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Abstract: Dietary sterols are catabolized into various substances in the intestinal tract. Dietary 3-oxo
derivatives of cholesterol and plant sterols (e.g., cholest-4-en-3-one and campest-5-en-3-one) have
been shown to have anti-obesity effects. In this study, we tested whether feeding cholest-5-en-3-
one (5-cholestenone), a cholesterol metabolite, to db/db mice protects them from obesity-associated
metabolic disorders. In db/db mice, dietary 5-cholestenone significantly alleviated hepatomegaly
and elevated serum triglyceride levels; however, the effect was not sufficient to improve hepatic
steatosis and obesity. On the other hand, hyperglycemia and severe hyperinsulinemia in control db/db
mice were markedly attenuated in 5-cholestenone-fed db/db mice. The production of inflammatory
cytokines, such as monocyte chemoattractant protein-1, interleukin-6, and tumor necrosis factor-alpha
(TNFα), was decreased, suggesting that the suppressive actions of 5-cholestenone were attributable
to the alleviation of chronic inflammation in db/db mice. Additionally, 5-cholestenone showed an
inhibitory effect on TNFα-induced nuclear factor kappa B (NFκB) activation in the NFκB luciferase
gene reporter assay. These results suggest that obesity-induced abnormal glucose metabolism could
be alleviated in 5-cholestenone-fed db/db mice by reducing the production of inflammatory cytokines
through suppression of the NFκB signaling pathway.

Keywords: 5-cholestenone; hyperglycemia; hyperinsulinemia; inflammation; obese db/db mouse

1. Introduction

Diabetes mellitus is a health problem that is becoming more serious in both developing
and developed countries. It is an important problem not only in the medical field but also
in the socio-economic sphere. According to the data reported by the International Diabetes
Federation (IDF), the global prevalence of diabetes among adults is expected to increase
from 537 million in 2021 to 783 million in 2045 [1]. The increased risk of heart disease as a
complication of diabetes is well known. Moreover, the incidence of atherosclerotic disease
is several times higher in both type 1 and type 2 diabetes [2,3]. Type 2 diabetes mellitus is
characterized by insulin resistance due to obesity. It has been shown that insulin resistance
and compensatory hyperinsulinemia can easily lead to metabolic syndrome, a syndrome
in which multiple atherosclerosis risks accumulate in an individual [4]. db/db mice have
a missense mutation in the leptin receptor gene that causes them to overeat and develop
multiple metabolic and hormonal disorders, including type 2 diabetes, which shares many
features with the human metabolic syndrome [5,6].

Sterols are a general term for derivatives of the steroid skeleton that contains a hydroxy
group. Cholesterol, an animal sterol, plays a role in physiological functions, but excessive
accumulation thereof in the body is known to be life-threatening. Phytosterols are found in
the cell membranes of plants and have a structure similar to that of cholesterol. It has been

Metabolites 2022, 12, 26. https://doi.org/10.3390/metabo12010026 https://www.mdpi.com/journal/metabolites

https://doi.org/10.3390/metabo12010026
https://doi.org/10.3390/metabo12010026
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com
https://doi.org/10.3390/metabo12010026
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com/article/10.3390/metabo12010026?type=check_update&version=3


Metabolites 2022, 12, 26 2 of 11

reported that phytosterols inhibit the absorption of cholesterol [7]. Moreover, it has become
evident that structural isomers of steroids are generated by various types of oxidation and
in vivo metabolism reactions and that the physiological effects of steroid isomers differ
depending on the carbon position at which they are modified. Among them, 3β-hydroxy-
5α-cholestan-6-one (6-ketocholestanol) and 3β-hydroxy-5α-cholest-8(14)-en-15-one (15-
ketosterol), which have stenone structures, have been reported to have physiological
effects that inhibit the synthesis of fatty acids and cholesterol, respectively [8,9]. Moreover,
previous studies that chemically synthesized various 3-oxo derivatives of sterols and
examined their effects on fat accumulation in rodents found that several 3-oxo derivatives
of cholesterol and phytosterols (e.g., cholest-4-en-3-one (4-cholestenone) and campest-5-en-
3-one (5-campestenone)) exhibited anti-obesity and lipid-lowering effects [10–14].

In this study, we tested whether feeding db/db mice cholest-5-en-3-one (5-cholestenone),
one of the cholesterol metabolites with a stenone structure, protects them from obesity-
associated metabolic disorders.

2. Results
2.1. Effects of Experimental Diets on Growth Parameters, Hepatic Triglyceride, and Serum Triglyceride

To investigate the possible effects of 5-cholestenone on the dietary parameters of mice,
three test groups were set up. The db/db mice were assigned to two groups (n = 5) that
were fed one of two diets (Table 1): a semisynthetic AIN-76 diet (CON: Control group) or
a semisynthetic AIN-76 diet supplemented with 0.25% 5-cholestenone at the expense of
sucrose (STN: Stenone group). In addition, C57BL/6J mice (n = 5), the progenitors of db/db
mice, were fed the same diet as the CON group and were referred to as the NOR (Normal)
group.

Table 1. Composition of experimental diets.

Ingredients Basal Diet STN Diet b

%
Casein 20 20

Cornstarch 15 15
Cellulose 5 5

Mineral mixture a 3.5 3.5
Vitamine mixture a 1 1

DL-Methionine 0.3 0.3
Choline bitartrate 0.2 0.2

Corn oil 7 7
Cholest-5-en-3-one

(5-cholestenone) - 0.25

Sucrose 48 47.75
a AIN-76, b STN (5-cholestenone).

After 4 weeks of feeding experimental diets, weight gain, food intake, liver weight,
and abdominal white adipose tissue (WAT) weights were significantly higher in db/db mice
fed the basal diet (CON group) when compared to the growth parameters of C57BL/6J mice
fed the basal diet (NOR group), as shown in Table 2. In addition to growth parameters, liver
and serum triglyceride levels were elevated, indicating that db/db mice developed fatty
livers, hyperlipidemia, and obesity (Table 2, Figure 1). Although the two groups of db/db
mice did not differ in initial body weight, final body weight, weight gain, or food intake,
the mice fed the STN diet (STN group) had significantly reduced liver weight compared to
db/db mice fed the basal diet (Table 2). Consistent with the alleviation of hepatomegaly, the
STN diet showed a decreasing trend (by 23%) in triglyceride accumulation in the liver and
a significant decrease (by 25%) in serum triglyceride levels (Figure 1). However, the STN
diet did not alter the abdominal WAT weight of db/db mice (Table 2).
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Table 2. Effect of experimental diet on growth parameters in C57BL/6J and db/db mice.

NOR CON STN

Initial body weight (g) 22.2 ± 0.2 26.8 ± 0.2 a 27.1 ± 0.2 b

Final body weight (g) 23.4 ± 0.3 37.0 ± 0.5 a 38.1 ± 0.4 b

Body weight gain (g) 1.24 ± 0.21 10.1 ± 0.4 a 11.0 ± 0.4 b

Food intake (g) 74.7 ± 0.6 103 ± 1 a 103 ± 2 b

Liver weight (g/100 g body weight) 3.90 ± 0.03 7.45 ± 0.48 5.98 ± 0.56 b,c

White adipose tissue weight (g/100 g
body weight)

Total 2.63 ± 0.17 7.22 ± 0.27 a 6.95 ± 0.31 b

Epididymal 1.85 ± 0.09 4.49 ± 0.12 a 4.32 ± 0.13 b

Perirenal 0.781 ± 0.082 2.73 ± 0.18 a 2.63 ± 0.27 b

a Significant difference at p < 0.05 between NOR and CON; b significant differences at p < 0.05 between NOR and
STN; c significant differences at p < 0.05 between CON and STN.
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Figure 1. Triglyceride levels in the liver and serum of C57BL/6J and db/db mice fed experimental
diets for 4 weeks. Values are expressed as the mean ± standard error (n = 5). a Significant difference
at p < 0.05 between NOR and CON; b significant differences at p < 0.05 between NOR and STN;
c significant differences at p < 0.05 between CON and STN.

2.2. Effects of Experimental Diets on Glucose and Insulin Levels in the Serum

After a 4-week feeding period, the CON group had hyperglycemia and severe hyperin-
sulinemia. As shown in Figure 2, glucose and insulin levels in the serum were significantly
decreased (by 27% and 67%, respectively) in the STN group compared to those in the CON
group.
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Figure 2. Glucose and insulin levels in the serum of C57BL/6J and db/db mice fed experimental
diets for 4 weeks. Values are expressed as the mean ± standard error (n = 5). a Significant difference
at p < 0.05 between NOR and CON; b significant differences at p < 0.05 between NOR and STN;
c significant differences at p < 0.05 between CON and STN.
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2.3. Effects of Experimental Diets on Adipocytokine Levels in the Serum

Serum levels of adiponectin, which enhances insulin sensitivity, were significantly
lower in the CON group compared to the NOR group; they tended to be 29% higher
in the STN group compared to the CON group (Figure 3). Conversely, serum levels of
monocyte chemoattractant protein-1 (MCP-1), which triggers inflammatory responses, were
markedly increased in the CON group when compared to the NOR group and markedly
reduced in the STN group when compared to those in the CON group (Figure 3). Moreover,
serum levels of interleukin-6 (IL-6), another inflammatory adipocytokine, were markedly
increased in the CON group when compared to the NOR, and they tended to be 50% lower
in the STN group when compared to those in the CON group (Figure 3).

Metabolites 2022, 11, x FOR PEER REVIEW 4 of 11 
 

 

 
Figure 2. Glucose and insulin levels in the serum of C57BL/6J and db/db mice fed experimental diets 
for 4 weeks. Values are expressed as the mean ± standard error (n = 5). a Significant difference at p < 
0.05 between NOR and CON; b significant differences at p < 0.05 between NOR and STN; c significant 
differences at p < 0.05 between CON and STN. 

2.3. Effects of Experimental Diets on Adipocytokine Levels in the Serum 
Serum levels of adiponectin, which enhances insulin sensitivity, were significantly 

lower in the CON group compared to the NOR group; they tended to be 29% higher in 
the STN group compared to the CON group (Figure 3). Conversely, serum levels of mon-
ocyte chemoattractant protein-1 (MCP-1), which triggers inflammatory responses, were 
markedly increased in the CON group when compared to the NOR group and markedly 
reduced in the STN group when compared to those in the CON group (Figure 3). Moreo-
ver, serum levels of interleukin-6 (IL-6), another inflammatory adipocytokine, were mark-
edly increased in the CON group when compared to the NOR, and they tended to be 50% 
lower in the STN group when compared to those in the CON group (Figure 3). 

 
Figure 3. Adipocytokines levels in the serum of C57BL/6J and db/db mice fed experimental diets 
for 4 weeks. Values are expressed as the mean ± standard error (n = 5). a Significant difference at p 
< 0.05 between NOR and CON; b significant differences at p < 0.05 between NOR and STN; c signifi-
cant differences at p < 0.05 between CON and STN. 

2.4. Effects of Experimental Diets on mRNA Levels in Perirenal White Adipose Tissue 
To examine the effects of the STN diet on adipocytokine production, we analyzed the 

expression of adipocytokine genes in epididymal WAT using real-time PCR (Figure 4). 
Consistent with serum levels, mRNA levels of adiponectin were decreased, and MCP-1 
and IL-6 were increased in the CON group when compared to the NOR group. Moreover, 
mRNA levels of TNFα, which also triggers inflammatory responses, were markedly in-
creased in the CON group when compared to the NOR group. In the STN group, the STN 
diet tended to increase adiponectin mRNA levels by 28% and significantly decreased 
mRNA levels of MCP-1, IL-6, and tumor necrosis factor α (TNFα) by 67%, 54%, and 39%, 
respectively. 

Figure 3. Adipocytokines levels in the serum of C57BL/6J and db/db mice fed experimental diets for
4 weeks. Values are expressed as the mean ± standard error (n = 5). a Significant difference at p < 0.05
between NOR and CON; b significant differences at p < 0.05 between NOR and STN; c significant
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2.4. Effects of Experimental Diets on mRNA Levels in Perirenal White Adipose Tissue

To examine the effects of the STN diet on adipocytokine production, we analyzed the
expression of adipocytokine genes in epididymal WAT using real-time PCR (Figure 4). Con-
sistent with serum levels, mRNA levels of adiponectin were decreased, and MCP-1 and IL-6
were increased in the CON group when compared to the NOR group. Moreover, mRNA
levels of TNFα, which also triggers inflammatory responses, were markedly increased in
the CON group when compared to the NOR group. In the STN group, the STN diet tended
to increase adiponectin mRNA levels by 28% and significantly decreased mRNA levels of
MCP-1, IL-6, and tumor necrosis factor α (TNFα) by 67%, 54%, and 39%, respectively.
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and db/db mice fed experimental diets for 4 weeks. Values are expressed as the mean ± standard error
(n =5). a Significant difference at p < 0.05 between NOR and CON; b significant differences at p < 0.05
between NOR and STN; c significant differences at p < 0.05 between CON and STN.

2.5. NFκB Reporter Gene Assay In Vitro

To further examine the bioactivity of 5-cholestenone, an nuclear factor κB (NFκB)
luciferase reporter assay was carried out (Figure 5). TNFα-induced NFκB activation was
not affected by a 100 µM cholesterol treatment but was significantly inhibited by a 100 µM
5-cholestenone treatment in NFκB-Luc/Chinese hamster ovary-K1 (CHO-K1) cells. Because
the phosphorylation of inhibitory kappa B kinase (IKK)β induces the activation of NFκB,
the inhibitory effect of 1 µM IKK2 inhibitor IV was measured as a reference. No cytotoxicity
in any of the treatments was confirmed using the cell viability assay (data not shown).
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Figure 5. Luciferase activities in NFκB-Luc/CHO-K1 cells. Cells were treated with or without murine
TNFα (10 ng/mL in DMSO), cholesterol (100 µM in DMSO), 5-cholestenone (100 µM choles-5-en-
3-one in DMSO), or 1 µM IKK2 inhibitor IV. After 7 h of incubation, NFκB luciferase was detected
using the ONE-StepTM Luciferase assay system. Values are expressed as the mean ± standard error
(n = 3 wells). * Significant difference at p < 0.05 compared to DMSO (TNFα-) treatment. † Significant
difference at p < 0.05 compared to DMSO (TNFα+) treatment.

3. Discussion

We evaluated the effect of the 5-cholestenone diet on metabolic disorders in obese
db/db mice. We found that hyperglycemia and hyperinsulinemia are alleviated through
the reduction of inflammatory factor production in 5-cholestenone-fed db/db mice. These
effects may be attributable to the inhibitory effect of 5-cholestenone on the NFκB signaling
pathway.

Obesity is known to cause a variety of metabolic disorders and has become a massive
medical and social problem in modern developed countries [4,15]. Type 2 diabetes, which
accounts for the majority of diabetes cases in recent years, is further characterized by
insulin resistance associated with obesity [1–4,15]. There have been many studies on the
anti-obesity effects of dietary components [15,16]. Previous studies have shown that a
0.5% 4-cholestenone or 0.5% 5-campestenone supplemented diet markedly reduces body
fat accumulation in CDF1 mice and Sprague-Dawley rats [10,12]. In the present study,
four weeks of feeding a 0.25% supplemented 5-cholestenone diet had no effect on the
accumulation of abdominal fat in db/db mice (Table 2). However, considering the fact that
serum triglyceride concentrations were significantly reduced (Figure 1), the anti-obesity
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effect of 5-cholestenone needs to be examined further in different animal models, at different
doses, and for different feeding periods.

Insulin resistance and compensatory hyperinsulinemia, the major pathogenesis of
type 2 diabetes, have been reported to play a role in the development of metabolic
syndrome [1–4]. At present, various drugs are used for the treatment of type 2 diabetes [17].
However, the use of functional dietary ingredients to prevent and improve type 2 diabetes
is desirable due to their cost-effectiveness and minimal side effects. A previous study
showed that 5-campestenone acts as an antidiabetic in obese db/db mice and Zucker dia-
betic fatty rats [18,19]. In the present study, hyperglycemia and severe hyperinsulinemia in
control db/db mice were markedly attenuated in 5-cholestenone-fed db/db mice without any
undesirable effects on food intake or growth (Table 2, Figure 2). Therefore, 5-cholestenone
may be a dietary additive with antidiabetic activity.

Adipose tissue stores excess energy as fat and also secretes bioactive substances called
adipocytokines [20]. Adiponectin is an abundant protein secreted from adipose tissues
in rodents and humans. Many reports have shown that adiponectin leads to enhanced
insulin action in vitro and in vivo, strongly suggesting its protective role against insulin
resistance [20]. Glitazones are antidiabetic drugs that lead to increased expression and
concurrent adiponectin levels in the blood via ligand activity to the transcription factor
peroxisome proliferator-activated receptor (PPAR)-gamma [21]. In the present study, serum
adiponectin levels were significantly lower in control-fed db/db mice than in C57BL/6J
mice, and they were slightly higher (29%, not significant) in 5-cholestenone-fed db/db mice
than in control-fed db/db mice (Figure 3). Consistent with serum levels, adiponectin mRNA
expression levels in epididymal WAT were significantly lower in control-fed db/db mice
than in C57BL/6J mice and slightly increased (28%, not significant) in 5-cholestenone-fed
db/db mice than in control-fed db/db mice (Figure 4). These results suggest that the activity
of 5-cholestenone as an adiponectin inducer is not as pronounced.

Recently, it has been suggested that chronic inflammation is involved in the develop-
ment of insulin resistance in metabolic syndrome [22]. Chronic inflammation is a slow and
prolonged smoldering of inflammation in internal organs. The persistence of this smolder-
ing mild inflammatory response can lead not only to altered and impaired tissue function
but also to irreversible organ dysfunction in the long term due to tissue re-modeling (e.g.,
fibrosis). MCP-1 is a member of the CC chemokine family; it induces an inflammatory
response through the recruitment of inflammatory cells [20]. Previous studies have shown
that transgenic mice overexpressing MCP-1 exhibit insulin resistance, whereas MCP-1−/−

knockout mice, or mice with acute downregulation of MCP-1 by expression of a dominant-
negative mutant, show an improvement in insulin resistance [23]. IL-6 is also a cytokine
that plays an important role in the regulation of immune responses and inflammatory
reactions. Although its role is very important in maintaining homeostasis in the body, it is
known to cause various pathological conditions when overproduced [20]. In the present
study, serum MCP-1 and IL-6 levels were markedly higher in control db/db mice than in
C57BL/6J mice. In db/db mice, MCP-1 was markedly reduced, and IL-6 was reduced by
50% (not significant) in the 5-cholestenone group compared to the control group (Figure 3).
The mRNA expression of inflammatory factors (MCP-1, IL-6, TNFα) in epididymal WAT of
db/db mice was markedly upregulated compared to that in the C57BL/6J mice (Figure 4).
TNFα has been identified as a proinflammatory cytokine that kills tumor cells and microor-
ganisms, but it has also been suggested to lower insulin sensitivity through induction of
inflammatory molecules such as MCP1 and IL-6 and through the reduction of adiponectin
expression [20,24]. In the present study, the 5-cholestenone supplemented diet significantly
decreased the expression of MCP-1, IL-6, and TNFα in epididymal WAT of db/db mice.
These results suggest that chronic inflammation in db/db mice causes insulin resistance
and that 5-cholestenone improves hyperglycemia and hyperinsulinemia by ameliorating
chronic inflammation.

Two metabolic pathways have been proposed to explain the cholesterol catabolism
by intestinal microorganisms. In one of them, cholesterol is catabolized to 5-cholestenone,
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then 4-cholestenone, followed by the formation of 5β-cholestan-3-one, and finally, 5β-
cholestan-3β-ol (coprostanol) [25]. Hence, it is entirely likely that 5-cholestenone is easily
catabolized in the intestinal tract. However, it is unknown whether 5-cholestenone catabo-
lites (such as 4-cholestenone) are transported to the liver and adipose tissues. Moreover,
the mechanisms of the anti-obesity and lipid-lowering effects of 4-cholestenone remain un-
known [10,11]. Regarding the anti-obesity and lipid-lowering effects of 5-campestenone, it
has been reported that it enhances hepatic β-oxidation related enzyme activity and mRNA
expression through its ligand activity for PPARα, and consequently, it increases ketone
body production, thereby inhibiting fatty acid biosynthesis [12,13]. NFκB is a transcription
factor that regulates the expression of many genes that cause inflammation, including
MCP-1, IL-6, and TNFα [26]. Administration of inhibitors of the NFκB activating enzyme
(IKK2: inhibitory kappa-B kinase subunit beta) suppresses insulin resistance in diabetic
mice [27], suggesting that suppression of NFκB signaling is a promising therapeutic target
for the prevention and alleviation of inflammatory diseases, including metabolic syndrome.
Additionally, chronic inflammation in metabolic syndrome has been shown to cause func-
tional abnormalities not only in adipose tissue but also in the intestinal tract, and these
tissues partake in metabolic crosstalk (gut-adipose tissue axis) [28]. Dietary factors with
anti-inflammatory activity have been reported to improve chronic inflammation through-
out the body by regulating the gut microbiota [29]. In the present study, in vitro reporter
gene assays showed that 5-cholestenone significantly inhibited NFκB activation. Thus,
the anti-inflammatory properties of 5-cholestenone via suppression of the NFκB signaling
pathway in the intestinal tract may be at least partly responsible for the alleviation of
chronic inflammation in db/db mice.

One of the limitations of our study is that various molecules and pathways other than
those investigated in this study are involved in obesity-induced metabolic aberrations,
including insulin resistance. For example, phosphotidylinsositol-3-kinase signaling path-
way is a crucial modulator of glucose metabolism. This signal transduction pathway is
stimulated by leptin, an appetite-regulating adipocytokine [30]. Moreover, visfatin, another
adipocytokine that acts as a pre-B cell colony-enhancing factor, is known to upregulate
other inflammatory cytokines [31]. Additionally, integral membrane protein GLUTs, the
principal glucose transporters involved in glucose uptake [32], and the caspase cascade are
also involved in apoptosis and inflammation [33–35]. Studies have established their correla-
tion with the induction of insulin resistance [30–35]. In order to demonstrate the mechanism
of the effects of 5-cholestenone, further research is needed, including (1) analysis of the
kinetics of 5-cholestenone and its metabolites in the body, (2) analysis of changes in the gut
microbiota and gut-derived inflammatory substances, (3) comprehensive analysis of the 5-
cholestenone-induced variations in adipocytokine profiles, and (4) detailed examination of
the mechanism by which 5-cholestenone influences insulin sensitivity (Figure 6). By inves-
tigating these aspects, the intake of 3-oxo derivatives of sterols and/or anti-inflammatory
compounds can be established as an effective therapeutic strategy in the prevention and
treatment of obesity-associated metabolic disorders.

In conclusion, the present study shows that 5-cholestenone may have an NFκB in-
hibitory effect, suggesting that a diet supplemented with 5-cholestenone may potentially
alleviate obesity-induced metabolic disorders through its action as an anti-inflammatory
agent in the metabolic syndrome.
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4. Materials and Methods
4.1. Animals

All aspects of the experiment were conducted in accordance with the guidelines pro-
vided by the ethical committee for experimental animal care at Saga University (certificate
number: 22-042-1). Five-week-old male C57BL/6J and db/db mice were purchased from
Japan SLC (Shizuoka, Japan). The mice were housed individually in plastic cages in a
temperature-controlled room (24 ◦C) under a 12 h light/dark cycle. The basal semisyn-
thetic diets were prepared according to the recommendations of the American Institute
of Nutrition (AIN-76) [36] (Table 1). Cholest-5-en-3one (5-cholestenone) was chemically
synthesized from cholesterol according to the method of Parish et al. [37] and purified
by recrystallization. The db/db mice were assigned to two groups (n = 5) that were fed
one of two diets (Table 1): a semisynthetic AIN-76 diet (CON group) or a semisynthetic
AIN-76 diet supplemented with 0.25% 5-cholestenone at the expense of sucrose (STN
group). C57BL/6J mice (n = 5), the progenitors of db/db mice, were fed the same diet as the
db/db mice in the control group (NOR group). The mice received the diets ad libitum using
Rodent CAFE (KBT Oriental, Saga, Japan) for 4 weeks. At the end of the feeding period,
the mice were sacrificed by exsanguination from the heart under isoflurane anesthesia after
a 9 h starvation period. White adipose tissue (WAT) and livers were excised immediately,
and the serum was separated from the blood.

4.2. Measurement of Hepatic Triglyceride Levels

Total liver lipids were extracted using the method described by Folch et al. [38]. Liver
triglyceride concentrations were quantified using the method of Fletcher et al. [39].

4.3. Serum Parameters

Serum triglyceride and glucose levels were measured using commercial enzyme
assay kits (Wako Pure Chemicals, Tokyo, Japan). Serum insulin (LBIS rat insulin ELISA
kit, Shibayagi, Gunma, Japan), adiponectin (mouse/rat adiponectin ELISA kit, Otsuka
Pharmaceutical, Tokyo, Japan), MCP-1 (Mouse CCL2/JE/MCP-1 Quantikine ELISA kit,
R&D Systems, Minneapolis, MN, USA) and IL-6 (Mouse IL-6 Quantikine ELISA kit, R&D
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Systems, Minneapolis, MN, USA) levels were measured using the indicated commercial
mouse ELISA kits.

4.4. Analysis of mRNA Expression in Perirenal WAT

Total RNA was extracted from 100 mg of epididymal WAT using the RNeasy Lipid
Tissue Mini Kit (Qiagen, Tokyo, Japan). TaqMan Universal PCR Master Mix (Applied Biosys-
tems, Tokyo, Japan) and Assay-on-Demand, Gene Expression Products (Mn00456425_m1
for adiponectin, Mn00446190_m1 for IL-6, Mn00443258_m1 for TNFα, Mn00441242_m1
for MCP1, and Mm04277571_s1 for 18S RNA, all from Applied Biosystems, Tokyo, Japan)
were used for quantitative RT-PCR analysis of adiponectin, MCP1, TNFα, and 18S RNA
expression in epididymal WAT. Amplifications were carried out using an ABI Prism 7000
RT-PCR sequence detection system (Applied Biosystems, Tokyo, Japan).

4.5. In Vitro NFκB Reporter Gene Assay

In the NFκB-Luc/CHO-K1 cell line (BPS Bioscience, San Diego, CA, USA), fLUC
expression is controlled by the NFκB response element located upstream of the TATA
promoter and is suitable for monitoring the activity of the NFκB transcription factor
through luminescence readout. Cells were seeded at 1.0 × 105 cells/well in a 96-well plate
overnight in a complete growth medium (F-12K with 10% FBS and G418). Cells were
treated with or without murine TNFα (10 ng/mL, BPS Bioscience, San Diego, CA, USA) in
a growth medium and incubated for 7 h at 37 ◦C before the addition of luciferin, according
to the manufacturer’s protocol (ONE-StepTM Luciferase assay system, BPS Bioscience,
San Diego, CA, USA). TNFα-stimulated cells were also treated with dimethyl sulfoxide
(DMSO, 1% v/v), cholesterol (100 µM in DMSO), 5-cholestenone (100 µM cholest-5-en3-
one in DMSO), or IKK2 inhibitor IV (1 µM, EMD Biosciences Inc., La Jolla, CA, USA).
Luminescence was read using a luminometer (Lumat LB9507, Berthold Japan K.K., Tokyo,
Japan), and readings were normalized to wells that contained only the medium to obtain the
relative luminescence units. To evaluate the cytotoxicity of each treatment, water-soluble
disulfonated tetrazolium salt synthetic activity [40] was determined using a Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan).

4.6. Statistical Analysis

All data values are expressed as the mean ± standard error. To assess differences
among the three groups, data were analyzed by one-way ANOVA, and all differences were
analyzed by the Fisher’s LSD post hoc test using the KaleidaGraph software version 4.5
(Synergy Software, Reading, PA, USA). Differences were considered significant at p < 0.05.
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