 3.7%
paraformaldehyde dissolved in phosphate-buffered saline (0.1 M, pH 7.4). Fixed cadavers
were postfixed and stored in 3.7% PFA until further processing.

4.5. Dissection of the Animals

First, the heart was separated from the lungs and removed with forceps. Thereafter,
the lungs were separated from the thorax with a thin spatula. After the dissection of the
stomach and spleen, the liver was removed. The kidneys and adrenal glands were then
dissected. In female mice, first, the ovaries and then the uterus were separated. In male
mice, first, the scent glands were exposed, followed by the removal of the vesicular glands
and the testes/epididymites. Thereafter, the bladder was dissected.

In the last step, the femora were exposed and disarticulated in the hip and knee joints.

4.6. Determination of the Organ Weight, Size, and Volume

The organ weights were determined using a fine scale (device GR202, accuracy
0.000(0) g A&D Europe GmbH, Darmstadt, Germany). For this purpose, the organs were
removed from the PFA solution and dried briefly on filter paper. In addition, the length of
the femora was measured with a caliper, and the volume of the stomach was determined
from its length, width, and height.

4.7. Electron Microscopy

After perfusion with 0.1 M phosphate buffer containing 2.5% paraformaldehyde, six
Npc1−/− and Npc1+/+ mice were postfixed in 0.1 M cacodylate buffer containing 2.5%
glutaraldehyde for at least 24 h at 4 ◦C. Subsequently, the adrenal glands, lung, and liver
were excised and kept in the same fixative. Thereafter, the specimens were osmicated,
washed, dehydrated through a graded series of ethanol, and embedded in Epon 812 (Plano
GmbH, Marburg, Germany). Ultrathin sections (about 70 nm) were mounted on pioloform-
coated slot copper grids and contrasted with uranyl acetate (4 min), followed by lead
citrate (2 min). The specimens were examined with a Zeiss EM 902 transmission electron
microscope (Zeiss, Oberkochen, Germany) at 80 kV. Photographs were taken using a CCD
camera (Proscan, Lagerlechfeld, Germany) and adjusted using Photoshop CS2 software
(Adobe Systems).

4.8. Data Analysis

The results are presented as means ± SEM. In general, an overall significance level
of p = 0.05 was used. All data were subjected to three- or two-way ANOVA. In the case
of statistically significant different mean values, the Holm-Sidak approach was used for
post hoc comparisons. All statistical analyses were conducted using SigmaPlot 14 Software
(Systat Software, Inc., San Jose, CA 95110, USA).
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5. Conclusions

The combination therapy of miglustat as a substrate reduction agent (inhibitor of the
glucosylceramide synthase) in combination with the sterol chelator 2-hydroxypropyl-ß-
cyclodextrin (reverser of the cholesterol transport defect) seemingly had an additive effect
on the normalization of the cholesterol metabolism and, subsequently, on the organ weight
outcomes in Npc1−/− mice, especially in the liver, spleen, adrenal gland and genital organs.
The comparison of both genders reveals that for all drug effects of 92 measures taken
together, absolute weights were changed in 14 cases in males and 11 in females. Respective
relative weights significantly changed in 19 of the measurements taken in males and 9 in
females. Remarkably, male Npc1−/− mice were more sensitive to drug treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24010573/s1. References [137,138] are cited in the supple-
mentary materials.
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49. Pineda, M.; Juríčková, K.; Karimzadeh, P.; Kolnikova, M.; Malinova, V.; Insua, J.L.; Velten, C.; Kolb, S.A. Disease characteristics,
prognosis and miglustat treatment effects on disease progression in patients with Niemann–Pick disease Type C: An international,
multicenter, retrospective chart review. Orphanet J. Rare Dis. 2019, 14, 32. [CrossRef]

50. Patterson, M.C.; Mengel, E.; Vanier, M.T.; Moneuse, P.; Rosenberg, D.; Pineda, M. Treatment outcomes following continuous
miglustat therapy in patients with Niemann-Pick disease Type C: A final report of the NPC Registry. Orphanet J. Rare Dis. 2020,
15, 104. [CrossRef]

http://doi.org/10.1002/cne.10522
http://doi.org/10.1016/j.brainres.2004.06.037
http://doi.org/10.1093/jnen/64.4.323
http://doi.org/10.1016/j.jns.2007.11.018
http://doi.org/10.1016/S0166-4328(01)00380-1
http://doi.org/10.1016/j.bbalip.2004.08.011
http://www.ncbi.nlm.nih.gov/pubmed/15465426
http://doi.org/10.1016/S0960-9822(01)00396-7
http://www.ncbi.nlm.nih.gov/pubmed/11525744
http://doi.org/10.1016/S1474-4422(07)70194-1
http://www.ncbi.nlm.nih.gov/pubmed/17689147
http://doi.org/10.3390/ijms20184392
http://doi.org/10.1016/j.bbalip.2004.08.013
http://doi.org/10.3978/j.issn.2305-5839.2015.12.04
http://www.ncbi.nlm.nih.gov/pubmed/26807415
http://doi.org/10.3390/ijms17111866
http://www.ncbi.nlm.nih.gov/pubmed/27834854
http://doi.org/10.3892/mmr.2017.6774
http://doi.org/10.1517/13543784.10.3.455
http://doi.org/10.1371/journal.pone.0006951
http://doi.org/10.1186/s13023-018-0844-0
http://www.ncbi.nlm.nih.gov/pubmed/30111334
http://doi.org/10.1016/S0957-4166(99)00468-1
http://doi.org/10.1016/S0021-9258(17)37202-2
http://doi.org/10.1097/NEN.0b013e31825414a6
http://www.ncbi.nlm.nih.gov/pubmed/22487861
http://doi.org/10.1080/00498250601094543
http://doi.org/10.1016/j.ymgme.2009.06.008
http://doi.org/10.1177/0883073809344222
http://doi.org/10.1016/j.ymgme.2009.12.006
http://doi.org/10.1186/s13023-019-0996-6
http://doi.org/10.1186/s13023-020-01363-2


Int. J. Mol. Sci. 2023, 24, 573 38 of 41

51. Lachmann, R.H.; te Vruchte, D.; Lloyd-Evans, E.; Reinkensmeier, G.; Sillence, D.J.; Fernandez-Guillen, L.; Dwek, R.A.; Butters,
T.D.; Cox, T.M.; Platt, F.M. Treatment with miglustat reverses the lipid-trafficking defect in Niemann–Pick disease type C.
Neurobiol. Dis. 2004, 16, 654–658. [CrossRef] [PubMed]

52. Pineda, M.; Wraith, J.E.E.; Mengel, E.; Sedel, F.; Hwu, W.-L.L.; Rohrbach, M.; Bembi, B.; Walterfang, M.; Korenke, G.C.C.;
Marquardt, T.; et al. Miglustat in patients with Niemann-Pick disease Type C (NP-C): A multicenter observational retrospective
cohort study. Mol. Genet. Metab. 2009, 98, 243–249. [CrossRef] [PubMed]

53. Cologna, S.M.; Jiang, X.S.; Backlund, P.S.; Cluzeau, C.V.M.; Dail, M.K.; Yanjanin, N.M.; Siebel, S.; Toth, C.L.; Jun, H.S.;
Wassif, C.A.; et al. Quantitative Proteomic Analysis of Niemann-Pick Disease, Type C1 Cerebellum Identifies Protein Biomarkers
and Provides Pathological Insight. PLoS ONE 2012, 7, e47845. [CrossRef] [PubMed]

54. Ebner, L.; Gläser, A.; Bräuer, A.; Witt, M.; Wree, A.; Rolfs, A.; Frank, M.; Vollmar, B.; Kuhla, A. Evaluation of two liver treatment
strategies in a mouse model of niemann–pick-disease type C1. Int. J. Mol. Sci. 2018, 19, 972. [CrossRef] [PubMed]

55. Patterson, M.C.; Hendriksz, C.J.; Walterfang, M.; Sedel, F.; Vanier, M.T.; Wijburg, F. Recommendations for the diagnosis and
management of Niemann–Pick disease type C: An update. Mol. Genet. Metab. 2012, 106, 330–344. [CrossRef]

56. Belmatoug, N.; Burlina, A.; Giraldo, P.; Hendriksz, C.J.; Kuter, D.J.; Mengel, E.; Pastores, G.M. Gastrointestinal disturbances and
their management in miglustat-treated patients. J. Inherit. Metab. Dis. 2011, 34, 991–1001. [CrossRef]

57. Champion, H.; Ramaswami, U.; Imrie, J.; Lachmann, R.H.; Gallagher, J.; Cox, T.M.; Wraith, J.E. Dietary modifications in patients
receiving miglustat. J. Inherit. Metab. Dis. 2010, 33 (Suppl. 3), S379–S383. [CrossRef]

58. Zervas, M.; Dobrenis, K.; Walkley, S.U. Neurons in Niemann-Pick disease type C accumulate gangliosides as well as unesterified
cholesterol and undergo dendritic and axonal alterations. J. Neuropathol. Exp. Neurol. 2001, 60, 49–64. [CrossRef]

59. Griffin, L.D.; Gong, W.; Verot, L.; Mellon, S.H. Niemann–Pick type C disease involves disrupted neurosteroidogenesis and
responds to allopregnanolone. Nat. Med. 2004, 10, 704–711. [CrossRef]

60. Ahmad, I.; Lope-Piedrafita, S.; Bi, X.; Hicks, C.; Yao, Y.; Yu, C.; Chaitkin, E.; Howison, C.M.; Weberg, L.; Trouard, T.P.; et al.
Allopregnanolone treatment, both as a single injection or repetitively, delays demyelination and enhances survival of Niemann-
Pick C mice. J. Neurosci. Res. 2005, 82, 811–821. [CrossRef]

61. Liao, G.; Cheung, S.; Galeano, J.; Ji, A.X.; Qin, Q.; Bi, X. Allopregnanolone treatment delays cholesterol accumulation and reduces
autophagic/lysosomal dysfunction and inflammation in Npc1−/− mouse brain. Brain Res. 2009, 1270, 140–151. [CrossRef]
[PubMed]

62. Griffin, B.B.; Ban, Y.; Lu, X.; Wei, J.-J. Hydropic leiomyoma: A distinct variant of leiomyoma closely related to HMGA2
overexpression. Hum. Pathol. 2019, 84, 164–172. [CrossRef] [PubMed]

63. Liu, B.; Li, H.; Repa, J.J.; Turley, S.D.; Dietschy, J.M. Genetic variations and treatments that affect the lifespan of the NPC1 mouse.
J. Lipid Res. 2008, 49, 663–669. [CrossRef] [PubMed]

64. Liu, B.; Turley, S.D.; Burns, D.K.; Miller, A.M.; Repa, J.J.; Dietschy, J.M. Reversal of defective lysosomal transport in NPC disease
ameliorates liver dysfunction and neurodegeneration in the npc1−/−mouse. Proc. Natl. Acad. Sci. USA 2009, 106, 2377–2382.
[CrossRef]

65. Liu, B. Therapeutic potential of cyclodextrins in the treatment of Niemann–Pick type C disease. Clin. Lipidol. 2012, 7, 289–301.
[CrossRef] [PubMed]

66. Tanaka, Y.; Yamada, Y.; Ishitsuka, Y.; Matsuo, M.; Shiraishi, K.; Wada, K.; Uchio, Y.; Kondo, Y.; Takeo, T.; Nakagata, N.; et al.
Efficacy of 2-hydroxypropyl-β-cyclodextrin in Niemann-Pick disease type C model mice and its pharmacokinetic analysis in a
patient with the disease. Biol. Pharm. Bull. 2015, 38, 844–851. [CrossRef]

67. Taylor, A.M.; Liu, B.; Mari, Y.; Repa, J.J. Cyclodextrin mediates rapid changes in lipid balance in Npc1−/− mice without carrying
cholesterol through the bloodstream. J. Lipid Res. 2012, 53, 2331–2342. [CrossRef]

68. Ramirez, C.M.; Liu, B.; Taylor, A.M.; Repa, J.J.; Burns, D.K.; Weinberg, A.G.; Turley, S.D.; Dietschy, J.M. Weekly cyclodextrin
administration normalizes cholesterol metabolism in nearly every organ of the Niemann–Pick type C1 mouse and markedly
prolongs life. Pediatr. Res. 2010, 68, 309–315. [CrossRef]

69. Yancey, P.G.; Rodrigueza, W.V.; Kilsdonk, E.P.C.; Stoudt, G.W.; Johnson, W.J.; Phillips, M.C.; Rothblat, G.H. Cellular cholesterol
efflux mediated by cyclodextrins: Demonstration of kinetic pools and mechanism of efflux. J. Biol. Chem. 1996, 271, 16026–16034.
[CrossRef]

70. Atger, V.M.; De La Llera Moya, M.; Stoudt, G.W.; Rodrigueza, W.V.; Phillips, M.C.; Rothblat, G.H. Cyclodextrins as catalysts for
the removal of cholesterol from macrophage foam cells. J. Clin. Investig. 1997, 99, 773–780. [CrossRef]

71. Christian, A.E.; Haynes, M.P.; Phillips, M.C.; Rothblat, G.H. Use of cyclodextrins for manipulating cellular cholesterol content. J.
Lipid Res. 1997, 38, 2264–2272. [CrossRef] [PubMed]

72. Davidson, C.D.; Fishman, Y.I.; Puskás, I.; Szemán, J.; Sohajda, T.; McCauliff, L.A.; Sikora, J.; Storch, J.; Vanier, M.T.; Szente, L.; et al.
Efficacy and ototoxicity of different cyclodextrins in Niemann-Pick C disease. Ann. Clin. Transl. Neurol. 2016, 3, 366–380.
[CrossRef] [PubMed]

73. Hovakimyan, M.; Maass, F.; Petersen, J.; Holzmann, C.; Witt, M.; Lukas, J.; Frech, M.J.J.; Hübner, R.; Rolfs, A.; Wree, A. Combined
therapy with cyclodextrin/allopregnanolone and miglustat improves motor but not cognitive functions in Niemann–Pick Type
C1 mice. Neuroscience 2013, 252, 201–211. [CrossRef] [PubMed]

http://doi.org/10.1016/j.nbd.2004.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15262277
http://doi.org/10.1016/j.ymgme.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19656703
http://doi.org/10.1371/journal.pone.0047845
http://www.ncbi.nlm.nih.gov/pubmed/23144710
http://doi.org/10.3390/ijms19040972
http://www.ncbi.nlm.nih.gov/pubmed/29587349
http://doi.org/10.1016/j.ymgme.2012.03.012
http://doi.org/10.1007/s10545-011-9368-7
http://doi.org/10.1007/s10545-010-9193-4
http://doi.org/10.1093/jnen/60.1.49
http://doi.org/10.1038/nm1073
http://doi.org/10.1002/jnr.20685
http://doi.org/10.1016/j.brainres.2009.03.027
http://www.ncbi.nlm.nih.gov/pubmed/19328188
http://doi.org/10.1016/j.humpath.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30292626
http://doi.org/10.1194/jlr.M700525-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18077828
http://doi.org/10.1073/pnas.0810895106
http://doi.org/10.2217/clp.12.31
http://www.ncbi.nlm.nih.gov/pubmed/25152773
http://doi.org/10.1248/bpb.b14-00726
http://doi.org/10.1194/jlr.M028241
http://doi.org/10.1203/PDR.0b013e3181ee4dd2
http://doi.org/10.1074/jbc.271.27.16026
http://doi.org/10.1172/JCI119223
http://doi.org/10.1016/S0022-2275(20)34940-3
http://www.ncbi.nlm.nih.gov/pubmed/9392424
http://doi.org/10.1002/acn3.306
http://www.ncbi.nlm.nih.gov/pubmed/27231706
http://doi.org/10.1016/j.neuroscience.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23948640


Int. J. Mol. Sci. 2023, 24, 573 39 of 41

74. Maass, F.; Petersen, J.; Hovakimyan, M.; Schmitt, O.; Witt, M.; Hawlitschka, A.; Lukas, J.; Rolfs, A.; Wree, A. Reduced cerebellar
neurodegeneration after combined therapy with cyclodextrin/allopregnanolone and miglustat in NPC1: A mouse model of
Niemann–Pick type C1 disease. J. Neurosci. Res. 2015, 93, 433–442. [CrossRef]

75. Holzmann, C.; Witt, M.; Rolfs, A.; Antipova, V.; Wree, A. Gender-specific effects of two treatment strategies in a mouse model of
Niemann–Pick disease type c1. Int. J. Mol. Sci. 2021, 22, 2539. [CrossRef]

76. Patterson, M.C.; Vanier, M.T.; Suzuki, K.; Morris, J.E.; Carstea, E.D.; Neufeld, E.B.; Blanchette-Mackie, E.J.; Pentchev, P.G.
Niemann–Pick Disease Type C: A lipid trafficking disorder. In The Metabolic & Molecular Bases of Inherited Disease; Scriver, C.R.,
Beaudet, L., Sly, W.S., Valle, D., Childs, B., Kinzler, K.W., Vogelstein, B., Eds.; McGraw Hill: New York, NY, USA, 2001; pp.
3611–3633.

77. Pentchev, P.; Vanier, M.; Suzuki, K.; Patterson, M. Niemann–Pick disease, type C: A cellular cholesterol lipidosis. In The Metabolic
and Molecular Bases of Inherited Disease; Scriver, C., Beaudet, A., Sly, W., Valle, D., Eds.; McGraw-Hill: New York, NY, USA, 1995;
pp. 2625–2640.

78. Neufeld, E.B.; Wastney, M.; Patel, S.; Suresh, S.; Cooney, A.M.; Dwyer, N.K.; Roff, C.F.; Ohno, K.; Morris, J.A.; Carstea, E.D.; et al.
The Niemann–Pick C1 protein resides in a vesicular compartment linked to retrograde transport of multiple lysosomal cargo. J.
Biol. Chem. 1999, 274, 9627–9635. [CrossRef]

79. Xie, C.; Turley, S.D.; Dietschy, J.M. Cholesterol accumulation in tissues of the Niemann–Pick type C mouse is determined by
the rate of lipoprotein-cholesterol uptake through the coated-pit pathway in each organ. Proc. Natl. Acad. Sci. USA 1999, 96,
11992–11997. [CrossRef]

80. Hong, S.B.; Seo, M.S.; Park, S.B.; Seo, Y.J.; Kim, J.S.; Kang, K.S. Therapeutic effects of human amniotic epithelial stem cells in
Niemann-Pick type C1 mice. Cytotherapy 2012, 14, 630–638. [CrossRef]

81. Reid, P.C.; Sakashita, N.; Sugii, S.; Ohno-Iwashita, Y.; Shimada, Y.; Hickey, W.F.; Chang, T.Y. A novel cholesterol stain reveals early
neuronal cholesterol accumulation in the Niemann-Pick type C1 mouse brain. J. Lipid Res. 2004, 45, 582–591. [CrossRef]

82. Kim, S.J.; Park, J.S.; Kang, K.S. Stem cells in Niemann–Pick disease. Dis. Markers 2008, 24, 231–238. [CrossRef]
83. Scantlebery, A.M.L.; Ochodnicky, P.; Kors, L.; Rampanelli, E.; Butter, L.M.; El Boumashouli, C.; Claessen, N.; Teske, G.J.; van den

Bergh Weerman, M.A.; Leemans, J.C.; et al. β-Cyclodextrin counteracts obesity in Western diet-fed mice but elicits a nephrotoxic
effect. Sci. Rep. 2019, 9, 17633. [CrossRef] [PubMed]

84. Beltroy, E.P.; Richardson, J.A.; Horton, J.D.; Turley, S.D.; Dietschy, J.M. Cholesterol accumulation and liver cell death in mice with
Niemann-Pick type C disease. Hepatology 2005, 42, 886–893. [CrossRef] [PubMed]

85. Alvarez, A.R.; Klein, A.; Castro, J.; Cancino, G.I.; Amigo, J.; Mosqueira, M.; Vargas, L.M.; Yévenes, L.F.; Bronfman, F.C.; Zanlungo,
S. Imatinib therapy blocks cerebellar apoptosis and improves neurological symptoms in a mouse model of Niemann-Pick type C
disease. FASEB J. 2008, 22, 3617–3627. [CrossRef]

86. Vanier, M.T. Niemann–Pick disease type C. Orphanet J. Rare Dis. 2010, 5, 16. [CrossRef]
87. Wraith, J.E.; Sedel, F.; Pineda, M.; Wijburg, F.A.; Hendriksz, C.J.; Fahey, M.; Walterfang, M.; Patterson, M.C.; Chadha-Boreham, H.;

Kolb, S.A. Niemann–Pick type C Suspicion Index tool: Analyses by age and association of manifestations. J. Inherit. Metab. Dis.
2014, 37, 93–101. [CrossRef]

88. Stampfer, M.; Theiss, S.; Amraoui, Y.; Jiang, X.; Keller, S.; Ory, D.S.; Mengel, E.; Fischer, C.; Runz, H. Niemann–Pick disease type C
clinical database: Cognitive and coordination deficits are early disease indicators. Orphanet J. Rare Dis. 2013, 8, 35. [CrossRef]
[PubMed]

89. Mengel, E.; Pineda, M.; Hendriksz, C.J.; Walterfang, M.; Torres, J.V.; Kolb, S.A. Differences in Niemann-Pick disease Type C
symptomatology observed in patients of different ages. Mol. Genet. Metab. 2017, 120, 180–189. [CrossRef]

90. Walterfang, M.; Fietz, M.; Abel, L.; Bowman, E.; Mocellin, R.; Velakoulis, D. Gender dimorphism in siblings with schizophrenia-
like psychosis due to Niemann-Pick disease type C. J. Inherit. Metab. Dis. 2009, 32, S221–S226. [CrossRef]

91. Borbon, I.A.; Hillman, Z.; Duran, E.; Kiela, P.R.; Frautschy, S.A.; Erickson, R.P. Lack of efficacy of curcumin on neurodegeneration
in the mouse model of Niemann-Pick C1. Pharmacol. Biochem. Behav. 2012, 101, 125–131. [CrossRef]

92. Xu, Y.; Man, X.; Lv, Z.; Li, D.; Sun, Z.; Chen, H.; Wang, Z.; Luo, Y.; Xu, H. Loss of heterozygosity at chromosomes 1p35-pter, 4q,
and 18q and protein expression differences between adenocarcinomas of the distal stomach and gastric cardia. Hum. Pathol. 2012,
43, 2308–2317. [CrossRef]

93. Jelinek, D.; Heidenreich, R.A.; Erickson, R.P.; Garver, W.S. Decreased Npc1 gene dosage in mice is associated with weight gain.
Obesity 2010, 18, 1457–1459. [CrossRef] [PubMed]

94. Jelinek, D.A.; Maghsoodi, B.; Borbon, I.A.; Hardwick, R.N.; Cherrington, N.J.; Erickson, R.P. Genetic variation in the mouse model
of Niemann Pick C1 affects female, as well as male, adiposity, and hepatic bile transporters but has indeterminate effects on
caveolae. Gene 2012, 491, 128–134. [CrossRef] [PubMed]

95. Li, H.; Turley, S.D.; Liu, B.; Repa, J.J.; Dietschy, J.M. GM2/GD2 and GM3 gangliosides have no effect on cellular cholesterol pools
or turnover in normal or NPC1 mice. J. Lipid Res. 2008, 49, 1816–1828. [CrossRef]

96. Jelinek, D.; Castillo, J.J.; Garver, W.S. The C57BL/6J Niemann-Pick C1 mouse model with decreased gene dosage has impaired
glucose tolerance independent of body weight. Gene 2013, 527, 65–70. [CrossRef] [PubMed]

97. Beltroy, E.P.; Liu, B.; Dietschy, J.M.; Turley, S.D. Lysosomal unesterified cholesterol content correlates with liver cell death in
murine Niemann-Pick type C disease. J. Lipid Res. 2007, 48, 869–881. [CrossRef] [PubMed]

http://doi.org/10.1002/jnr.23509
http://doi.org/10.3390/ijms22052539
http://doi.org/10.1074/jbc.274.14.9627
http://doi.org/10.1073/pnas.96.21.11992
http://doi.org/10.3109/14653249.2012.663485
http://doi.org/10.1194/jlr.D300032-JLR200
http://doi.org/10.1155/2008/389815
http://doi.org/10.1038/s41598-019-53890-z
http://www.ncbi.nlm.nih.gov/pubmed/31776357
http://doi.org/10.1002/hep.20868
http://www.ncbi.nlm.nih.gov/pubmed/16175610
http://doi.org/10.1096/fj.07-102715
http://doi.org/10.1186/1750-1172-5-16
http://doi.org/10.1007/s10545-013-9626-y
http://doi.org/10.1186/1750-1172-8-35
http://www.ncbi.nlm.nih.gov/pubmed/23433426
http://doi.org/10.1016/j.ymgme.2016.12.003
http://doi.org/10.1007/s10545-009-1173-1
http://doi.org/10.1016/j.pbb.2011.12.009
http://doi.org/10.1016/j.humpath.2012.01.024
http://doi.org/10.1038/oby.2009.415
http://www.ncbi.nlm.nih.gov/pubmed/19910939
http://doi.org/10.1016/j.gene.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22020183
http://doi.org/10.1194/jlr.M800180-JLR200
http://doi.org/10.1016/j.gene.2013.05.080
http://www.ncbi.nlm.nih.gov/pubmed/23769925
http://doi.org/10.1194/jlr.M600488-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/17220530


Int. J. Mol. Sci. 2023, 24, 573 40 of 41

98. Garver, W.S.; Jelinek, D.; Oyarzo, J.N.; Flynn, J.; Zuckerman, M.; Krishnan, K.; Chung, B.H.; Heidenreich, R.A. Characterization of
liver disease and lipid metabolism in the Niemann-Pick C1 mouse. J. Cell. Biochem. 2007, 101, 498–516. [CrossRef]

99. Tristão, F.S.M.; Rocha, F.A.; Dias, F.C.; Rossi, M.A.; Silva, J.S. The left lung is preferentially targeted during experimental
paracoccidioidomycosis in C57BL/6 mice. Braz. J. Med. Biol. Res. 2013, 46, 839–843. [CrossRef]

100. Irvin, C.G.; Bates, J.H.T. Measuring the lung function in the mouse: The challenge of size. Respir. Res. 2003, 4, 1. [CrossRef]
101. Thiesse, J.; Namati, E.; Sieren, J.C.; Smith, A.R.; Reinhardt, J.M.; Hoffman, E.A.; McLennan, G. Lung structure phenotype variation

in inbred mouse strains revealed through in vivo micro-CT imaging. J. Appl. Physiol. 2010, 109, 1960–1968. [CrossRef]
102. Xie, C.; Turley, S.D.; Dietschy, J.M. Centripetal cholesterol flow from the extrahepatic organs through the liver is normal in mice

with mutated Niemann-Pick type C protein (NPC1). J. Lipid Res. 2000, 41, 1278–1289. [CrossRef]
103. Lopez, A.M.; Terpack, S.J.; Posey, K.S.; Liu, B.; Ramirez, C.M.; Turley, S.D. Systemic administration of 2-hydroxypropyl-β-

cyclodextrin to symptomatic Npc1-deficient mice slows cholesterol sequestration in the major organs and improves liver function.
Clin. Exp. Pharmacol. Physiol. 2014, 41, 780–787. [CrossRef] [PubMed]

104. Tamborero, D.; Rubio-Perez, C.; Deu-Pons, J.; Schroeder, M.P.; Vivancos, A.; Rovira, A.; Tusquets, I.; Albanell, J.; Rodon, J.;
Tabernero, J.; et al. Cancer Genome Interpreter annotates the biological and clinical relevance of tumor alterations. Genome Med.
2018, 10, 25. [CrossRef] [PubMed]

105. Jiang, D.; Lee, H.; Pardridge, W.M. Plasmid DNA gene therapy of the Niemann-Pick C1 mouse with transferrin receptor-targeted
Trojan horse liposomes. Sci. Rep. 2020, 10, 13334. [CrossRef] [PubMed]

106. Lopez, A.M.; Jones, R.D.; Repa, J.J.; Turley, S.D. Niemann–Pick C1-deficient mice lacking sterol O-acyltransferase 2 have less
hepatic cholesterol entrapment and improved liver function. Am. J. Physiol.—Gastrointest. Liver Physiol. 2018, 315, G454–G463.
[CrossRef]

107. Parra, J.; Klein, A.D.; Castro, J.; Morales, M.G.; Mosqueira, M.; Valencia, I.; Cortés, V.; Rigotti, A.; Zanlungo, S. Npc1 deficiency in
the C57BL/6J genetic background enhances Niemann-Pick disease type C spleen pathology. Biochem. Biophys. Res. Commun. 2011,
413, 400–406. [CrossRef]

108. Santiago-Mujica, E.; Flunkert, S.; Rabl, R.; Neddens, J.; Loeffler, T.; Hutter-Paier, B. Hepatic and neuronal phenotype of NPC1
−/−mice. Heliyon 2019, 5, e01293. [CrossRef]

109. Xie, C.; Turley, S.D.; Pentchev, P.G.; Dietschy, J.M. Cholesterol balance and metabolism in mice with loss of function of Niemann-
Pick C protein. Am. J. Physiol.—Endocrinol. Metab. 1999, 276, E336–E344. [CrossRef]

110. Borbon, I.; Campbell, E.; Ke, W.; Erickson, R.P. The role of decreased levels of Niemann-Pick C1 intracellular cholesterol transport
on obesity is reversed in the C57BL/6J, metabolic syndrome mouse strain: A metabolic or an inflammatory effect? J. Appl. Genet.
2012, 53, 323–330. [CrossRef]

111. Rodriguez-Gil, J.L.; Watkins-Chow, D.E.; Baxter, L.L.; Yokoyama, T.; Zerfas, P.M.; Starost, M.F.; Gahl, W.A.; Malicdan, M.C.V.;
Porter, F.D.; Platt, F.M.; et al. NPC1 deficiency in mice is associated with fetal growth restriction, neonatal lethality and abnormal
lung pathology. J. Clin. Med. 2020, 9, 12. [CrossRef]

112. Walenbergh, S.M.A.; Houben, T.; Hendrikx, T.; Jeurissen, M.L.J.; van Gorp, P.J.; Vaes, N.; Damink, S.W.M.O.; Verheyen, F.; Koek,
G.H.; Lütjohann, D.; et al. Weekly treatment of 2-hydroxypropyl-β-cyclodextrin improves intracellular cholesterol levels in LDL
receptor knockout mice. Int. J. Mol. Sci. 2015, 16, 21056. [CrossRef]

113. Martinez-Ramirez, D.; Giugni, J.C.; Hastings, E.; Shukla, A.W.; Malaty, I.A.; Okun, M.S.; Rodriguez, R.L. Comparable Botulinum
Toxin Outcomes between Primary and Secondary Blepharospasm: A Retrospective Analysis. Tremor Other Hyperkinet. Mov. 2014,
4, 286. [CrossRef]

114. Mundy, D.I.; Lopez, A.M.; Posey, K.S.; Chuang, J.C.; Ramirez, C.M.; Scherer, P.E.; Turley, S.D. Impact of the loss of caveolin-1 on
lung mass and cholesterol metabolism in mice with and without the lysosomal cholesterol transporter, Niemann–Pick type C1.
Biochim. Biophys. Acta—Mol. Cell Biol. Lipids 2014, 1841, 995–1002. [CrossRef] [PubMed]

115. Lopez, A.M.; Ramirez, C.M.; Taylor, A.M.; Jones, R.D.; Repa, J.J.; Turley, S.D. Ontogenesis and Modulation of Intestinal
Unesterified Cholesterol Sequestration in a Mouse Model of Niemann-Pick C1 Disease. Dig. Dis. Sci. 2020, 65, 158–167. [CrossRef]
[PubMed]

116. Neßlauer, A.M.; Gläser, A.; Gräler, M.; Engelmann, R.; Müller-Hilke, B.; Frank, M.; Burstein, C.; Rolfs, A.; Neidhardt, J.;
Wree, A.; et al. A therapy with miglustat, 2-hydroxypropyl-ß-cyclodextrin and allopregnanolone restores splenic cholesterol
homeostasis in Niemann-pick disease type C1. Lipids Health Dis. 2019, 18, 146. [CrossRef]

117. Hedrich, H. (Ed.) The Laboratory Mouse, 2nd ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2012; ISBN 978-0123820082.
118. Miller, W.L.; Auchus, R.J. The molecular biology, biochemistry, and physiology of human steroidogenesis and its disorders.

Endocr. Rev. 2011, 32, 81–151. [CrossRef] [PubMed]
119. Miller, W.L. Steroid hormone synthesis in mitochondria. Mol. Cell. Endocrinol. 2013, 379, 62–73. [CrossRef] [PubMed]
120. Payne, A.H.; Hales, D.B. Overview of steroidogenic enzymes in the pathway from cholesterol to active steroid hormones. Endocr.

Rev. 2004, 25, 947–970. [CrossRef] [PubMed]
121. Cole, T.J.; Short, K.L.; Hooper, S.B. The science of steroids. Semin. Fetal Neonatal Med. 2019, 24, 170–175. [CrossRef]
122. Holst, J.P.; Soldin, O.P.; Guo, T.; Soldin, S.J. Steroid hormones: Relevance and measurement in the clinical laboratory. Clin. Lab.

Med. 2004, 24, 105–118. [CrossRef]
123. Xie, C.; Richardson, J.A.; Turley, S.D.; Dietschy, J.M. Cholesterol substrate pools and steroid hormone levels are normal in the face

of mutational inactivation of NPC1 protein. J. Lipid Res. 2006, 47, 953–963. [CrossRef]

http://doi.org/10.1002/jcb.21200
http://doi.org/10.1590/1414-431X20133140
http://doi.org/10.1186/rr199
http://doi.org/10.1152/japplphysiol.01322.2009
http://doi.org/10.1016/S0022-2275(20)33436-2
http://doi.org/10.1111/1440-1681.12285
http://www.ncbi.nlm.nih.gov/pubmed/25115571
http://doi.org/10.1186/s13073-018-0531-8
http://www.ncbi.nlm.nih.gov/pubmed/29592813
http://doi.org/10.1038/s41598-020-70290-w
http://www.ncbi.nlm.nih.gov/pubmed/32770132
http://doi.org/10.1152/ajpgi.00124.2018
http://doi.org/10.1016/j.bbrc.2011.08.096
http://doi.org/10.1016/j.heliyon.2019.e01293
http://doi.org/10.1152/ajpendo.1999.276.2.E336
http://doi.org/10.1007/s13353-012-0099-8
http://doi.org/10.3390/jcm9010012
http://doi.org/10.3390/ijms160921056
http://doi.org/10.5334/tohm.186
http://doi.org/10.1016/j.bbalip.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24747682
http://doi.org/10.1007/s10620-019-05736-x
http://www.ncbi.nlm.nih.gov/pubmed/31312996
http://doi.org/10.1186/s12944-019-1088-2
http://doi.org/10.1210/er.2010-0013
http://www.ncbi.nlm.nih.gov/pubmed/21051590
http://doi.org/10.1016/j.mce.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23628605
http://doi.org/10.1210/er.2003-0030
http://www.ncbi.nlm.nih.gov/pubmed/15583024
http://doi.org/10.1016/j.siny.2019.05.005
http://doi.org/10.1016/j.cll.2004.01.004
http://doi.org/10.1194/jlr.M500534-JLR200


Int. J. Mol. Sci. 2023, 24, 573 41 of 41

124. Chen, G.; Li, H.M.; Chen, Y.R.; Gu, X.S.; Duan, S. Decreased estradiol release from astrocytes contributes to the neurodegeneration
in a mouse model of Niemann–Pick disease type C. Glia 2007, 55, 1509–1518. [CrossRef]

125. Akpovi, C.D.; Murphy, B.D.; Erickson, R.P.; Pelletier, R.M. Dysregulation of testicular cholesterol metabolism following sponta-
neous mutation of the Niemann–Pick C1 gene in mice. Biol. Reprod. 2014, 91, 42. [CrossRef] [PubMed]

126. Mellon, S.H.; Gong, W.; Schonemann, M.D. Endogenous and synthetic neurosteroids in treatment of Niemann–Pick Type C
disease. Brain Res. Rev. 2008, 57, 410–420. [CrossRef]

127. Abe, A.; Maekawa, M.; Sato, T.; Sato, Y.; Kumondai, M.; Takahashi, H.; Kikuchi, M.; Higaki, K.; Ogura, J.; Mano, N. Metabolic
Alteration Analysis of Steroid Hormones in Niemann–Pick Disease Type C Model Cell Using Liquid Chromatography/Tandem
Mass Spectrometry. Int. J. Mol. Sci. 2022, 23, 4459. [CrossRef] [PubMed]

128. Gévry, N.Y.; Lopes, F.L.; Ledoux, S.; Murphy, B.D. Aberrant intracellular cholesterol transport disrupts pituitary and ovarian
function. Mol. Endocrinol. 2004, 18, 1778–1786. [CrossRef] [PubMed]

129. Miller, W.L. Disorders in the initial steps of steroid hormone synthesis. J. Steroid Biochem. Mol. Biol. 2017, 165, 18–37. [CrossRef]
130. Lamri, A.; Pigeyre, M.; Garver, W.S.; Meyre, D. The extending spectrum of NPC1-Related human disorders: From Niemann-Pick

C1 disease to obesity. Endocr. Rev. 2018, 39, 192–220. [CrossRef]
131. Roff, C.F.; Strauss, J.F.; Goldin, E.; Jaffe, H.; Patterson, M.C.; Agritellis, G.C.; Hibbs, A.M.; Garfield, M.; Brady, R.O.; Pentchev, P.G.

The murine Niemann–Pick type C lesion affects testosterone production. Endocrinology 1993, 133, 2913–2923. [CrossRef]
132. Sugkraroek, P.; Kates, M.; Leader, A.; Tanphaichitr, N. Levels of cholesterol and phospholipids in freshly ejaculated sperm and

Percoll-gradient-pelletted sperm from fertile and unexplained infertile men. Fertil. Steril. 1991, 55, 820–827. [CrossRef]
133. Donohue, C.; Marion, S.; Erickson, R.P. Expression of Npc1 in glial cells corrects sterility in Npc1−/−mice. J. Appl. Genet. 2009,

50, 385–390. [CrossRef]
134. Zhang, M.; Strnatka, D.; Donohue, C.; Hallows, J.L.; Vincent, I.; Erickson, R.P. Astrocyte-only Npc1 reduces neuronal cholesterol

and triples life span of Npc1−/−mice. J. Neurosci. Res. 2008, 86, 2848–2856. [CrossRef] [PubMed]
135. Hovakimyan, M.; Meyer, A.; Lukas, J.; Luo, J.; Gudziol, V.; Hummel, T.; Rolfs, A.; Wree, A.; Witt, M. Olfactory deficits in

Niemann-Pick type C1 (NPC1) disease. PLoS ONE 2013, 8, e82216. [CrossRef] [PubMed]
136. Witt, M.; Thiemer, R.; Meyer, A.; Schmitt, O.; Wree, A. Main olfactory and vomeronasal epithelium are differently affected in

niemann-pick disease type C1. Int. J. Mol. Sci. 2018, 19, 3563. [CrossRef] [PubMed]
137. Garver, W.S.; Francis, G.A.; Jelinek, D.; Shepherd, G.; Flynn, J.; Castro, G.; Vockley, C.W.; Coppock, D.L.; Pettit, K.M.; Heidenreich,

R.A.; et al. The National Niemann-Pick C1 disease database: Report of clinical features and health problems. Am. J. Med. Genet.
Part A 2007, 143, 1204–1211. [CrossRef]

138. Ramirez, C.M.; Lopez, A.M.; Le, L.Q.; Posey, K.S.; Weinberg, A.G.; Turley, S.D. Ontogenic changes in lung cholesterol metabolism,
lipid content, and histology in mice with Niemann-Pick type C disease. Biochim. Biophys. Acta—Mol. Cell Biol. Lipids 2014, 1841,
54–61. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/glia.20563
http://doi.org/10.1095/biolreprod.114.119412
http://www.ncbi.nlm.nih.gov/pubmed/25009206
http://doi.org/10.1016/j.brainresrev.2007.05.012
http://doi.org/10.3390/ijms23084459
http://www.ncbi.nlm.nih.gov/pubmed/35457276
http://doi.org/10.1210/me.2003-0323
http://www.ncbi.nlm.nih.gov/pubmed/15105438
http://doi.org/10.1016/j.jsbmb.2016.03.009
http://doi.org/10.1210/er.2017-00176
http://doi.org/10.1210/endo.133.6.8243319
http://doi.org/10.1016/S0015-0282(16)54255-1
http://doi.org/10.1007/BF03195698
http://doi.org/10.1002/jnr.21730
http://www.ncbi.nlm.nih.gov/pubmed/18500759
http://doi.org/10.1371/journal.pone.0082216
http://www.ncbi.nlm.nih.gov/pubmed/24391715
http://doi.org/10.3390/ijms19113563
http://www.ncbi.nlm.nih.gov/pubmed/30424529
http://doi.org/10.1002/ajmg.a.31735
http://doi.org/10.1016/j.bbalip.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24076310

	Introduction 
	Results 
	Body Weight 
	Thoracic Organ Weights 
	Heart 
	Lungs (Both Sides) 

	Abdominal Organ Weights 
	Liver 
	Spleen 

	Retroperitoneal Organ Weight 
	Kidney (Mean of Both Sides) 
	Adrenal Gland (Mean of Both Sides) 

	Pelvic Organ Weight 
	Genital Organ Weight 
	Testis plus Epididymis (Mean of Both Sides) 
	Vesicular Gland and Scent Gland (Mean of Both Sides) 
	Ovary (Mean of Both Sides) 
	Uterus 

	Stomach Volume 
	Femur Length 

	Discussion 
	Npc1+/+ Control Wild-Type Mice Showed Normal Mouse Organ Weights 
	Absolute Organ Weights of Npc1+/+ and Npc1-/- Mice Mostly Differed in Both Genders 
	Relative Organ Weights of Npc1+/+ and Npc1-/- Mice of the None Groups Partly Differed in Both Genders 
	Absolute Organ Weights of Npc1+/+ Mice Were Mostly Left Unchanged in Both Genders by the Applied Drugs 
	Absolute Organ Weights of Npc1-/- Mice Were Partly and Differently Increased in Both Genders by the Applied Drugs 
	Relative Organ Weights of Npc1-/- Mice Were Differently Influenced in Both Genders 
	Relative Organ Weights of Npc1-/- Mice Were Not Significantly Changed in 60 Cases 
	Relative Organ Weights of Npc1-/- Mice Were Significantly Decreased in 22 Cases 
	Relative Organ Weights of Npc1-/- Mice Were Significantly Increased in 10 Cases 

	Drug-Specific Effects on Absolute and Relative Organ Weights of Male and Female Npc1-/- Mice 
	Organ Weights of Npc1-/- Mice Depend on Various Parameters and Are Partly Influenced by Pharmacological Treatment Approaches 

	Materials and Methods 
	Animals 
	Treatment 
	Body Weight and Anesthesia 
	Fixation of the Animals 
	Dissection of the Animals 
	Determination of the Organ Weight, Size, and Volume 
	Electron Microscopy 
	Data Analysis 

	Conclusions 
	References

