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Abstract

Hydrogen has emerged as a promising candidate due to its antioxidant properties and potential to modulate electron flow, enhancing mitochondrial
energy metabolism and reducing oxidative stress. In this study, hypercholesterolemia male Wistar rats were utilized to investigate the safety and
efficacy of intravenous hydrogen nanobubble solution (HNB). The study assessed serum lipid levels, complete blood count, and organ health
following HNB administration compared to positive (simvastatin) and negative controls. Bayesian statistics were used to validate the findings. The
administration of HNB did not adversely affect the immediate survival of the rats on a high-fat diet (HFD), whereas simvastatin significantly reduced
survival rates. It showed a dose-dependent immunomodulatory effect, reducing white blood cell, lymphocyte, and monocyte counts. It also influenced
erythropoiesis, as indicated by increased red blood cell counts and hemoglobin levels. A significant elevation in platelet counts was observed,
suggesting potential effects on platelet production or lifespan. The study also noted changes in liver enzyme levels, with HNB indicating potential
hepatoprotective effects. Furthermore, HNB treatment decrease in mean fat droplet count, suggesting a mitigation of diet-induced hepatic steatosis.
The findings suggest that HNB may serve as a protective agent against the deleterious effects of a high-fat diet, offering immunomodulatory and
hepatoprotective benefits. This study provides a foundation for considering HNB as a potential therapeutic intervention for hypercholesterolemia and
warrants further investigation into the long-term impacts of nanobubble treatment on diet-induced pathologies. The consistency of results across

traditional statistical significance and Bayesian evidence strengthens the validity of the observed treatment-specific effects.
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Introduction

Hypercholesterolemia, characterized by elevated
cholesterol levels, is a subset of hyperlipidemia or
dyslipidemia that encompasses lipid imbalances in the
bloodstream. Excessive plasma lipoproteins, key lipid
transporters, underscore this condition which is
intimately linked with the onset of atherosclerosis and, if
unmanaged, escalates the risk of heart disease and other
cardiovascular disorders (Suckling, 2014; Bayly, 2014).
Globally, cardiovascular  diseases account for
approximately 17.9 million deaths annually, comprising
32% of all global deaths (WHO, 2021). Familial
hypercholesterolemia (FH), a genetic anomaly associated
with mutations in the LDL receptor gene, exacerbates
LDL cholesterol levels in the bloodstream (Admira &
Sayuti, 2018). Dietary habits, particularly those rich in
saturated fats, also serve as environmental contributors to
elevated cholesterol levels (Ibrahim et al., 2023).

Statin medications are the cornerstone for cholesterol
management, primarily by inhibiting the HMG-CoA
reductase enzyme. This enzyme plays a pivotal role in
synthesizing not just cholesterol but also critical
biomolecules like coenzyme Q10 and vitamin D (Zaleski
et al., 2018). Hence, statins’ influence extends beyond
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cholesterol regulation to potentially affect essential
cellular functions, sometimes resulting in adverse effects,
particularly on muscle and liver health (Golomb & Evans,
2008). However, H> therapy has emerged as a safe
alternative,  exhibiting  cholesterol-lowering  and
antioxidant properties (Song et al., 2013; Iketani et al.,
2018).

Ha, the simplest and lightest molecule, diffuses with
ease across cell membranes, facilitating the transport of
hydrophilic compounds into mitochondria and nuclei. Its
therapeutic applications, particularly for its antioxidant
and antiapoptotic properties, were highlighted when
inhaled hydrogen gas was found to protect against
ischemic-reperfusion brain injury (Ohsawa et al., 2007).
It selectively neutralizes harmful reactive oxygen species
(ROS) and reactive nitrogen species (RNS), potentially
boosting cellular antioxidant capacity to curb oxidative
damage (Ohta et al., 2015).

Within the cellular context, mitochondria, recognized
as significant ROS producers, may undergo dysfunction
under prolonged oxidative stress. Here, H2 can modulate
electron flow within mitochondria to diminish ROS
production, thereby bolstering mitochondrial energy
metabolism and possibly restoring cellular integrity
(Tian et al., 2021). H: further induces antioxidant
enzymes like superoxide dismutase (SOD) and catalase,
enhancing redox homeostasis and lessening oxidative
stress, which positions H» as a viable adjunct therapy in
cancer treatments to alleviate the side effects of radiation
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and chemotherapy (Meng et al., 2015; Li et al., 2015;
Dong et al., 2018).

Moreover, the anti-inflammatory and anti-apoptotic
capabilities of H> have been documented. It impedes
chronic inflammation via mitochondrial oxidation
inhibition and impedes the NLRP3 inflammasome,
which plays a pivotal role in inflammation (Shao et al.,
2016; Chen et al., 2019). H affects the balance of pro-
apoptotic and anti-apoptotic factors, regulating signaling
pathways crucial for cell survival, thereby suggesting its
neuroprotective potential (Hong et al., 2014; Ge et al.,
2017).

Exploiting these properties, H, has been incorporated
into therapeutic strategies for degenerative diseases,
including cancer and cardiovascular conditions,
administered via inhalation or hydrogen-rich water (Li et
al., 2019; Ramanathan et al., 2023; Saengsin et al., 2023).
Although clinical trials have noted some side effects of
hydrogen water, the advent of H» nanobubbles offers
enhanced stability and solubility, suggesting improved
therapeutic efficacy (Nakao et al., 2010; Ono et al., 2011;
Tida et al., 2016; Kato et al., 2015; Li et al., 2022; Tanaka
et al., 2022). In light of these findings, the present study
aims to explore the safety and multifaceted impacts of
administering a hydrogen nanobubble solution
intravenously in a hypercholesterolemic rat model,
pursuing an innovative and safe treatment avenue for
hypercholesterolemia.

Methods

This investigation was conducted as an experimental
study employing a pre- and post-test randomized
controlled group design to explore the effects of
treatments on specified variables. The independent
variable is the administration of hydrogen nanobubble
solution (HNB). The dependent variables are the serum
level of LDL, HDL, triglycerides, total cholesterol,
complete blood count, as well as the conditions of the
adipose tissue, liver, kidneys, heart, and lungs. The
control variables are age, sex, strain, and body weight of
the Wistar rats. The HNB was procured from the Reverse
Aging and Homeostasis Club, available as water for
injection in different dosages (low dose - SmL; and high
dose - 25mL). The male wistar rats normal diet (lab
chow) is formulated so that it contains proteins (20-25%),
carbohydrates (60-70%), fats (4-5%), and vitamins and
minerals (added to ensure a balanced diet and support
various bodily functions).

Fiber: Helps in digestion and is included in the diet at
about 4-5%. Male Wistar rats with hypercholesterolemia
were utilized as the experimental subjects and sourced
from the Faculty of Pharmacy, Gadjah Mada University,
Yogyakarta.

The study was conducted from October to December
2022. All treatments, including injections, behavioral
observations, and animal care, were performed in the
molecular biology laboratory of the Biology Department,
Faculty of Mathematics and Natural Sciences, Brawijaya
University. Hematological assessments were carried out

at the Veterinary Hospital of Brawijaya University, while
the histopathological examinations of the liver and
kidneys were conducted at the Brawijaya University,
Malang (068-KEP-UB-2022).

Research procedure

A one-week acclimatization period for the rats was
implemented prior to the commencement of the
experiment. The rats were randomly assigned into seven
groups, each consisting of five subjects (Table 1).

Table 1. Group names and treatment modalities. Abbreviations:
HNB - hydrogen nanobubbles; NS - normal saline.

Group Treatment

HFDnoTx High-fat diet without any treatment (control)

HFDSimv High-fat diet with the administration of
simvastatin

HFDhdNB High-fat diet with the administration of
intravenous high-dose HNB 2mL

HFDIINB High-fat diet with the administration of
intravenous low-dose HNB 2mL

NDhdNB Normal diet with the administration of intravenous
high-dose HNB 2mL

NDIdNB Normal diet with the administration of intravenous
low-dose HNB 2mL

HFD + NaCl High-fat diet with the administration of

intravenous 0.9% NS 2mL (control)

The saline buffer and HNB solutions were
administered intravenously, while simvastatin was given
orally at a dosage of 0.18 mg/day per 200 grams of body
weight. The saline buffer and HNB were administered
for 16 days every other day, while simvastatin was given
daily. Body weights were measured daily before the
experiment, throughout the treatment period, and at the
study's conclusion. Cholesterol check was done using a
blood cholesterol rapid diagnostic kit. It was taken prior
to the commencement of the experiment, then on the
sixth day, or after the third intravenous treatment. Upon
completion of all treatments, the final assessments
include triglyceride and total cholesterol levels, and the
histopathological analysis of the liver tissue.

Statistical analysis

As we expected the number of data will not be of
normal distribution, we opt to use nonparametric
statistical testing. As we want to compare for more than
twou groups of data, nonparametric analysis utilizing
Kruskal-Wallis test with subsequent post hoc tests if
necessary. Any finding with p<0.05 is considered
significant. Bayesian statistics is deployed where
relevant to measure the evidential strength of any
significant finding.
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Results

The study investigated the effects of varying dietary
regimens and treatments on hematological and
biochemical parameters in an animal model. Data were
grouped into treatments with no treatment, low dose
HNB, and high dose HNB, compared against a normal
range for each parameter.

In groups exposed to a high-fat diet without any
additional treatment or supplemented with NaCl or HNB,
the survival rate was uniformly high, with 100% of the
subjects surviving for the duration of the study. The
group treated with simvastatin exhibited a significantly
lower survival rate of only 40%. These findings are
illustrated in Figure 1, which provides a clear
comparison of survival rates across the different
treatment groups.

Survival rate with various treatments

100%
5%

50%

Survival Rate

25%

0%

HFD HFD +NaCl HFD + Simvastatin HFD + HNB

Figure 1. Rats survival rate with various treatments. (HFD - high-fat
diet; NaCl - sodium chloride; HNB - hydrogen nanobubble).

The study evaluated the impact of various treatments
on hematological and biochemical parameters in a
controlled experiment. In the normal diet group, the
leucocyte counts showed a decrease from the control
group (6.70£0.00) to low dose HNB treatment
(3.33+0.42), with a partial recovery in high dose HNB
(5.00+0.26). Lymphocyte counts increased significantly
in both low and high dose HNB treatment (3.0340.42
and 4.33%0.38, respectively), compared to the control,
while monocyte and granulocyte counts decreased
significantly in all HNB treatments compared to the
control. It suggested a treatment-related modulation of
immune cell profiles. There was a decrease in
erythrocyte count and hemoglobin concentration without
any treatmment, with a subsequent increase in treatments
low and high dose HNB treatments toward normal levels.
Mean corpuscular hemoglobin (MCH) and mean
corpuscular volume (MCV) levels increased slightly
across treatments, indicating changes in erythrocyte
morphology, while red cell distribution width -
coefficient variation (RDW-CV) and red cell distribution
width - standard deviation (RDW-SD) varied less
significantly. Platelet count increased with treatments,
particularly noted in the high dose HNB (916.334+40.70),
suggesting a possible effect on platelet production or
lifespan. Mean platelet volume (MPV) and platelet
distribution width (PDW) showed slight variations,
indicating changes in platelet size and distribution.
Regarding biochemical parameters, there was a decrease

of glutamate oxalacetate transaminase (GOT) levels at
low and high dose of HNB treatments (185 + 35.36 and
166 + 28, respectively) relative to the controls (199 +
0.0). Glutamate pyruvate transaminase (GPT) levels
increased significantly with low dose HNB (91 + 18.38),
indicating potential treatment impacts on liver function.
The GOT/GPT ratio decreased with low dose HNB (1.87
+ 0.89), suggesting alterations in liver enzyme activity
balance. Creatinine levels showed a general decrease
across treatments, indicating potential effects on kidney
function. These findings suggest that the administered
treatments have diverse impacts on hematological and
biochemical markers, reflecting their influence on
immune cell distribution, red blood cell (RBC)
morphology, platelet dynamics, and liver and kidney
function. The variability across different parameters
underscores the complexity of the treatment effects and
warrants further investigation into their biological
mechanisms and implications.

The analysis of the relative organ weights following
various dietary treatments reveals significant alterations
in the adipose tissue, liver, kidneys, and heart-lung
weights across different groups. The relative organ
weights measuring is one of the important parameters to
assess the substance toxicity of substances or
interventions used. The weight reduction has been linked
to depression of cellular metabolism and growth
(Akhigbe, 2014). The study aimed to compare the effects
of a normal diet, a high-fat diet (HFD), HFD
supplemented with NaCl, HFD supplemented with
Simvastatin, and HFD supplemented HNB on the
relative organ weights in Rats. Rats on a normal diet
showed a mean adipose tissue weight of 0.69 + 0.22.
This weight substantially increased to 3.82 + 0.62 under
HFD, indicating significant fat accumulation.
Supplementation with NaCl (3.03 + 0.18), simvastatin
(2.79 + 1.51), and HNB (2.56 + 0.27) alongside HFD
showed a reduction in adipose tissue weight compared to
HFD alone, with HNB showing the most pronounced
effect. The liver weight in the normal diet group was
2.67 £ 0.06, which increased to 3.34 + 0.06 in the HFD
group. Supplementation with NaCl, Simvastatin, and
HNB alongside HFD resulted in liver weights of 3.31 +
0.15,3.43 £ 0.27, and 2.93 £ 0.29, respectively. Notably,
the liver weight was highest in the Simvastatin group,
suggesting potential hepatomegaly or lipid accumulation.
The left kidney weight was relatively stable across
treatments, with the normal diet group at 0.32 + 0.01 and
minimal variations in the other groups. The right kidney
followed a similar pattern, with the normal diet group at
0.34 + 0.00 and slight reductions observed in the HFD
group, which were somewhat mitigated by the
supplementary treatments. The heart and lung weight
remained fairly consistent across all dietary treatments,
with a slight increase observed in the simvastatin group
(1.24 + 0.34) compared to the normal diet group (1.20 +
0.22). This suggests that the treatments did not
significantly affect the combined heart and lung weights
relative to the normal diet. Figure 2 summarizes and
illustrates these findings.
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These findings suggest that while HFD leads to
increased fat accumulation and liver weight, the
supplementary treatments, especially HNB, can mitigate
these effects to some extent. The relative stability of
kidney and heart-lung weights across treatments
indicates that these organs were less affected by the
dietary conditions and supplementary treatments applied
in this study.

Relative Organ Weights by Treatment

-l Diet

HFD + Hacl

343
33433y

Figure 2. Relative organ weights with various treatments. (HFD - high
fat diet; NaCl sodium chloride; HNB - hydrogen nanobubble)

The analysis of blood cholesterol and triglyceride
levels under various dietary treatments provides insight
into the metabolic effects of a high-fat diet and its
modifications with sodium chloride, simvastatin, and
hydrogen nanobubble treatment. The baseline cholesterol
levels in rats subjected to an HFD were measured at
207.75 + 2.89 mg/dL. The introduction of NaCl to the
HFD marginally increased these levels to 213.25 + 8.5
mg/dL, indicating that NaCl supplementation has a
slightly elevating effect on cholesterol levels. Conversely,
treatments with simvastatin and HNB dramatically
reduced cholesterol levels to 99 + 0 mg/dL for both
treatments. This demonstrates the effectiveness of both
simvastatin and HNB in lowering cholesterol levels in
the context of an HFD.

Triglyceride measurements further confirmed the
impact of dietary modifications on lipid metabolism.
Rats on an HFD exhibited high triglyceride levels of
560.3 + 68.8 mg/dL. Supplementation with NaCl
resulted in a decrease to 377.7 = 84.1 mg/dL, suggesting
a moderate mitigating effect on triglyceride
accumulation. More substantial reductions were
observed with simvastatin and HNB treatments, where
triglyceride levels were reduced to 270 + 63.1 mg/dL and
204.7 £ 46.2 mg/dL, respectively. These results highlight
the significant lipid-lowering potential of simvastatin and
HNB in the setting of a high-fat dietary regimen. Figure
3 summarizes and illustrates these findings.

While an HFD elevates cholesterol and triglyceride
levels, the introduction of NaCl, simvastatin, and
particularly HNB can mitigate these effects to varying
degrees. The lipid-lowering effects of simvastatin and
HNB are especially notable, demonstrating their
potential utility in managing hyperlipidemia induced by
high-fat diets.

Cholesterol and Triglyceride Levels by Treatment

560.3 - D
W HFD+NaCl
N HFD+Simvastatin
— D +HNE

Levels (mgrdL)

Cholestera Tighycendes
Figure 3. Lipid profile with various treatments. (HFD - high fat diet;
NaCl - sodium chloride; HNB - hydrogen nanobubble).

We also performed histological analysis to see the
status of steatosis in various treatments. Each group's fat
droplet count was recorded, and the data's validity was
ensured by accounting for missing values. The group
receiving a high-fat diet without any treatment or
receiving simvastatin had the maximum fat droplet
counts; the presence of the hydrogen nanobubble yielded
lower counts despite the high-fat diet. Obviously lower
mean fat droplet counts were observed in the high-fat
diet group treated with high-dose nanobubble when
compared to the high-fat diet group treated with
simvastatin or none. Subsequent statistical test revealed
significant difference of the fat droplet counts among the
groups.

(Kruskal — Wallis H = 36. 22, p <. 001); with
Bayesian statistics (BFM= 3.9 X 10'%) indicates that this
finding is backed up extremely strongly by the data.

1250 T T T 1

1000
950
922 "p<.05
“p<.01
- "p<.001
719

500

Fat droplet court

441 ——
376 381 367

HFDnoTx  HFDSimv  HFDINB  HFDhdNB  NDnoTx NDIdNB ~ NDhdNB

Figure 4. Fat droplet counts with various treatments. The fat droplets
were counted on the HE-stained histological section at 40x
magnification. Statistical difference between groups are stated as
p<0.05(*), p<0.01(**), and p<0.001(***). Abbreviations: HFD - high-
fat diet; Simv - simvastatin; hd - high dose; 1d - low dose; NB -
hydrogen nanobubble; Tx treatment.

The figure 4 illustrates the fat droplet counts and how
the groups differ with each other. Bayesian statistics
indicates an extremely strong evidence supporting the
fact that the high-fat diet group treated with high dose
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nanobubble is indeed exhibiting lower hepatic fat droplet
counts than if without any treatment (BF10 = 236. 68).

Discussion

The survival rates observed in this study highlight
significant differences between the control groups and
various treatments administered to rats subjected to a
high-fat diet (HFD). The purpose was to assess the
impact of HNB treatment and the cholesterol-lowering
drug simvastatin on survival rates under conditions of
dietary stress. The high-fat diet alone, or in combination
with NaCl or HNB, did not adversely affect the
immediate survival of the rats. Conversely, the group
treated with simvastatin exhibited a significantly lower
survival rate of only 40%. This stark contrast
underscores the potential adverse effects of simvastatin
on the health and viability of rats, a well-established
model for Duchenne Muscular Dystrophy (DMD).
Research conducted by Mucha et al. (2021) and Verhaart
et al. (2021) consistently demonstrated that simvastatin
fails to yield any improvement in muscle function,
histology, or gene expression associated with fibrosis,
regeneration, and oxidative stress in this model. In stark
contrast, simvastatin treatment has been associated with
a detrimental increase in muscle tissue necrosis, failing
to enhance muscle function, grip strength, or the specific
force of single muscles.

Furthermore, Braga et al. (2018) uncovered that
simvastatin significantly impairs muscle regeneration by
inhibiting critical processes such as myoblast
proliferation and myotube formation. Collectively, these
findings robustly suggest that simvastatin treatment,
especially in the context of a high-fat diet, can indeed
exacerbate health conditions leading to a lowered
survival rate in rat. The convergence of evidence across
independent laboratories underscores the necessity of re-
evaluating the use of simvastatin in models of muscular
dystrophy, particularly concerning its potential to
compromise survival by adversely affecting muscle
health and regeneration.

The results demonstrate that dietary regimens and
supplementation  profoundly affect hematological
parameters and organ health in the studied animal model.
The decrease in WBC and lymphocyte counts in the
A25 group suggests a suppressive effect on the immune
system, potentially beneficial in conditions characterized
by immune hyperactivity. Following nanobubble
treatment with hydrogen, a significant decrease in WBC
counts was observed, indicating a dose-dependent
immunomodulatory effect (Hashemi et al., 2023; Nghia
et al., 2022). This decrease in WBC counts was mirrored
in the lymphocyte and monocyte populations, suggesting
an altered immune response post-treatment (Youmin et
al.,, 2022; Liu et al., 2022). The immunomodulatory
effects of nanobubbles, particularly in the context of
immune cell counts, highlight the potential of
nanobubble technology to influence immune responses.
The observed changes in WBC, lymphocyte, and
monocyte counts post-nanobubble treatment underscore
the intricate interplay between nanobubbles and the

immune  system, showcasing the  promising
immunomodulatory capabilities of nanobubble therapy
using hydrogen (Karol et al, 2022).

The increase in RBC counts and hemoglobin levels in
the same group may reflect an improved erythropoietic

function or a response to increased physiological demand.

The nanobubble treatments containing hydrogen
influenced erythropoiesis by affecting red blood cell
counts and hemoglobin levels. Studies on nano-
encapsulated forms of erythropoietin showed enhanced
erythropoietic activity with specific polymers like pectin
(Khasenbekova et al., 2014). Additionally, nanobubbles
containing hydrogen, oxygen, and nitrogen were found to
activate mitochondria and promote cell growth, which
could impact erythropoiesis (Kamei, 2019). Furthermore,
resecarch on oxygen nanobubbles demonstrated
significant effects on tumor growth inhibition and
epigenetic regulation, including hypermethylation of
specific genes, which could influence erythropoiesis
(Han, 2022). These findings collectively suggest that
nanobubble treatments, particularly those containing
hydrogen, have the potential to modulate erythropoiesis
through various mechanisms, highlighting their impact
on red blood cell production and hemoglobin levels.

The significant elevation in platelet counts in the A25
group could indicate a pro-thrombotic state or an
adaptive response to inflammation. Elevated platelet
counts have been linked to adverse outcomes in
conditions like ischemic stroke when combined with
high levels of C-reactive protein (HS-CRP) (Liu et al.,
2023). In cancer patients, higher platelet levels before
and after diagnosis were associated with poorer survival
rates, suggesting a potential prognostic value (Vasiliy,
2022). Moreover, in individuals with comorbid Type 2
Diabetes Mellitus (T2DM) and Major Depressive
Disorder (MDD), enhanced platelet hyperactivation and
inflammation were observed, increasing the risk of
vascular complications (Saharia et al., 2022).
Additionally, in T2DM patients post-NSTE-ACS,
platelet-dependent thrombus burden was associated with
mortality, highlighting the interplay between thrombosis
and inflammation (Viswanathan et al., 2022). Therefore,
elevated platelet counts may indeed reflect a pro-
thrombotic state and an adaptive response to
inflammation in various clinical scenarios. However, the
minimal changes in MPV and PDW suggest that while
platelet production is affected, the size and variability of
platelets remain stable. The study on nanobubble
treatment involving hydrogen in rats demonstrated
significant effects on platelet production (Karol et al.,
2022; Li et al., 2018; Takeuchi et al., 2012). Specifically,
the introduction of oxygen and air-nanobubble water led
to notable enhancements in the weight and length of rats,
indicating a positive impact on growth (Ebina et al.,
2013). Moreover, hydrogen was found to inhibit
collagen-induced platelet aggregation, suggesting a
potential influence on platelet production (Beéirovié,
2023). However, the study did not directly address
minimal changes in mean platelet volume (MPV) and
platelet distribution width (PDW) as indicators of platelet
production. While the data supports the overall benefits
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of nanobubble treatments on growth and platelet
aggregation, further research specifically focusing on
MPV and PDW alterations would be necessary to
conclude their direct impact on platelet production.

The wvariations in liver enzyme levels across
treatments highlight the potential hepatoprotective or
hepatotoxic effects of the diets and treatments.
Specifically, normalizing these enzymes in the A25
group may indicate a protective effect against diet-
induced hepatic damage. Hydrogen nanobubbles have
been found to possess anti-inflammatory properties and
can improve hepatic inflammation and metabolic
dysfunction, making them beneficial for chronic liver
diseases (Liu et al., 2022). On the other hand, oxygen-
sufficient nanobubbles have been designed to enhance
sonodynamic therapy efficacy by providing oxygen to
overcome the hypoxic tumor microenvironment,
effectively inhibiting tumor growth (Tan et al., 2021).
Additionally, nanobubbles loaded with a sono'sensitizer
and a ferroptosis promoter have shown enhanced
sonodynamic therapy and potent ferroptosis induction,
offering a novel approach for treating hepatocellular
carcinoma (Chen et al, 2022). These findings
collectively suggest that hydrogen nanobubbles hold
hepatoprotective potential by targeting inflammation,
improving therapy efficacy, and inducing cell death in
liver diseases.

The relative organ weight findings, particularly the
increase in liver weight under high-fat conditions,
underscore the metabolic challenges posed by such diets.
The increase suggests lipid accumulation or liver
hypertrophy, common responses to excessive dietary fat
intake. Studies have shown that high-fat diets lead to
hepatic lipid accumulation (Soares et al, 2018;
Nagumalli et al, 2022), alterations in fatty acid
composition (Honma et al., 2012), and increased
susceptibility to hepatic steatosis and injury (Graham et
al., 2023).

Furthermore, multi-generational exposure to high-fat
diets has been linked to increased lipid accumulation in
adipose tissue, elevated serum lipid and glucose levels,
and changes in enzyme activities associated with fatty
acid metabolism (Takasaki et al., 2012). These findings
collectively highlight the detrimental effects of excessive
dietary fat intake on lipid metabolism, liver health, and
overall metabolic homeostasis in rats.

The lipid profile changes observed under different
dietary conditions and treatments emphasize the
importance of diet in managing lipid metabolism. The
increased triglycerides in the HFD groups underscore the
risk of dyslipidemia associated with high-fat diets.
Hydrogen and oxygen nanobubble treatments have
shown promising effects on lipid levels in rats. Studies
have demonstrated that hydrogen nano-bubble water
(HW) can significantly reduce lipid accumulation in
adipocytes and adipose tissue equivalents, potentially
inhibiting adipogenesis and inflammation associated with

obesity-related metabolic disorders (Xiao & Miwa, 2021).

On the other hand, oxygen nanobubbles have been
explored for their impact on tumor growth in breast
cancer-bearing rats, showing a significant decrease in

tumor size and weight, along with alterations in gene
expression related to tumor growth and angiogenesis
(Black et al., 2012). These findings suggest that both
hydrogen nanobubbles may have beneficial effects on
lipid levels in rats, with hydrogen nanobubbles
potentially targeting adipose tissue metabolism and
oxygen nanobubbles affecting tumor growth and related
gene expression. The effects of treatments on lipid levels,
particularly the potential for certain treatments to
mitigate these effects, warrant further investigation into
their mechanisms of action and long-term implications
on cardiovascular health.

High-fat diets affect the liver health directly, by
inducing steatosis or fat deposition in the liver (fatty
liver). Our study showed that the rats receiving high fat
diet show the highest fat droplet counts. The
administration of simvastatin did not change the situation,
however, the administration of hydrogen nanobuble
resulted in a substantial decrease in mean fat droplet
count. These results imply that the intervention of
nanobubble have a statistically significant effect on
reducing fat droplet counts, particularly when compared
to the high-fat diet groups without treatment. We
included Bayesian statistical testings to measure the
strength of the evidence supporting the finding. The
presence of statistical significance, as well as the Bayes
factor, indicates that these are not random variations but
potentially meaningful differences attributable to the
interventions applied.

Conclusion

The compilation of results presented in this study
forms a robust matrix of evidence regarding the
deleterious effects of a high-fat diet on rats, particularly
when paired with certain treatments such as simvastatin.
The high fat droplet counts and decreased survival rates
in rats treated with simvastatin underscore the need for a
careful re-evaluation of this treatment in the context of
high-fat dietary conditions. On the contrary, the
administration of hydrogen nanobubbles appears to
attenuate the adverse effects typically associated with a
high-fat diet, as evidenced by a substantial decrease in
mean fat droplet counts and altered hematological and
liver enzyme levels, suggesting a protective
immunomodulatory and hepatoprotective role. Our
findings, supported by Bayesian statistical testing,
provide a compelling argument for the consideration of
nanobubble technology as a potential therapeutic
intervention in conditions exacerbated by high-fat diets.
Future studies are warranted to further elucidate the
underlying mechanisms and long-term impacts of
nanobubble treatment in the modulation of diet-induced
pathologies. The convergence of traditional statistical
significance with Bayesian evidence strengths adds a
rigorous dimension to our conclusions, reinforcing the
validity of the observed differences as treatment-specific
effects rather than mere statistical anomalies.
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