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Preventive, ameliorative, and therapeutic
effects of steamed mature silkworms on
metabolic disorders caused by loss of
apolipoprotein E
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Metabolic disorders encompass various dysregulations, such as dyslipidemia, hypertension, central
obesity, atherogenic hyperlipidemia, and insulin resistance. Dyslipidemia refers to elevated levels of
total cholesterol, low-density lipoprotein cholesterol, and triglycerides, along with decreased high-
density lipoprotein cholesterol levels in the blood. Dyslipidemia is closely associated with
hypertension, which is one of the important risk factors for cardiovascular disease.
In this study, an apolipoprotein E-deficient (apoE−/−) mousemodel was utilized to investigate whether
supplementation with steamed mature silkworm, known as HongJam, might ameliorate and have
therapeutic effects on metabolic disorders and behavioral abnormalities observed in apoE−/− mice.
TheGoldenSilk HongJam-supplemented feed-consuming (GSf)-apoE−/−mice showed recovery from
the reduced spatial memory, social memory, and postural control ability observed in the normal feed-
consuming (Nf)-apoE−/− mice. They also exhibited similar blood pressure to those in the normal feed-
consuming C57BL/6J control (Nf-Con) group. Additionally, the significantly reduced activities of
glutathione-S-transferase, superoxide dismutase, acetylcholinesterase, and mitochondrial
complexes I–IV in the Nf-apoE−/− group were restored in all GSf-apoE−/− groups. Furthermore, the
amount of ATP in all GSf-apoE−/− mice was similar to or higher than that in the Nf-Con group.
Taken together, GS HongJam supplementation may have preventive, ameliorative, and therapeutic
effects on the symptoms of metabolic disorders caused by the loss of ApoE.

Apolipoprotein E (ApoE) is a 34 kDa glycoprotein primarily synthesized in
the liver and brain, and its key roles include interactions with lipoprotein
particles1. Certain mutations in the ApoE gene in humans cause familial
hypercholesterolemia2,3. While most plasma ApoE is produced by hepato-
cytes in the liver, peripheral sources include macrophages, astrocytes, and
adipocytes1. Important functions of plasma ApoE include lipid transport,
lipoprotein metabolism, and cholesterol homeostasis. However, ApoE
secreted by macrophages does not regulate blood lipid concentrations.
Instead, it functions in cellular cholesterol efflux from atheroma of the
vascular wall4. Inflammatory stress conditions lead to decreased secretion of
ApoE from macrophages, weakening its atheroprotective effects5. In the
brain, astrocytes serve as the primary source of apolipoproteins, with ApoE
being the most abundant lipoprotein in cerebrospinal fluid. Dysfunction of
ApoE is known as the most significant risk factor for dementia6.

Metabolic disorders encompass various dysregulations such as dysli-
pidemia, hypertension, central obesity, atherogenic hyperlipidemia, and
insulin resistance. Without appropriate treatment, these conditions can
progress to life-threatening cardiovascular disease and diabetes7. Dyslipi-
demia refers to elevated levels of total cholesterol (TC), low-density lipo-
protein cholesterol (LDL), and triglycerides (TG), along with decreased
high-density lipoprotein cholesterol (HDL) levels in the blood. Dyslipide-
mia is closely associatedwithhypertension,which is an important risk factor
for cardiovascular disease8.

Various animal models have been developed and utilized for research
ondyslipidemia.Among them, the apoEdeficient (apoE−/−)mousemodel is
widely used in dyslipidemia research because it recapitulates the hyperli-
pidemia, atherosclerosis, andhypertensionobserved inpatientswithhuman
hypercholesterolemia9–13.
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The treatment methods for hyperlipidemia vary slightly from country
to country; however, in most nations, optimal medications are prescribed
based on the patient’s cardiovascular risk14. In addition, the long-standing
knowledge that healthy diet intervention contributes to themanagement of
hyperlipidemia and hypertension is supported by systematic
investigations15,16. It has been scientifically confirmed that the levels of TC,
TG, and LDL in hyperlipidemic patients who received medical nutrition
therapy (MNT) from registered dietitian nutritionists were significantly
lower than those who did not17. In addition, the Dietary Approach to Stop
Hypertension (DASH), a nonpharmacological dietary strategy for reducing
hypertension, has been proven to be effective for managing hypertension,
dyslipidemia, and cardiovascular disease16.

Silkworms have been extensively bred by humans for over 5000 years
for the production of silk fabrics and for obtaining high-protein nutrients.
Humans have long used by-products from silkworm breeding as remedies
for various diseases. According to traditional oriental medicine books, by-
products of silkworms are effective against hypertension, diabetes, and
insomnia18. Additionally, consumption of silkworm larvae or pupae has
been reported to improve hyperlipidemia and hypertension19.

HongJam (HJ) is a natural health food produced by steaming mature
silkworm larvae18,20. In particular, silkworms are sensitive to environmental
pollutants such as pesticides, dust, odor, and vibration; therefore, they can
only be bred in clean areas where mulberry leaves are grown without any
contamination. According to the nutritional analysis results of freeze-dried
HJ, it contains approximately 70%protein, 15% fatty acids, 3%fiber, 3%ash,
diverse vitamins, and phytochemicals21–24. Recent studies have shown that
HJ has various functions, including preventive effects against Parkinson’s
disease, improvement of memory, gastrointestinal protection, and
enhancement of liver function18,20. However, whether HJ affects the onset
and progression of dyslipidemia and hypertension due to abnormalities in
ApoE function has not been investigated. In this study, we used an apoE−/−

mousemodel to investigatewhether supplementationwithHJ alleviates and
has therapeutic effects on metabolic disorder symptoms and behavioral
abnormalities associated with ApoE dysfunction.

Results
SupplementingGoldenSilk (GS)-HJ restored the declined spatial
memory of the apoE−/− group
At 31, 39, and 55 weeks, spatial working memories in GS-HJ-
supplemented feed (GSf-apoE−/−) groups were tested and compared
to those in the normal feed-consuming C57BL/6J control (Nf-Con)
group using Y-maze assays (Fig. 1A). There was food supplement
group (between) effects [F(4, 105) = 7.488, P < 0.0001], but with non-
significant age (within) effects [F(2, 105) = 0.7889, P > 0.05] and
within–between interaction differences [F(8, 105) = 0.7745, P > 0.05].
Post-hoc pairwise comparison revealed differences at 31 weeks of age
between the Nf-apoE−/− and 0.4 g GSf-apoE−/− groups (P < 0.05),
between the Nf-apoE−/− and 1.0 g GSf-apoE−/− groups (P < 0.05). At
55 weeks, differences were found between the Nf-apoE−/− and 1.0 g
GSf-apoE−/− groups (P < 0.05), between the Nf-apoE−/− and 2.0 g
GSf-apoE−/− groups (P < 0.05). These results demonstrate that GS-HJ
supplementation ameliorated the decline in spatial memory caused
by the loss of ApoE function.

Consumption of GS-HJ prevents the decline in postural control
ability in the apoE−/− group
At 32, 40 and 56weeks, postural control ability among the groupswas tested
by limb clasping tests (LCT). Therewas age (within) effects [F(2, 105) = 9.088,
P < 0.001], but with non-significant food supplement group (between)
effects [F(4, 105) = 2.071, P < 0.05] and within–between interaction differ-
ences [F(8, 105) = 0.9655, P < 0.05]. Post-hoc pairwise comparison revealed
non-significant differences between the Nf- apoE−/− and all GSf-apoE−/−

groups. However, when one-way ANOVA analysis was performed at
56 weeks, the postural control ability of the Nf-apoE−/− group was sig-
nificantly worse than that of the 1.0 g and 2.0 g GSf-apoE−/− groups. There

was no difference between the Nf-Con group and either the Nf-apoE−/− or
the 0.4 gGSf-apoE−/− groups (F(4, 39) = 4.721, P < 0.05, Fig. 1B).These results
demonstrate that the decreased postural control ability observed in the Nf-
Con and Nf-apoE−/− groups with aging was restored by GS-HJ
supplementation.

GS-HJ supplementation prevented declining of socialmemory in
the apoE−/− group
We conducted a study to investigate how sociability and social memory
change in apoE−/− groups with aging progression and GS-HJ supple-
mentation. The sociability of all groups was tested at 31, 47, and 63 weeks.
There were age (within) effects [F(2, 105) = 4.193, P < 0.05] and significant
within–between interaction differences [F(8, 105) = 3.854, P < 0.001], but
with non-significant food supplement group (between) effects
[F(4, 105) = 2.307, P > 0.05]. The influence of age was evident in the Nf-Con
group (P < 0.05). The sociability of theNf-Con group at 31weeks was lower
than that of the other apoE−/− groups, even though there was no difference
among the tested groups at 47 and 63 weeks (Fig. 1C).

The social memory of tested groups was compared at 31, 47 and
63 weeks. There was age (within) effects [F(2, 105) = 7.522, P < 0.001], food
supplement group (between) effects [F(4, 105) = 4.694, P < 0.005] and sig-
nificantwithin–between interaction differences [F(8, 105) = 3.763, P < 0.001].
The influence of age was evident in the Nf-Con and Nf-apoE−/− groups
(P < 0.05), but not at all in theGSf-apoE−/− group.At 63weeks, the post-hoc
pairwise comparison showeda difference between twoCon vs. all threeGSf-
apoE−/− groups (P < 0.05). Fig. 1D). These results demonstrated that GS-HJ
supplementation ameliorated the declining social memory observed in the
Nf-Con and the Nf-apoE−/− groups due to aging.

GS-HJ supplementation lowered the hypertension observed in
the Nf-apoE−/− group
We investigated whether the hypertension observed in the Nf-apoE−/−

group could be reduced by GS-HJ supplementation at 53 and 61 weeks.
There was food supplement group (between) effects [F(4, 70) = 9.449,
P < 0.0001], but with non-significant age (within) effects [F(1,
70) = 0.07495, P < 0.7851] and within–between interaction differences
[F(4, 70) = 0.6105, P < 0.05] in diastolic blood pressure (DBP). Post-hoc
pairwise comparison revealed differences at 61 weeks of age between the
Nf-apoE−/− and the 0.4 gGSf-apoE−/− groups (P < 0.01), or the 1.0 gGSf-
apoE−/− groups (P < 0.05). The increased systolic blood pressure (SBP)
recovered in all GSf-apoE−/− groups at 53 and 61 weeks. There was food
supplement group (between) effects [F(4, 70) = 8.531, P < 0.0001] and age
(within) effects [F(1, 70) = 5.294, P < 0.05], but with non-significant
within–between interaction differences [F(4, 70) = 1.663, P > 0.05]. Post-
hoc pairwise comparison revealed differences at 61 weeks of age between
the Nf-apoE−/− and the 0.4 g GSf-apoE−/− groups (P < 0.01) (Fig. 2B).
These results indicated that GS-HJ supplementation reduced hyper-
tension in the Nf-apoE−/− group.

Reduced levels of TC, LDL, and TG in the blood of the 2.0 g GSf-
apoE−/− group
The amount of TC in the blood of the Nf-apoE−/− group was 3.18-fold
higher than that of the Nf-Con group. Although there was no statistically
significant difference in TC levels between the GSf-apoE−/− group and the
Nf-apoE−/− group, a 25.2% decrease was observed in the 2.0 g GSf-apoE−/−

group (F(4, 39) = 5.217, P < 0.005)(Fig. 3A).
The concentration of LDL in the blood of the Nf-apoE−/− group was

6.38-fold higher than that of the Nf-Con group. Although there was no
statistically significant difference in the LDL levels of three GSf-apoE−/−

groups compared to the Nf-apoE−/− group, a 15.0% decrease was observed
in the 2.0 g GSf-apoE−/− group compared to the Nf-apoE−/− group
(F(4, 39) = 27.651, P < 1.0 × 10−9, Fig. 3B).

The concentration of HDL in the blood of the Nf-apoE−/− group was
34.3%higher than that of theNf-Congroup, although thedifferencewasnot
significant.While therewasno significant difference in theHDL levels of the
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Fig. 1 | Behavioral analysis results of apoE−/− groups with aging progression and
GS-HJ supplementation. Two-way ANOVA was performed to investigate the
effect of GS-HJ supplementation on various types of memory and behavior.
A Significant differences were found in spatial memory between strains and GS-HJ
supplementation (F(4, 105) = 7.488, P < 0.0001), but there was no significant dif-
ference in spatial memory with age (F(2, 105) = 0.7889, P > 0.05). No interaction
effect was observed between GS-HJ supplementation and age for spatial memory
(F(8, 105) = 0.7745, P > 0.05). B Significant differences were observed in posture
control abilities with age (F(2, 105) = 9.088, P < 0.0005), but no significant differ-
ences were found between strains or with GS-HJ supplementation (F(4,

105) = 2.071, P > 0.05). No interaction effect was observed between GS-HJ sup-
plementation and age for posture control abilities (F(8, 105) = 0.9655, P > 0.05).
C Significant differences were found in sociability with age (F(2, 105) = 4.193,
P < 0.05), but there were no significant differences between strains or with GS-HJ
supplementation (F(4, 105) = 2.307, P > 0.05). A significant interaction effect was
observed betweenGS-HJ supplementation and age for sociability (F(8, 105) = 3.854,
P < 0.001).D Significant differences were observed in social memory with age (F(2,
105) = 7.522, P < 0.001) and with GS-HJ supplementation (F(4, 105) = 4.694,
P < 0.005). A significant interaction effect was found between GS-HJ supple-
mentation and age for social memory (F(8, 105) = 3.763, P < 0.001).

Fig. 2 | The reduced blood pressure in all GSf-apoE−/− groups. Two way-ANOVA
was performed to investigate the effect of GS-HJ supplementation to blood pres-
sures. A Significant differences in diastolic blood pressures (DBPs) between GS-HJ
supplementations (F(4, 70) = 9.449, P < 0.0001). But no significant difference in
DBPs between ages (F(1, 70) = 0.0749, P > 0.05). No interaction effect in DBPs

between GS-HJ supplementation and aging (F(4, 70) = 0.6105, P > 0.05). B There
were significant differences in systolic blood pressures (SBPs) with aging (F(1,
70) = 5.294, P < 0.05) and GS-HJ supplementations (F(4, 70) = 8.531, P < 0.001). No
interaction effect in SBPs between GS-HJ supplementation and aging (F(4,
70) = 1.663, P > 0.05).
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0.4 g and 2.0 g GSf-apoE−/− groups compared to the Nf-apoE−/− group,
a significant increase was observed in the 1.0 g GSf-apoE−/− group
(F(4, 39) = 2.648, P < 0.05, Fig. 3C).

The concentration of TG in the blood of the Nf-apoE−/− group was
34.3%higher than that of theNf-Congroup, although thedifferencewasnot
significant. While there was no significant difference in the TG levels of the
0.4 g and 1.0 g GSf-apoE−/− groups compared to the Nf-apoE−/− group, a
significant decreasewas observed in the 2.0 gGSf-apoE−/− group. Therewas
no significant difference between the 2.0 g GSf-apoE−/− andNf-Con groups
(F(4, 39) = 2.648, P < 0.05, Fig. 3D). These results suggest that the decrease in
TG and LDL levels in the 2.0 g GSf-apoE−/− group compared with those in
the Nf-apoE−/− group resulted in a decrease in TC levels.

GS-HJ supplementation restored activities of key enzymes
reduced in the Nf-apoE−/− group
The activity level ofGlutathione-S-transferase (GST), which is an important
detoxification enzyme in animals, was compared. The significantly reduced
GSTactivity in theNf-apoE−/− group compared to that in theNf-Con group
appeared to be restored in the 0.4 g and 1.0 g GSf-apoE−/− groups and was

significantly enhanced in the 2.0 GSf-apoE−/− group (F(4, 14) = 7.648,
P < 0.01)(Fig. 4A).

Superoxide dismutase (SOD) removes superoxide produced
during metabolic processes in all living cells and plays a major role in
regulating the anti-oxidative stress, fat metabolism, and inflamma-
tory responses25. Compared with the Nf-Con group, the SOD activity
level of the Nf-apoE−/− group was significantly reduced by 50%. The
reduced SOD activity of the Nf-apoE−/− group tended to increase in
the 0.4 g and 1.0 g GSf-apoE−/− groups, so there was no significant
difference from the Nf-Con group (F(4, 14) = 10.404, P < 0.01)
(Fig. 4B).

Acetylcholinesterase (AchE) is a key enzyme that hydrolyzes
acetylcholine, a neurotransmitter in neuromuscular junctions and
cholinergic synapses in the central nervous systems, and regulates
signaling in the muscles and brain. The AchE activity level in the Nf-
apoE−/− group was significantly reduced to 23% of that in the Nf-Con
group. In addition, compared to the Nf-apoE−/− group, AchE activity
levels in all three GSf-apoE−/− groups were significantly enhanced
(F(4, 14) = 12.076, P < 0.001)(Fig. 4C). These results suggested that the

Fig. 3 | Blood lipids in the Nf-Con, Nf-apoE−/−,
and three GSf-apoE−/− groups. A The amount of
TC in the blood of the Nf-apoE−/− group was more
than three times higher than that of the Nf-Con
group. The 2.0 g GSf-apoE−/− group showed a 25.2%
reduction in TC content compared to that of the Nf-
apoE−/− group.BThe amount of LDL in the blood of
the Nf-apoE−/− group was more than six times
higher than that of theNf-Con group. The 2.0 g GSf-
apoE−/− group showed a 15% reduction in LDL
content compared to that of the Nf-apoE−/− group.
C Except for the 1.0 g GSf-apoE−/− group, the
amount of HDL in the blood of all apoE−/− groups
was similar to that in the Nf-Con group. D The
amount of TG in the blood of the 2.0 g GSf-apoE−/−

group was similar to that of the Nf-Con group. The
levels in other apoE-/- groups were higher than
those in the other two groups.

Fig. 4 | The activity levels of three key enzymes in the Nf-Con, the Nf-apoE−/− and
three GSf-apoE−/− groups. A The GST activity level of the Nf-apoE−/− group was
significantly lower than that of the Nf-Con group and recovered in the 2.0 g GSf-
apoE−/− group.BThe reduced SODactivity levels in theNfapoE −/− group compared

to those in the Nf-Con group were recovered in the 0.4 g and 1.0 g GSfapoE−/−

groups.CThe reduced activity of AchE in theNf-apoE−/− group compared to that in
the NfCon group was significantly recovered in the three GSf-apoE−/− groups.
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reduced enzyme activities observed in the apoE−/− groups were
recovered by GS-HJ supplementation.

GS-HJ supplementation recovered mitochondria functions
reduced in the Nf-apoE−/− group
Mitochondria play the most important role in the survival of neurons and
other cells in the brain. Mitochondrial dysfunction has been reported to
cause various neurological disorders in humans6. Interestingly, cholesterol
accumulation in mitochondria is known to be one of the main causes of
mitochondrial dysfunction in various organs and tissues26. Thus, the
activities ofMitochondria complex (MitoCom) I–IV inmouse brain tissues
were investigated to determine whether GS-HJ enhances mitochondrial
function in the GSf-apoE−/− groups.

The activity ofMitoCom I in theNf-apoE−/− group decreased to 61.7%
that in the Nf-Con group. The reduced activity of MitoCom I in the Nf-
apoE−/− groupwas restored to the level of theNf-Con group in all threeGSf-
apoE−/− groups (F(4, 14) = 6.268, P < 0.01)(Fig. 5A). The activity ofMitoCom
II in the Nf-apoE−/− group significantly decreased to 16% of that in the Nf-
Con group, and it recovered in all three GSf-apoE−/− groups to 74-77% of
that in theNf-Con group (F(4, 14) = 16.18, P < 0.001)(Fig. 5B). The activity of
MitoCom III in theNf-apoE−/− group significantly decreased to 46% of that
in the Nf-Con group. In addition, it increased more than threefold in the
0.4 g and 1.0 g GSf-apoE−/− groups and restored in the 2.0 g GSf-apoE−/−

group compared to the Nf-Con group (F(4, 14) = 221.89, P < 0.0001)
(Fig. 5C).Although the activity ofMitoComIV in theNf-apoE−/− groupwas
similar to that in theNf-Congroup, it significantly increased in all threeGSf-

apoE−/− groups (F(4, 14) = 103.28, P < 0.0001)(Fig. 5D). These results suggest
that GS-HJ supplementation could enhance the reduced activities of
MitoCom I–IV, resulting in the restoration of mitochondrial function.

The reduced ATP levels in the Nf-apoE−/− group was restored in
all GSf-apoE−/− groups
Since mitochondria dysfunction in the Nf-apoE−/− group was recovered in
all GSf-apoE−/− groups (Fig. 4A–D), ATP levels in moue brain tissues were
investigated. ATP levels in the brain tissues of the Nf-apoE−/− group were
significantly decreased to 60% of those in the Nf-Con group. They were
restored in the 0.4 g and 2.0 gGSf-apoE−/− groups similar to those in theNf-
Con group. In addition, ATP levels in the 1.0 g GSf-apoE−/− group were
significantly higher than those in the Nf-Con group (F(4, 14) = 23.747,
P < 0.001)(Fig. 4E).These results suggest thatGS-HJ supplementation could
increase ATP levels in the brain tissues of apoE−/− groups.

Discussion
Recent advances in biomedical science and technology have led to a
rapid increase in the average lifespan of humanity27. The advancement
of science and technology has enhanced the productivity of all
industries, enabling humanity to enjoy a materialistically abundant life
unprecedented in previous generations18,20. As a result, in most
industrialized countries, the increase in metabolic disorders due to
over-nutrition is becoming a serious social issue7. In particular, the
globalization of calorie-rich Western-style fast foods, which are
colored and flavored with various food additives and can be prepared

Fig. 5 | The activity levels of MitoCom I–IV in the
Nf-Con, Nf-apoE−/− and GSf-apoE−/− groups.
A The MitoCom I activity levels in the Nf-apoE−/−

mice appeared to be lower than those in the NfCon
group, and recovered in all GSf-apoE−/− mice.
B Significantly reducedMitoCom II activity levels in
the Nf-apoE−/− group compared to those in the Nf-
Con group were recovered in all GSf-apoE−/−

groups.CThe reducedMitoCom III activity levels in
the Nf-apoE−/− group compared to those in the Nf-
Con group were recovered in all the GSf-apoE−/−

groups. DMitoCom IV activity levels in the
NfapoE−/− group were similar to those in the Nf-
Con group. All GSf-apoE−/− groups showed sig-
nificantly higher MitoCom IV activity levels than
the Nf-Con group. E Significantly lower ATP levels
in theNfapoE−/− group compared to those in theNf-
Con group were recovered or higher in all GSf-
apoE−/−groups.
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rapidly for easy consumption, originating mainly from the United
States, has led to a decrease in the preference for regionally traditional
healthy and slow foods with unique nutrients, flavors, and aromas,
leading to a rapid increase in metabolic disorders worldwide28.

As mentioned earlier, patients with metabolic disorders who undergo
drug therapy based on individual cardiovascular risk factors, along with
dietary adjustments based on MNT prescriptions or the DASH diet,
experience superior metabolic disorder control effects7,16. Previous studies
have shown thatHJ prevents the occurrence of gastric ulcers by suppressing
oxidative and inflammatory responses in alcohol-treated rats29,30. It also
improves liver function by inhibiting the production of inflammatory
cytokines caused by alcohol in the liver, thereby reducing blood alcohol
levels31. Alcohol consumption is a significant factor that cause metabolic
disorders such as hyperlipidemia and hypertension. However, no research
on the preventive, mitigating, or therapeutic effects of HJ on metabolic
disorders has been conducted. Therefore, the most significant contribution
of this study is the investigationofwhetherHJ consumptionaffects the levels
of blood lipids and hypertension in apoE−/− mice, an important model for
dyslipidemia and hypertension research. Consistent with previously
reported results10–12, it was confirmed that the 64-week-old Nf-apoE−/−

group had blood total cholesterol 3.18-fold higher and LDL6.38-fold higher
than those of theNf-Con group (Fig. 3). In the 2.0 g GSf-apoE−/− group, the
amount of TG was lowered similarly to that in the Nf-Con group, and the
amount of LDL was also reduced by 15%. The amount of TC in the 2.0 g
GSf-apoE−/− group was reduced by 25.2%. Additionally, the blood pressure
in all GSf-apoE−/− groups at weeks 53 and 61 was not significantly different
from that of theNf-Con group, suggesting thatGS-HJ supplementation also
had a blood pressure-lowering effect.

In this study, only female apoE−/−mice were used. In a previous study,
it was reported that HDL cholesterol and apolipoproteins, important
determinants of atherosclerosis, were significantly changed only in females
not in males32. Additionally, coronary atherosclerosis was more prominent
in female than in male mice at 16 weeks of age, while at 48 weeks, coronary
lesions were similarly advanced in both sexes33. Furthermore, females were
more susceptible to cognitive dysfunction than males34. Obviously, using
male mice is a standard approach to reduce potential variability caused by
the estrous cycle. In apoE−/−mice, a small percentage of young female mice
(20–24 weeks) experienced disruptions in the regularity of their estrous
cycles. As these mice matured, the percentage of those with irregular cycles
increased, showing similar patterns for both apoE−/− and wild-type mice35.
Therefore, while the disruption of the ApoE gene does impact the regularity
of the estrous cycle in young mice, this change may not significantly affect
the overall experimental process of this study, since all behavioral and
biochemical analyses were performed after 31 weeks of age (Figs. 1–5).

Since 1992, theU.S.NIHhas beenconducting a clinical study called the
DASH to investigate whether hypertension can be controlled through
specific dietary interventions16. According to the results of the DASH stu-
dies, reducing the intake of saturated fats, omega-6 fatty acids, high glycemic
load carbohydrates, and food additives commonly found in Western-style
fast food, consumption of fresh vegetables, fruits, unprocessedwhole grains,
low-fat dairy products, lean meat, and nuts, has been clinically proven to
lowerbloodpressure andalleviate conditions such as dyslipidemia andheart
failure. Furthermore, it has been shown that reducing sodium and
increasing potassium intake in the DASH diet leads to greater blood
pressure-lowering effects36. However, since this study only provided a cer-
tain amount of GS-HJ supplementation without altering the overall diet, we
still observed effects similar to MNT and the DASH diet in the metabolic
disease animal model, scientific explanations for this phenomenon are
necessary. Interestingly, the previously reported nutritional composition of
GS-HJ21,22,24 may partially explain its lipid- and blood pressure-reducing
effects. The crude nutrient composition of GS-HJ consisted of approxi-
mately 70% protein, 15% fatty acids, 3% fiber, and 3% ash. Its nutritional
characteristics include that among the amino acids comprising proteins, the
combined ratio of glycine, alanine, and serine accounts for 45.5%, and
unsaturated fatty acids are approximately twice as abundant as saturated

fatty acids. Among unsaturated fatty acids, omega-3, which is beneficial for
cardiovascular health, is approximately four times more abundant than
omega-6, and potassium is 14.8 times more abundant than sodium, sug-
gesting its potential for lowering blood pressure.

Another significant finding of our study was that the activities of
enzymes crucial for maintaining cellular and tissue homeostasis and func-
tion, such as GST, SOD, and AchE, which were reduced in the apoE−/−

group, were restored in the GSf-apoE−/− group. In addition to its anti-
oxidative stress effect through the detoxification of harmful substances,GST
has been implicated in controlling metabolic disorders by mitigating vas-
cularneointimalhyperplasia inducedbyhyperlipidemia37. SOD, an essential
enzyme for regulating anti-oxidative stress, fat metabolism, and inflam-
matory responses, has been reported to exhibit reduced activity in the blood
and brain tissues of apoE−/− mice38 and animals fed a high-fat diet39. Fur-
thermore, a previous study indicated thatAchE,whichplays a central role in
the cholinergic system responsible for memory, learning, attention, and
other higher brain functions, was decreased in apoE−/− mice40. Thus, it can
be inferred that GS-HJ supplementation restores the activities of GST, SOD,
and AchE, thereby reducing blood lipid concentration and blood pressure
while simultaneously enhancing memory and postural control ability.

This study also provided significant evidence that GS-HJ supple-
mentation restored the mitochondrial dysfunction observed in the Nf-
apoE−/− group. Previous studies onApoE have highlighted its crucial role in
forming complexes with the mitochondria, linking its dysfunction to the
development of Alzheimer’s disease41. Furthermore, ApoE dysfunction has
been associated with impaired mitochondrial function. Stress-induced
changes in mitochondrial metabolism can lead to lipid accumulation,
exacerbating mitochondrial dysfunction and contributing to various
metabolic disorders26,42. Notably, ApoE deficiency has been associated with
vascular dysfunction and atherosclerosis in mice, resulting in reduced cer-
ebral blood flow and impaired autonomic regulation of the
cerebrovasculature43. The age-related breakdown of the blood-brain barrier
in apoE−/− mice has also been correlates with behavioral impairments,
further illustrating the multifaceted impact of ApoE deficiency on brain
health44. In previous researches, we demonstrated that GS-HJ consumption
of improvedmitochondrial function andATP levels in the brains of animals
withmild cognitive impairment, leading to enhancedmemory45,46. Similarly,
in the current study, mitochondrial function and ATP levels, which were
decreased in theNf-apoE−/− group,were restored in theGSf-apoE−/− groups
(Fig. 5). This restoration of mitochondrial function may contribute to
reductions in blood lipid levels and blood pressure, as well as improved
memories and behaviors.

As aging progresses, even healthy elderly individuals experience a
decline in social functioning47. According to the results of this study, GS-HJ
supplementation restored the social memory loss that occurs with aging,
independent of ApoE dysfunction. This finding indicates that GS-HJ may
not only improve symptoms caused by ApoE dysfunction but also delay the
normal aging process.

In summary, this study provided various pieces of evidence thatGS-HJ
supplementation prevents, ameliorates, and has therapeutic effects on
dyslipidemia and hypertension, as well as spatial memory loss that occurs
due to ApoE dysfunction. Additionally, it was observed to restore postural
control ability and social functioning, which deteriorate with aging. In the
future, when clinical trials involving humans are conducted, personalized
medicine for dyslipidemia andhypertension arising fromApoEdysfunction
may be possible.

Methods
Materials
The GS variety, an F1 hybrid of Bombyx mori Jam 311 and Jam 312 pure
breeds, was raised with mulberry leaves at the National Institute of Agri-
cultural Science (NIAS) campus in Wanju-gun, Jeollabuk-do, Republic of
Korea. Tap water-cleaned and anesthetized mature silkworms were pro-
cessed as previously described48–50. After steaming for 130min using a
pressure-free cooking unit (Kum Seong Ltd., Bucheon, Korea), the steamed
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mature silkworms, known as HJ, were freeze-dried at−50 °C for 24 h using
a freeze-dryer (FDT-8612, Operon Ltd, Kimpo, Korea) and pulverized into
particles using a natural stone rollermill (DuksanCo. Ltd., Siheung, Korea).
Voucher specimens of GS-HJ were deposited in the Bombyx mori Quality
Maintenance and Storage Laboratory, Division of Industrial Insect and
Sericulture, NIAS, Wanju-gun, Jeollabuk-do, Republic of Korea.

Experimental animals
B6.129P2-Apoetm1Unc/J (apoE−/−) and C57BL/6J mice purchased from the
Jackson Laboratory (Bar Harbor, Maine, USA) were housed and tested at
the Laboratory Animal Facility of the Doheon Research Center, Hallym
University. This animal experiment was conducted under the approval and
supervision of the Hallym University Animal Clinical Trial Ethics Com-
mittee (HMC 2022-0-0304-04). The planning, conducting, and analysis of
animal experiments adhered to the guidelines of Animal Research:
Reporting In Vivo Experiments51. The control group (Con) consisted of
eight female C57BL/6J mice that were fed normal feed (Nf, 2018S Teklad
global 18%protein rodent diet, Envigo, Indianapolis, IN,USA).TheapoE−/−

mice were randomly assigned to four experimental groups, each consisting
of 8 femalemice, at 4weeksof age.TheNf-consumingapoE−/− (Nf-apoE−/−)
group was supplied with Nf, as described above. After formulating GS-HJ
into an Nf-based diet (GSf) at ratios of 0.4 g/kg body weight (BW), 1.0 g/kg
BW, and 2.0 g/kg BW, it was supplied to apoE−/−mice. The experiment was
terminated at the 64th week (Fig. 6). The BW changes in the Con and
apoE-/- groups were measured every week (Supplementary Fig. 1). Sig-
nificant differences in BW were observed between the Con and apoE−/−

groups (F(4, 8) = 114.28, P < 0.0001) and across aging (F(8, 32) = 28.821,
P < 0.0001). The BWdifferences between the Con and apoE−/− groups were
not affected by aging (F(32, 315) = 0.9655, P > 0.05).

GS-HJ feed preparation protocol
Due to differences in BWbetween strains, food intake varies accordingly. In
this study, the C57BL/6J and apoE−/− strains were used. Over four weeks,
our calculations showed that the apoE−/− strain consumed an average of
141.5 ± 10.14 g of feed per kg BW per day, while the C57BL/6 J strain
consumed 147.3 ± 7.53 g of feed per kg BW. There was no significant dif-
ference in intake between the two strains (P = 0.32).

Based on these results, GS-HJ was incorporated into the feed, esti-
mating an average intake of 145 g of feed per kg BW per day for feed
preparation. To provide 1.0 g of GS-HJ per kg BWper day (1.0 g GSf), mice
consuming 145 g of feed daily were given feed containing 7.1 g ofGS-HJ per
kg of feed. For a 0.4 g GSf, 2.9 g of GS-HJ was added per kg of feed powder,
and for a 2.0 g GSf, 14.2 g of GS-HJ was added. After adding GS-HJ to the
feed powder, the mixture was thoroughly combined, formed into pellets,

and dried using a UV sterilizing dryer. The formulated feeds were stored at
4 °C to maintain freshness before being administrated to the experimental
animals. Equipment used for feed preparation included a mixer (HL 300,
Hobart, OH, U.S.A.), a pellet mold (F-5/11-175D Pelleting Press, Fuji
Paudal Co., Ltd., Osaka, Japan), and a UV sterilizing dryer (SMED 1.0,
Hansung Ltd., Gimje, Korea).

Protocols for experimental animal behavior analysis and blood
pressure measurement
To confirm the health-promoting effects of GS-HJ, behavioral analysis
studies such as the Y-maze, three-chambered social interaction assay (SIA),
and LCT were conducted, along with blood pressure measurement studies.
The Y-maze test was conducted at 31, 39, and 55 weeks of age. SIA was
performed at 31, 47, and 63 weeks, while LCT was conducted at 32, 40, and
56weeks. Bloodpressuremeasurementswere performedat 53 and 61weeks
of age (Fig. 6).

The Y-maze spatial memory test protocol
Tomeasure spatialmemory andworkingmemory in experimental animals,
we conducted Y-maze test as previously described52. Briefly, the Y-maze
apparatus consisted of three arms connected at 120-degree angles. Each arm
was 35 cm long, 5 cm wide, and 10 cm high. The brightness of the experi-
mental space was adjusted to 30–35 lux, and the experimental animals were
gently placed in the center of the Y-maze and allowed to move freely for
10min. The sequence in which the experimental animals entered each arm
was recorded. Basedon the number of entries and the sequence in each arm,
a single spontaneous alteration was recorded when the animal sequentially
entered each of the three arms. The number of spontaneous alterations
during the 10-minperiodwasdividedby anumber calculated by subtracting
2 from the total number of entries into arms to obtain spontaneous
alteration ratios.

The SIA protocol
Apreviously published SIAprotocolwas used46. In brief, a three-chambered
arenawith passages for the freemovement of experimental animals on clear
acrylic plateswas employed.On thefirst day, the experimental animalswere
allowed to move freely to acclimatize to the environment. In the first
experiment on the second day, one side of the three chambers contained a
novel mouse placed in a cage, whereas the other side of the three chambers
contained an empty cage. The time spent in each chamberwasmeasured. In
the second experiment, one cage contained amouse previously encountered
by the experimental animal, whereas the other cage contained a novel
experimental animal. The time spent by experimental animals in each
chamber was measured.

Fig. 6 | Experimental outlines for behavioral tests,
supplemented experimental substances, genotypes,
and numbers of animals.
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The LCT protocol
Using a previously reportedmethod53, wemodified andperformed aLCT to
assess changes in corticospinal function inexperimental animals.The tails of
the experimental animals were held gently, and their limb movements and
postureswere recorded for 10 s.TheLCTscores for all experimental animals
were rated by two researchers based on the recorded data, evaluating the
ability to extend the limbs and spread the toes on a scale of 0–4. A score of 0
indicated normal movement of all four limbs and the ability to spread the
toes, while a score of 4 indicated the inability of the animal to move all four
limbs and spread the toes.

The blood pressure measurement protocol
To measure changes in blood pressure in mice, we used the Coda
high-throughput noninvasive blood pressure system (Kent Scientific
Corp., Torrington, CT, USA). Experiments were conducted accord-
ing to the manufacturer’s instructions. Briefly, experimental animals
were placed in a holder designed for blood pressure measurements.
The tail was then inserted into the cuff of the blood pressure monitor,
and the monitor was connected to a notebook computer equipped
with Coda software (Kent Scientific Corp.). The experimental ani-
mals were allowed to rest and stabilize on a temperature-controlled
bed maintained between 32 and 35 °C before blood pressure
measurement.

Protocol for obtaining blood and brain tissues frommice
When the experimental animals reached 64 weeks of age, they were
euthanized with CO2 and blood samples were collected. After obtaining
blood for various analyses, perfusion with an ice-cold saline solution was
conducted for 30min to remove the blood from the tissues. Brains were
excised for collection. The collected brain was divided into halves, and
regions such as the olfactory bulb, frontal cortex, cerebral cortex, striatum,
hippocampus, cerebellum, and brainstem were obtained. Various bio-
chemical analyses were performed on the collected tissues.

Protocol for the blood lipid measurement
Blood samples collected from the experimental animals were promptly
analyzed for total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), and triglyceride (TG) levels using a cholesterol
measurement device (Barrogen Lipid Plus, Handok, Seoul, Korea).

GST activity assay method
Brain tissues were homogenized in ice-cold 0.1M PBS (pH 7.2) containing
1.0% Triton X-100 (PBST) and then centrifuged at 15,000 × g for 10min at
4 °C to collect the supernatant. The substrate solution was prepared by
adding 146 μl of PBST, 2 μl of 200mM glutathione (GTH, DaeJung Che-
micals, Co.), and 2 μl of 100mM 1-chloro-2,4-dinitrobenzene (CDNB,
Merck KGaA). After adding one-third of the sample to the substrate solu-
tion, the absorbance changes at 340 nm (A340 nm) were measured using a
Multiskan Go spectrophotometer (Thermo Fisher Scientific, Waltham,
USA) at 30-s intervals for 10min. GST activity was calculated using the
following equation:

GST activity = [A340 nm (Stop) – A340 nm (Start)]/[reaction time
(min) x total volume (ml) x dilution factor].

SOD activity measurement method
The brain tissue was homogenized using ice-cold homogenization buffer
(0.1M Tris-HCl, 250mM sucrose, 1% Triton X-100, 5mM
β-mercaptoethanol, and 0.1mg protease inhibitor). The homogenate was
then centrifuged at 15,000 × g for 10min at 4 °C and the supernatant was
collected. The supernatant was mixed with a substrate solution (40mM
Na2CO3, 0.5mM EDTA, 0.01% BSA, 0.05mM xanthine, 0.1 mM NBT),
and the absorbance changes at 550 nm (A550 nm) were measured using a
Multiskan Go spectrophotometer (Thermo Fisher Scientific, Waltham,
USA) at 30-s intervals for 5min. The formula for calculating activity is as
follows:

SOD activity (inhibition rate%) = [ΔA550nm/ΔA550nm of blank] ×
100/[sample protein concentration].

Acetylcholinesterase (AchE) activity measurement method
Brain supernatants were used for AchE activity assays to measure GST
activity. Substrate for AchE prepared by mixing 6.3 μl of 10mM 5,5-
dithiobis-(2-nitrobenzoic acid) (DTNB) with 1.3 μl of 75mM acetylcholine
iodide, and 172.4 μl of PBS and 20 μl of brain supernatants weremixed. The
absorbance changes at 412 nm (A412 nm) were measured using a Multis-
kan Go spectrophotometer (Thermo Fisher Scientific) at 30-s intervals for
10min. The AchE activity was calculated using the following equation:

The AchE activity (µmol/ml/min0 = [ΔA412nm/min ×V (ml) × dil]/
[ε ×V enz 9ml)].

dil = the dilution factor of the original sample
ε – the extinction coefficient constant = 13.6M−1 cm−1

V - the reaction volume (for test 96-well plate) = 0.2 ml
V enz – the volume of the enzyme sample tested.

Extraction of mitochondria and measurement of the activity of
mitochondrial complexes I–IV
A previously published protocol for extracting mitochondria was used45,46.
Using mitochondria extraction buffer (MEB; 0.01mM HEPES; pH 7.2,
125mM sucrose; 250mM mannitol; 10mM EGTA; 0.01% (w/v) BSA,
Merck KGaA), the brain tissue was homogenized, and then centrifuged at
700 × g for 10min at 4 °C to obtain the supernatant. The obtained super-
natant was further centrifuged at 10,000 × g for 10min at 4 °C to obtain a
pellet containingmitochondria. The pellet wasmixed withMEB containing
0.02% digitonin and centrifuged at 10,000 × g for 10min at 4 °C to pre-
cipitate the mitochondria. The precipitated mitochondria were mixed well
with chilled MEB to measure the activity of the mitochondrial complexes
(MitoCom) I and II. To measure the activities of MitoCom III and IV, the
pellet was mixed with MEB containing 1mM n-D-β-D maltoside.

To measure MitoCom I activity, 20 μg of mitochondrial sample was
mixed with MitoCom I assay buffer (25mM phosphate buffer, pH 7.8,
0.35% bovine serum albumin (BSA), 60 μM dichlorophenolindophenol
(DCIP), 70 μMdecylubiquinone, 1 μMantimycinA, 0.02mMNADH) and
5mMNADH. The mixture was then incubated at 37 °C for 4min, and the
absorbance at 600 nm (A600nm) was measured using a Multiskan Go
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

For the measurement of MitoCom II activity, 20 μg of the mitochon-
drial sample was mixed with MitoCom II assay buffer (80mM KH2PO4;
pH 7.8, 0.1% BSA (w/v); 2.0mM EDTA; 0.2 mM ATP; 80mM DCIP;
50mM decylubiquinone; 1.0 mM antimycin A; 3.0mM rotenone, Merck
KGaA). The reaction was then initiated at 37 °C for 10min. Before mea-
suring A600nm for 5min, 4.0 μl of 0.1M KCN and 2 μl of 1.0M succinate
were added to the sample. The formula for measuring activity is as follows.

Activity = [ΔA600/min ×V of assay (ml)]/[(ε of DCIP ×V of sample
(ml)) × (protein concentration)]

ε of DCIP: 19.1 mM−1

To measure the activity of MitoCom III, 20 μg of the mitochondrial
sample wasmixedwithMitoCom III assay buffer (50mMTris-HCl pH7.5,
0.1mM decylubiquinone, 12.5mM succinate, 2mM potassium cyanide,
30 µM rotenone, 40 µM cytochrome C, and 4mMNaN3). The absorbance
of the mixture was thenmeasured the absorbance at 550 nm (A550nm) for
3min at 30 °C. The activity was calculated using the following formula:

Milli OD/min/µg protein = [(ΔA550nm of sample − ΔA550nm of
blank)/min]/[V of sample (ml) × protein concentration],

To measure the activity of MitoCom IV, a mixture of 0.22mM fer-
rocytochrome cytochrome C (Merck KGaA) and 0.1M dithiothreitol
(DTT, Merck KGaA) was reacted for 15min at room temperature. Subse-
quently, 5 μg of the mitochondrial sample was mixed with MitoCom IV
assay buffer (10mM Tris-HCl, pH 7.0, 120mM KCl, 11.0 µM ferrocyto-
chrome cytochrome C). The mixture was then measured A500nmat 25 °C,
withmeasurements taken every 10 s for 7 cycles. The activity was calculated
using the following formula:
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Activity (µmol/min/mg) = (ΔA550nm× 0.2)/[(21.84 × 0.002) × (pro-
tein concentration)]

0.2: reaction volume (ml)
0.002: sample volume (ml)
21.84: ΔзmM between ferrocytochrome C and ferricytochrome C

at 550 nm.

Measurement of ATP amounts in the brain tissues
The cerebral cortex was homogenized in phenol-saturated TE buffer, and
then 15% chloroform and 10% distilled water were added. After vortexing,
the sample was centrifuged at 10,000 × g for 5min at 4 °C to recover the
supernatant for ATP quantification, while the precipitate was used for
protein quantification. To quantify ATP in the samples, ATP standard
solution was mixed with ATP assay buffer (50 μM Luciferin, 1.25 μg/ml
luciferase, 1 mM DTT, 20.875mM Tricine, 4.175mMMHJO4, 0.835mM
EDTA, 0.835 NaN3, Merck KGaA). Luminescence was measured using a
Victor Nivo™multimode plate reader (PerkinElmer, Waltham, MA, USA).
Quantification was performed using a standard curve prepared using ATP
standard solution.

Statistical analysis
Statistical analysis was performed using SPSS Statistics 25 (IBM, IL, USA)
with one-way and two-wayANOVA, followedbyTukey post hoc analysis.A
P value of less than 0.05 was considered statistically significant.

Data availability
The authors declare that data supporting the findings of this study are
available within the paper.
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