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Abstract: Lipid droplet (LD) accumulation in hepatocytes is one of the major symptoms associated
with fatty liver disease. Mitochondria play a key role in catabolizing fatty acids for energy production
through p-oxidation. The interplay between mitochondria and LD assumes a crucial role in lipid
metabolism, while it is obscure how mitochondrial morphology affects systemic lipid metabolism
in the liver. We previously reported that cilnidipine, an already existing anti-hypertensive drug,
can prevent pathological mitochondrial fission by inhibiting protein—protein interaction between
dynamin-related protein 1 (Drp1) and filamin, an actin-binding protein. Here, we found that cilni-
dipine and its new dihydropyridine (DHP) derivative, 1,4-DHP, which lacks Ca?* channel-blocking
action of cilnidipine, prevent the palmitic acid-induced Drpl-filamin interaction, LD accumulation
and cytotoxicity of human hepatic HepG2 cells. Cilnidipine and 1,4-DHP also suppressed the LD
accumulation accompanied by reducing mitochondrial contact with LD in obese model and high-fat
diet-fed mouse livers. These results propose that targeting the Drpl-filamin interaction become a
new strategy for the prevention or treatment of fatty liver disease.

Keywords: lipid droplet; mitochondria fission; fatty liver disease; cilnidipine

1. Introduction

Lipid droplets (LDs) represent dynamic and metabolically active cellular components,
characterized by a hydrophobic core containing neutral lipids (mainly triglycerides and
cholesterol esters) surrounded by a phospholipid monolayer [1,2]. This monolayer incor-
porates diverse proteins and enzymes involved in neutral lipid synthesis or metabolism.
The liver is responsible for systemic lipid synthesis and metabolism, and the accumulation
of LDs is a major symptom of fatty liver disease including nonalcoholic fatty liver disease
(NAFLD) and nonalcoholic steatohepatitis (NASH). The number of patients diagnosed
with NAFLD or NASH is increasing every year, and more effective therapies for NASH are
needed. Liver biopsy is a diagnostic method for NASH, but it is burdensome and difficult
to remark on as an early diagnostic method [3]. Hence, the establishment of early diagnosis
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and preventive treatment methods for this disease is urgently needed. Given this current
situation, the development of drugs that inhibit LD accumulation in the liver is expected to
be a new strategy to control the progression of fatty liver disease.

It has been suggested that mitochondria-mediated energy metabolism is associated
with the formation and maintenance of LDs, and physical interactions between mitochon-
dria and LDs are also implicated in the LD maintenance. Mitochondria intake fatty acids
(FAs) and contribute to ATP production through the citric acid circuit and 3 oxidation [4].
Mitochondrial FA (3 oxidation stands as the primary pathway for FA degradation into
acetyl units [5]. Under physiological conditions, the association of mitochondria with LDs
is important in both lipid synthesis and metabolism aspects [4,6]. Mitochondria around the
LD perform lipid synthesis via perilipin 5 and other factors [6]. Mitochondria are known
to have high metabolic capacity via the citric acid circuit and electron transfer system [4].
Under cold conditions, brown adipocyte mitochondria actively induce uncoupling pro-
tein 1-mediated heat production by coming into contact with LDs [7]. In pathological
conditions, however, dysfunctional mitochondrial bodies and metabolic abnormalities
occur [8]. As a result, lipotoxicity is caused by the oxidation of free FAs and abnormal
lipid metabolism [8,9]. The interplay between mitochondria and LDs assumes a crucial role
in lipid metabolism [8]. Although mitochondria are dynamic organelles that can flexibly
change their shape through fission and fusion [10], the relationship between mitochondrial
quality and LDs is not well understood. Recent findings indicate that mitochondrial fu-
sion is essential for oxidizing FAs released from LDs in mouse embryonic fibroblasts [11].
Dynamin-related protein 1 (Drp1) is activated locally at the site of mitochondrial fission
through its interaction with actin [12]. We previously reported that the actin-binding
protein filamin A (FLNA) acts as a guanine nucleotide exchange factor for Drpl and
mediates mitochondrial fission-associated myocardial senescence in mouse hearts after
myocardial infarction [13,14]. In addition, cilnidipine, a dihydropyridine (DHP)-derived
voltage-dependent L/N-type Ca?* channel blocker that has been clinically approved as
an anti-hypertensive drug, was found to inhibit the Drpl-FLNA interaction caused by
hypoxic stress and myocardial senescence-associated chronic heart failure [13,14]. In this
study, we seek to understand whether the Drpl-FLNA protein complex is involved in
hepatic LD accumulation caused by a high-fat diet (HFD) and whether cilnidipine and
its derivative, 1,4-DHP, which only lacks CaZt channel-blocking action of cilnidipine, has
therapeutic potency with respect to fatty liver in obese mice.

2. Results
2.1. Treatment with Cilnidipine Reduced LDs Accompanied with Suppression of Palmitic Acid
(PA)-Induced Drpl1-FLNA Complex

We examined the effect of cilnidipine on PA-induced formation of LDs in HepG2 cells.
Previous reports showed that the ICsy value for cilnidipine’s inhibition of mitochondrial
hyperfission is approximately 70 nM, with a level of inhibition comparable to its L/N-type
Ca?* channel-blocking activity, and 1 uM cilnidipine can inhibit hypoxia-induced mito-
chondrial fission by >90%, without any toxicities in neonatal rat cardiomyocytes [13,15].
Treatment with 1 uM cilnidipine suppressed PA-induced increase in the size and number
of LDs (Figure 1A-C). PA reduced the area of mitochondria—LD contact, and cilnidipine
prevented the decrease in mitochondria—LD contact and cell death caused by PA expo-
sure (Figure 1D-H). Treatment with cilnidipine suppressed PA-induced formation of the
Drp1-FLNA protein complex (Figure 1L], Supplemental Figure S1). These data suggest
that cilnidipine reduces PA-induced LD accumulation and cytotoxicity of HepG2 cells by
preserving mitochondria—LD contact through inhibiting Drpl1-FLNA interactions.
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Figure 1. Treatment with cilnidipine reduces LDs in HepG2. (A-C) Effects of cilnidipine on palmitic
acid (PA)-induced LDs. (A) Representative imaging of HepG2 cells treated with 30 uM of PA with or
without cilnidipine (1 uM). (B,C) Number (B) and area (C) of LDs for each cell. (D) Representative
images of contact between mitochondria (green) and LDs (blue). (E,F) Quantitative results of (D).
(E) Size of LDs in each cell (n = 57-108 cells) and (F) area of mitochondria-LD contact (area shown by
light blue). (G,H) Effects of cilnidipine on PA-induced (G) cytotoxicity and (H) viability. Cell death
was induced by exposure to PA for 24 h. (I) Representative images of the Duolink proximity ligation
assay (PLA) between Drpl and FLNA. PLA signals are shown as white spots (yellow arrowhead)
counterstained with phalloidin (green) and DAPI (blue). (J) Number of PLA signals for each cell
with or without cilnidipine treatment (>150 cells). Data are means + SEM (n = 3 in each group).
Significance was determined using one-way ANOVA followed by Tukey’s comparison test. Scale
bars: 10 pm (A,D,I).

2.2. Treatment with Cilnidipine Improved Liver Injury and LDs in ob/ob Mice

Next, we investigated whether the treatment of cilnidipine suppresses the progression
of NAFL using two hyperlipidemic NAFL model mice. Liver damages were assessed by
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plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST).
Treatment with cilnidipine attenuated the increases in plasma ALT and AST levels of ob/ob
mice (Figure 2A,B). Cilnidipine also suppressed the increase in plasma total cholesterol
(TCHO) level, an index for lipid metabolism (Figure 2C). Triglyceride (TG) level was not
increased in ob/ob mice (Figure 2D). Transmission electron microscope (TEM) images
revealed the obvious induction of steatosis in ob/ob mouse livers (Figure 2E). The aver-
age volume of LDs was significantly increased in ob/ob mice compared with wild-type
(WT) mice. Treatment with cilnidipine decreased LD volume (Figure 2E,F), and increased
contact between mitochondria and LDs (Figure 2G,H). The physical contact between mito-
chondria and LDs are reportedly implicated in LD synthesis and lipid degradation/lipid
metabolism [4,6]. Not only mitochondrial fission factors but also fusion factors, endoplas-
mic reticulum (ER) stress, oxidative stress, inflammation and others are known to cause
abnormalities in lipid metabolism [16,17]. However, focusing on mRNA expression changes,
the expression levels of genes related to mitochondrial fusion factors (Opal, mitofusin
(Mfn) 1/2), ER stress (ATF6) and inflammation (IL-6, TNF-«, IL-1$3) were not significantly
increased in the liver of ob/ob mice (Supplemental Figure S2). These data suggest that
cilnidipine improves hyperlipidemia in the liver by increasing mitochondria-LD contact.
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Figure 2. Treatment with cilnidipine improves liver injury and LDs in ob/ob mice. (A-D) Effect of
cilnidipine on plasma levels of ALT (A), AST (B), TCHO (C) and TG (D) (n = 5 mice in each group).
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(E) Representative TEM images of mouse livers. (F) Quantitative result of LD areas using Image]
(Version 1.54g) n = 30 cells in each group). (G) Representative TEM images of mitochondria-LD
contact (shown by red line). Individual mitochondria and LD are marked in blue line. (H) Quantitative
result of mitochondria-LD contact using Image] (n = 30 cells in each group). Data are means + SEM.
Significance was determined using one-way ANOVA followed by Tukey’s comparison test. Scale
bars: 5 um (E) and 1 pm (G).

2.3. Treatment with Cilnidipine Improved HFD-Induced LDs

In mice with HFD, the increases in plasma ALT, AST, TCHO, and TG levels were
mild compared with data ob/ob mice (Figure 2A-D) and cilnidipine failed to reduce them
(Figure 3A-D). However, cilnidipine treatment significantly decreased liver LD volumes in
mice fed with HFD (Figure 3E,F). In the livers of mice fed HFD, the expression levels of
mRNAs related to mitochondrial fusion factors, inflammatory factors, ER stress-related
factors, as well as oxidative stress (SOD1 and SOD2) and autophagy (PINK), were not
significantly changed (Supplemental Figure S3). These data suggest that cilnidipine can
suppress HFD-induced LD accumulation in the liver, despite insufficient therapeutic effects
for mild liver impairment.
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Figure 3. Treatment with cilnidipine improves HFD-induced LD accumulation. (A-D) Effect of
cilnidipine on plasma levels of ALT (A), AST (B) TCHO (C) and TG (D) (n = 10 mice in each group).
(E) Representative TEM images of livers. Scale bar: 5 um. (F) Quantitative result of LD formation
using Image] (n = 30 cells in each group). Data are means & SEM. Significance was determined using
student’s ¢-test.

2.4. Treatment with 1,4-DHP Also Reduced LDs and Suppressed PA-Induced
Drpl-FLNA Complex

Cilnidipine has Ca?" channel inhibitory activity and decreases blood pressure. We
recently developed a dihydropyridine derivative without Ca?* channel inhibitory ac-
tivity, (E)-3-(2-methoxyethyl) 5-(3-(pyridin-4-yl)allyl) 2,6-dimethyl-4-(2-nitrophenyl)-1,4-
dihydropyridine-3,5-dicarboxylate (1,4-DHP), which suppressed mitochondrial fission
induced by hypoxia without Ca?* channel inhibitory activity (Figure 4A) (W02020241638
(Akio Ojida, Naoya Shindo, Akiyuki Nishimura, Motohiro Nishida)). Treatment of HepG2
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cells with 1,4-DHP suppressed PA-induced formation of LDs (Figure 4B-D). Treatment with
1,4-DHP suppressed the reduction of mitochondria—LD contact caused by PA exposure
(Figure 4E-G). Additionally, 1,4-DHP suppressed PA-induced Drp1-FLNA protein complex
formation (Figure 4H,I, Supplemental Figure S4). These data suggest that 1,4-DHP reduces
LD accumulation through inhibiting Drp1-FLNA interactions.
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Figure 4. 1,4-DHP reduces PA-induced LD accumulation in HepG2. (A) Chemical structures of
cilnidipine and 1,4-DHP. (B-D) Effects of 1,4-DHP on PA-induced LDs. (B) Representative imaging
of HepG2 cells treated with 30 uM of PA with or without 1,4-DHP in HepG2. Number (C) and area
(D) of LDs for each cell. (E) Representative images of contact between mitochondria (green) and LDs
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(blue). (F,G) Quantitative results of (E). (F) Size of LDs in each cell (n = 63-108 cells) and (G) the area
of mitochondria-LD contact (shown by merged color (light blue)). (H) Representative PLA images
between Drpl and FLNA. PLA signals are shown as white spots (yellow arrowhead) counterstained
with phalloidin (green) and DAPI (blue). (I) Number of PLA signals for each cell with or without
1,4-DHP treatment (>150 cells). Data are means + SEM (n = 3-5 in each group). Significance was
determined using one-way ANOVA followed by Tukey’s comparison test. Scale bars: 10 um (B,E,H).

2.5. Treatment with 1,4-DHP Improved Liver Injury and LDs in ob/ob Mice Fed HFD

We further investigated whether inhibition of the Drpl-FLNA complex could improve
severe hepatic steatosis, using ob/ob mice fed with HFD. Treatment with cilnidipine
failed to attenuate the increases in plasma ALT levels in ob/ob mice fed HFD, while
treatment with 1,4-DHP significantly reduced plasma ALT level in ob/ob mice fed HFD
(Figure 5A). Plasma AST was unchanged among respective groups (Figure 5B). Treatment
with cilnidipine and 1,4-DHP prevented the increase of TCHO (Figure 5C), and 1,4-DHP
significantly reduced plasma TG level (Figure 5D). Treatment with 1,4-DHP decreased
LD accumulation in the liver of ob/ob mice fed HFD (Figure 5E,F). TEM images revealed
that 1,4-DHP increased physical contact between mitochondria and LDs (Figure 5G,H).
In the liver of the HFD-fed ob/ob mouse, there were no significant changes in mRNA
expression levels related to mitochondrial fusion, inflammation, oxidative stress or ER
stress (Supplemental Figure S5). These data suggest that selective inhibition of Drp1-
FLNA interactions by 1,4-DHP improves dyslipidemia and LD accumulation in the liver by
increasing mitochondria-LD contact.
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Figure 5. Treatment with 1,4-DHP improves liver injury and LDs in ob/ob mice fed HFD. (A-D) Effect
of cilnidipine or 1,4-DHP on plasma levels of ALT (A), AST (B), TCHO (C) and TG (D) (n = 5 mice in
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each group). (E) Representative TEM images of livers. (F) Quantitative data of steatosis using Image].
(G) Representative TEM images of mitochondria—LD contact. (H) Quantitative data of mitochondria—
LD contact using Image] (n = 30 cells in each group). Data are means = SEM (n = 30 cells in each
group). Significance was determined using one-way ANOVA followed by Tukey’s comparison test.
Scale bars: 5 um (E) and 1 um (G).

2.6. Knockdown of Drp1 and FLNA Suppressed LD Formation in HepG2 Cells

We tested whether the Drp1-FLNA complex is directly involved in LD formation
by silencing Drpl and FLNA. We validated the knockdown efficiency of siRNAs, and
confirmed that the mRNA expression levels of Drp1 and FLNA were markedly decreased
by the treatment with siRNA (120 nM) (Supplemental Figure S6A,B). However, as the
cellular conditions were not optimal under 120 nM treatment, we reduced the siRNA
concentration to 30 nM, where we preliminarily confirmed that it exhibited a knockdown
efficiency comparable to 120 nM without causing cell damage. Subsequently, upon treating
HepG2 cells with each siRNA (30 nM), we found a significant inhibition of the increase in
LD number and the enlargement of LDs caused by PA exposure (Figure 6A-D). While it
cannot be concluded solely based on these results that cilnidipine and 1,4-DHP directly
inhibits the Drp1-FLNA protein complex, considering the inhibitory effect of cilnidipine
and 1,4-DHP on the Drpl-FLNA complex in the PLA assay and our previous reports using
cardiac cells [13], cilnidipine and 1,4-DHP may suppress the PA-induced increase in LD
number and the enlargement of LDs by inhibiting Drp1-FLNA complex formation.
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Figure 6. Knockdown of Drpl and FLNA suppresses LD formation in HepG2 cells. (A-C) Effect
of Drp1 siRNA knockdown on LD accumulation of HepG2 cells exposed to PA (30 uM) for 24 h.
(A) Representative images of HepG2 cells treated with or without Drpl siRNA. Average number (B)
and area (C) of LDs in each cell (n = 65-115 cells per experiment). (D-F) Effect of FLNA siRNA on
PA-induced LD formation. (D) Representative images of HepG2 cells treated with or without FLNA
siRNA. Average number (E) and area (F) of LDs in each cell (n = 70-129 cells per experiment). NC:
negative control. Data are means &+ SEM (n = 3 in each group). Significance was determined using
one-way ANOVA followed by Tukey’s comparison test. Scale bars: 10 um (A,D).

2.7. Cilnidipine Improved Fatty Acid Oxidation (FAO)

Next, we tested whether cilnidipine prevents metabolic dysfunction caused by long-
time PA exposure using FAO assay (Figure 7A) [18]. Exposure to excess fatty acid is reported
to cause reduction of mitochondrial function in cells [19]. Treatment with PA for 24 h re-
duced the basal and maximal oxygen consumption rate (OCR) in HepG2 cells, and cilnidip-
ine treatment prevented the PA-induced respiratory dysfunction (Figure 7B-D). ATP pro-
duction and spare capacity were not significantly changed (Figure 7B,E,F). These data sug-
gest the protective effect of cilnidipine against PA-induced abnormal fatty acid metabolism.
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Figure 7. Cilnidipine improves PA-induced respiratory dysfunction of HepG2 cells. (A) Experimental
scheme of FAO assay. (B) Oxygen consumption rate (OCR) of HepG2. Cells were pretreated with 200 uM
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PA or BSA for 24 h with or without 1 uM cilnidipine in substrate-limited D-MEM media supplemented;
cells were changed in FAO assay medium and incubated in non-CO, free incubator. Cells were
stimulated with PA or BSA just before OCR measurement. Group names were defined by the
order in which reagents were added. OL: oligomycin, FCCP: carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone, ROT: Rotenone, ANT: antimycin. (C-F) Average basal respiration (C), maximal
respiration (D), ATP production (E) and spare capacity (F). Data are means £ SEM (n = 3 in each
group). Significance was determined using one-way ANOVA followed by Tukey’s comparison test.

3. Discussion

During periods of fasting and feeding, hepatocytes engage in the synthesis, storage
and secretion of lipids to uphold overall lipid homeostasis. The processes of external FA
uptake and internal de novo synthesis are intricately balanced by the rates of FA degra-
dation and the secretion of bile acids into canaliculi via predominantly ATP-dependent
transporters, along with the release of lipoproteins into circulation through the secretory
apparatus. These processes are subject to regulation by various factors, including substrate
availability and metabolic hormones. Under normal physiological conditions, the liver
stores only modest amounts of FAs as lipids in cytosolic LDs [20]. Disruptions in the
equilibrium among LD formation, mobilization and the secretion of lipoproteins or bile
acids can result in pathological lipid accumulation, a condition such as NAFLD. This often
manifests in cases of obesity, where adipose tissue exceeds its lipid storage capacity, leading
to an overflow of lipids into the liver [21]. Characterized by the formation of numerous
large LDs in hepatocytes, NAFLD encompasses various histopathological stages, ranging
from clinically asymptomatic hepatic steatosis to NASH, marked by inflammation, fibrosis
and occasionally cirrhosis [1,22]. However, not all obese individuals develop steatosis, and
only a small percentage progress to NASH [23,24]. The cellular processes underlying the
development of NAFLD and progression to NASH remain inadequately understood. In the
past decade, genome-wide association studies have identified multiple genomic sequence
variations linked to an elevated risk of chronic liver disease [25,26]. Obesity and dietary
factors significantly exacerbate this risk in individuals carrying these identified genetic
factors [27]. As obesity becomes more prevalent, NAFLD is on the rise, affecting approx-
imately 20-30% of the population in Western countries and a total of around 1.8 billion
people worldwide [28-30]. A comprehensive understanding of the cellular and molecular
processes disrupting liver lipid metabolism is crucial to identifying novel pharmacological
targets and developing effective treatment strategies.

We used ob/ob mice and HFD-fed mice as a mild fatty liver model. Generally, in
fatty liver, abnormal increases in serum parameters such as AST, ALT [23]. In this study,
we showed that excessive fat accumulation occurs in ob/ob mice and HFD-fed mice.
We also showed that AST and ALT were increased in ob/ob mice compared with WT
mice. Therefore, these data suggest that the ob/ob mice and the HFD-fed mice mimic
mild fatty liver disease. Treatment of cilnidipine reduced hepatic LDs in ob/ob mice
and HFD-fed mice. In ob/ob mice, treatment of cilnidipine improved liver function
markers such as AST and ALT. On the other hand, treatment of cilnidipine did not improve
AST and ALT in mice fed HFD. Mitochondrial dysfunction has been identified in liver
tissue of individuals with fatty liver disease, manifesting through varying degrees of
ultrastructural damage to mitochondria, abnormal morphological alterations, reduction
in respiratory chain activity, ATP depletion, heightened permeability of both outer and
inner mitochondrial membranes, excessive reactive oxygen species (ROS) production,
oxidative stress-mediated deletions of mitochondrial DNA and impaired mitochondrial
[-oxidation [31-33]. Recent investigations strongly suggest that mitochondrial dysfunction
plays a pivotal role in the onset and progression of NAFLD [34]. However, the precise
mechanism by which mitochondrial dysfunction contributes to NAFLD remains not entirely
elucidated. Factors such as diminished fatty acid oxidation (FAO), increased delivery and
transport of free FAs into the liver, and elevated hepatic FA synthesis have been implicated
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in the pathogenesis of NAFLD [31]. Mitochondrial dysfunction is associated with a decrease
in 3-oxidation of lipids, leading to the accumulation of triglycerides within hepatocytes [35].
In individuals with obesity and NAFLD, hepatocyte electron transport chain function has
been reported to moderately malfunction [36]. We also demonstrated that cilnidipine
inhibited PA-induced Drp1-FLNA complex formation in an in vitro system. This suggests
that improvement of mitochondrial function by inhibiting Drp1-FLNA complex formation
alleviates the symptoms of fatty liver.

Recently, another research group has delved into the intricate relationship among
NAFLD/NASH, mitochondrial FAO in the liver and hepatic mitochondrial quality in hu-
man subjects [37]. Liver biopsies were procured from obese patients undergoing bariatric
surgery, and they systematically correlated liver histology with the measured mitochondrial
FA oxidation in the liver tissue. The outcomes of this investigation unveiled a substantial
reduction, approximately 40-50%, in hepatic mitochondrial FA 3 oxidation in subjects
with NASH compared to control subjects exhibiting normal histology. This decline was
accompanied by an elevation in hepatic mitochondrial ROS production and reductions in
markers of mitochondrial biogenesis and mitophagy [37]. We have not fully investigated
the effects of CIL and 1,4-DHP treatments on mitochondrial oxidative stress occurring
in hepatocytes under hyperglycemic and hyperlipidemic conditions. In the future, con-
ducting analyses using techniques such as Mitosox staining may further substantiate the
hepatoprotective effects of CIL and 1,4-DHP. These findings provide compelling evidence
supporting the association between mitochondrial dysfunction and NAFLD/NASH in
humans, suggesting that impaired hepatic FAO and diminished mitochondrial quality
are closely linked to the severity of NAFLD in individuals with obesity. We showed that
treatment with cilnidipine increased the contact between mitochondria and LDs. Contact
between mitochondria and LDs involves both LD synthesis and lipid degradation/lipid
metabolism [38]. Perilipin 5-mediated mitochondria-LDs interaction promotes LD expan-
sion [38]. The mitochondrial proteins that interact with perilipin 5 are still unknown. On
the other hand, the interaction between perilipin 1 and Mfn2 is induced during lipolysis
and increases mitochondria—LD contact [38]. The mechanism of interaction that controls
the binding between mitochondria and LDs under hyper-nutrition remains unclear [38].
The liver harbors two kinds of mitochondria, cytoplasmic mitochondria and LD-associated
mitochondria (LDM) [39]. It was reported that LDM is specialized and adapted for FAO.
Hallmarks of liver LDM under an ad libitum condition include increased FAO, decreased
tricarboxylic acid flux, decreased membrane potential, decreased complex I +1II and II
+ III activities, decreased ATP levels, increased carnitine palmitoyl transferase 1 activity,
elevated Mfn2 levels, inactivated acetyl-CoA carboxylase 2 and decreased LDs size [39]. In
brown fat cells, the peroxisome proliferator-activated receptor gamma plays an important
role in heat production [40]. In this study, we showed that cilnidipine inhibits Drp1-FLNA
complex formation in HepG2 cells and reduces LD accumulation in hyperlipidemic mouse
livers. As cilnidipine restored the PA-induced FAO reduction (Figure 7), cilnidipine may
have contributed to the treatment of fatty liver disease through preserving FAO activity.

The Drp1-FLNA complex was formed during excessive FA supply or fatty liver. We
previously reported that the formation of the Drp1-FLNA complex is promoted during
hypoxia [13,14]. Accumulating evidence from the past few decades provides strong support
for the existence of interruptions in oxygen availability in fatty livers [7]. Furthermore,
activation of hypoxia-inducible factor 1-alpha is known to advance NAFLD [41,42]. Hy-
poxia response during fatty liver may promote the formation of Drpl-FLNA complex.
It has been reported that hypoxic reactions are involved not only in ischemic diseases
but also in various diseases such as amyotrophic lateral sclerosis and viral hepatitis [43].
Drp1-FLNA complex formation during hyperlipidemia may facilitate the impairment of FA
metabolism through mitochondrial dysfunction, leading to NAFLD progression. Targeting
the Drp1-FLNA complex may modulate mitochondrial morphology and control these
hypoxia-related diseases.
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Treatment of cilnidipine failed to suppress hepatic steatosis in HFD-fed ob/ob mice.
On the other hand, treatment of 1,4-DHP suppressed fat accumulation in the liver and
improved liver function (Figure 5). Cilnidipine is usually used as anti-hypertensive drug
by L/N type Ca?* channel blocker in clinical scenes, and it is possible that it could not
improve more severe diseases such as decreased insulin secretion due to Ca?* channel
blockade. Since 1,4-DHP does not inhibit L/N-type Ca?* channels, 1,4-DHP may have
little adverse effect on insulin secretion ability. Thus, improving mitochondrial quality
by inhibiting Drp1-FLNA complex formation without inhibiting Ca®* signals will be a
promising strategy for alleviating hepatic steatosis.

Ca’* homeostasis is related to the endoplasmic reticulum and mitochondria. Abnor-
malities in intracellular CaZ* are also associated with the onset of NAFLD/NASH [44].
1,4-DHP does not inhibit Ca?* channel activity. Since 1,4-DHP improved severe fatty liver
disease, 1,4-DHP may also improve signal transduction between the endoplasmic reticulum
and mitochondria. It is also possible that the formation of the Drpl-FLNA complex due to
high-fat stimulation weakens the interaction between mitochondria and the endoplasmic
reticulum, leading to a decline in mitochondrial function.

In this study, we showed that cilnidipine improved mild fatty liver disease. We showed
that 1,4-DHP improves fat accumulation and liver function in severe fatty liver. Treatment
of cilnidipine or 1,4-DHP increased contact between mitochondria and LDs. These data
suggest that increasing mitochondria-LD interactions improves lipid metabolism. Fur-
thermore, in severe fatty liver disease, the interaction between mitochondria, LDs and
the endoplasmic reticulum may become important in the progression of the disease. On
the other hand, it is also known that fatty liver and high blood pressure tend to coexist.
When fatty liver and hypertension coexist, cilnidipine may be more beneficial for patients.
This study suggests that elucidation of the interaction between mitochondria, endoplasmic
reticulum and LDs and its regulatory mechanism through the Drp1-FLNA complex can
lead to new therapeutic strategies for fatty liver disease such as NAFLD/NASH.

4. Materials and Methods
4.1. Cell Culture and Oil-Red-O Staining

We cultured HepG2 cells in low glucose (5 mM) Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% FBS and 1% penicillin and streptomycin. We seeded
HepG2 cells at a density of 2 x 10* cells/well on 35 mm Glass Bottom dish (MATSUNAMI,
Osaka, Japan) and incubated cells overnight. Cells were treated with or without cilnidipine
(1 uM) or 1,4-DHP (1 uM) for 1 h and then PA (30 uM) was added for 24 h. BSA conjugated
PA (Cayman Chemical, Ann Arbor, MI, USA) was used for PA, and BSA solution (Cayman)
of the same composition was used as control. For Control, BSA solution was diluted so
that the final concentration of diluted BSA conjugated PA and BSA were the same. We
assessed PA-induced LD formation in HepG2 cells by Oil-Red-O staining. After fixation in
4% paraformaldehyde (PFA) for 10 min, the cells were stained with Oil-red-O solution for
20 min. The Oil-Red-O stock solution was prepared by mixing 10 mL of 99% isopropanol
with 30 mg of Oil-Red-O and heating the mixture at 60 °C overnight. For experimental use,
the Oil-Red-O stock solution was combined with Milli-Q deionized water at a ratio of 6:4 to
prepare the Oil-Red-O working solution. The Oil-Red-O working solution was used within
1 h after preparation. After replacing with Ca?* and Mg?*-free phosphate buffered saline
(PBS), the cell images were captured by BZ-800 microscopy (KEYENCE, Osaka, Japan).

4.2. Palmitate (PA)-Induced Cell Death

HepG2 cells were seeded at a density of 2 x 10* cells/well on 96-well culture plates
and incubated overnight. Cells were treated with or without cilnidipine (1 uM) for 1 h
and then PA was added for 24 h. We assessed PA-induced cell death in HepG2 cells by
measuring LDH release and MTT assays as described previously [45].
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4.3. Live Cell Imaging

HepG2 cells with cilnidipine (1 uM) or 1,4-DHP (1 uM) and PA (30 uM) were washed
with Ca%* and Mg2+-free Hank’s Balanced Salt Solution (HBSS) (Thermo Fisher Scientific,
Waltham, MA, USA). Then cells were stained with Lipi-blue (200 nM) and Mitobright
LT Green (100 nM) (Dojindo, Kumamoto, Japan) and incubated at 37 °C. After staining,
cells were washed with HBSS twice. Images were captured using a confocal microscope
(LSM900, ZEISS, Oberkochen, Germany).

4.4. Visualization of Drpl1-FLNA Interactions

To determine Drpl and filamin interaction in HepG2, PLA assay was conducted
using Duolink PLA Fluorescence (Sigma Aldrich, Burligton, MA, USA) according to the
manufacturer’s instructions. HepG2 cells were seeded at a density of 1.5 x 10* cells/well
on flexiparm. Cells were treated with or without cilnidipine (1 pM) or 1,4-DHP (1 pM) for
1 h and then PA (30 uM) was added for 24 h. After 4% PFA fixing and blocking, cells were
incubated with mouse anti-Filamin (Santa Cruz, Dallas, TX, USA, 1:50) and rabbit anti-Drp1
(Abcam, Cambridge, UK, 1:500) at 4 °C overnight followed by PLA probe incubation for 1 h.
The ligation (1 h) and amplification (2 h) steps were performed in 37 °C chamber and livers
were nuclear stained with DAPI and phalloidin. Images were captured using a confocal
microscope (LSM900, ZEISS).

4.5. Animals

Male C57BL/6 mice (19-23 g, 7-10 weeks old) and ob/ob mice were obtained from
SLC (Shizuoka, Japan). All mice were housed in individually ventilated cages with poplar
wood chip bedding in groups of three mice per cage and maintained under controlled
environmental conditions (12 h light/12 h dark cycle, room temperature 21-23 °C and
humidity 50-60%) with free access to water and feed pellets. All procedures used in this
study were approved by the ethics committees at the Animal Care and Use Committee,
Kyushu University.

4.6. NAFL Model

All mice were anaesthetized with medetomidine (0.3 mg/kg), midazolam (4 mg/kg)
and butorphanol (5 mg/kg) via i.p. injection, then osmotic pumps (ALZET, Cupertino,
CA, USA) were intraperitoneally implanted for sustained administration of cilnidipine,
1,4-DHP or vehicle. In ob/ob mice, cilnidipine (5 mg/kg/day) was first administered for
3 weeks, then the concentration was increased to cilnidipine (20 mg/kg/day) for 3 weeks.
HFD (D12492, Research Diets, Inc., New Brunswick, NJ, USA) was fed for 4 weeks prior
to injection of vehicle or cilnidipine (5 mg/kg/day) to create HFD-induced diabetic mice.
These mice were fed HFD for 14 weeks after administration. Ob/ob mice were fed HFD
to create a model of severe NAFL. In ob/ob mice fed HFD, cilnidipine (5 mg/kg/day),
1,4-DHP (5 mg/kg/day) or vehicle was administered for 3 weeks. The liver was taken.
Blood samples were collected from the caudal vena cava and centrifuged at 10,000 g for
10 min.

4.7. Plasma Biochemical Analysis

Plasma levels of AST, ALT, TG and TCHO were measured by using an automated
biochemical analyzer (Fuji Dri-chem NX5000; Fujifilm Medical, Tokyo, Japan).

4.8. Transmission Electron Microscopy

Mouse liver tissues were pre-fixed for 3 h on ice using 2% paraformaldehyde solution
containing 0.15 M sodium cacodylate and 2 mM CaCl, (pH 7.4), and cut out into 1-2 mm
cubes. After washing with 0.15 M cacodylate solution, block tissues were immersed in
solution containing 2% osmium tetroxide, 1.5% potassium ferrocyanide, 0.15 M sodium
cacodylate and 2 mM CaCl, (pH 7.4) for 1.5 h at room temperature. After washing with
distilled water, tissue cubes were immersed in 0.01 mg/mL thiocarbohydrazide solution
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for 40 min and then post-fixed using 2% osmium for 1 h. En bloc staining was performed
by immersing tissues in a solution of 1% uranium acetate overnight at 4 °C and they were
then immersed in an aqueous solution of lead aspartic acid for 60 min with oven-frying.
After dehydration with graded series of ethanol and acetone, specimens were embedded
with durcupan resin. The surface (70-nm thickness) of resin-embedded tissue was exposed
using a diamond knife on an Ultracut UC7 (Leica Microsystems, Vienna, Austria). The
surface of embedded tissue was imaged with a Veleta CCD camera (Olympus, Hamburg,
Germany) equipped on JEOL1010 (JEOL, Tokyo, Japan). The area of LDs and mitochondria
was analyzed using Image ] software (Version 1.54g).

4.9. siRNA Transfection and Evaluation of the Effect of siRNA on LD Accumulation

HepG2 cells were transfected with 120 nM Drp1 or FLNA siRNA using Lipofectamine
RNAiIMAX reagent (Thermo Fisher Scientific) for 72 h. Stealth siRNAs for rat FLNa (#1,
RSS308836; #2, RSS300837) and rat Drpl (#1, RSS300121; #2, RSS300122) were obtained
from Invitrogen. For live cell imaging, after transfection with 30 nM Drp1 or FLNA siRNA
for 72 h, cells were treated with 30 uM BSA or PA for 24 h. Then cells were stained with
Lipi-blue (200 nM) and Mitobright LT Green (100 nM) (Dojindo) and incubated at 37 °C.
After staining with Lipi-blue and Mitobright LT Green, cells were washed with HBSS twice.
LD images were captured using a confocal microscope (LSM900, ZEISS).

4.10. FAO Assay

The FAO efficacy was assessed using an XFp Extracellular Flux Analyzer (Agilent
Technlogies, North Billerica, MA, USA). HepG2 cells were seeded onto the plates with a
density of 1.0 x 10* cells/well in DMEM. The cells were treated with or without cilnidipine
(1 uM) for 1 h and then PA (200 uM) in substrate-limited medium (1 mM GlutaMax, 1%
FBS, 0.5 mM L-carnitine, 0.5 mM Glucose in DMEM (Thermo Fisher Scientific, #A14430-01))
for 24 h. PA was BSA conjugated PA contained in Palmitate Oxidation Stress Test Kit
(Agilent Technologies). BSA solution in the same kit was used as a control. Cells were
incubated for 45 min in FAO assay medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl,,
2.0 mM MgSQy, 1.2 mM NaH;PO,) supplemented with 5 mM HEPES, 0.5 mM L-carnitine,
2.5 mM glucose (pH 7.4). XF Palmitate-BSA FAO substrate (final concentration: 28.3 uM
BSA control or 166.7 uM Palmitate conjugated to 28.3 uM BSA in 25 mM NaCl, pH7.2) was
added just before assay. Oxygen consumption rate (OCR) was measured via the Mito stress
test. Cellular bioenergetics were measured via automatic injections with 1.5 pM oligomycin,
2 uM carbonyl cyanide-p-(trifluoromethoxy) phenylhydrazone (FCCP), 1 uM rotenone
and 1 uM antimycin A, in order. After OCR measurement, cells were fixed in 4% PFA and
washed twice with PBS. After 30 min staining with DAPI, cell images were captured, and
the number of cell nuclei was counted using a BZ-X800 microscope (KEYENCE). All values
for OCR were normalized to the number of cells present in each well.

4.11. Real-Time RT-PCR

Total RNA was isolated from frozen mouse liver using RNeasy Fibrous Tissue Mini
Kit (QIAGEN, Venlo, The Netherland) according to the manufacturer’s instructions. Com-
plementary DNA (cDNA) was synthesized with Prime Script RT (Takara Bio, Siga, Japan).
Real-time PCR was performed using Power SYBR Green PCR Master mix (Thermo Fisher
Scientific). The primers are described in Supplementary Table S1.

4.12. Statistics

All results were expressed as mean £ SEM from at least 3 independent experiments
and were considered significant when p < 0.05. We performed statistical analysis by using
GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, USA). Statistical comparisons
were determined using one-way or two-way ANOVA with Tukey’s post hoc test (for 3 or
more groups).
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4.13. Limitation of the Study

Our group lacks the technique to culture primary mouse hepatocytes. Therefore, we
utilized human hepatocellular carcinoma cell line HepG2 as substitutes. Given the resem-
blance of mitochondrial morphology under hyperglycemic conditions to that of mouse liver
tissues, we inferred that the cellular models partially mimic mitochondrial dysfunction in
mouse liver. We also lack biochemical techniques and tools to assess mitochondrial biogen-
esis and mitophagy, and ER stress. Therefore, we only measured the mRNA expression
profiles for mitochondrial fission/fusion-related factors and related factors for ER stress,
oxidative stress, inflammation, mitophagy and mitochondrial quality control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25105446/s1.

Author Contributions: M.N., K.N. and K.A. designed the research and wrote the paper; K.A. and K.N.
performed experiments; K.A., KN., YK, XM.,, TL, Y.-T.A. and A.N. analyzed and interpreted data;
M.N. edited the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by JST CREST Grant Number JPMJCR2024 (20348438 to M.N.
and A.N.), JSPS KAKENHI (22K06630 and 22H04814 to K.N. and 22H02772 and 22K19395 to M.N.),
Grant-in-Aid for Scientific Research on Innovative Areas(A) “Sulfur biology” (21H05269 to M.N. and
A.N.) from the Ministry of Education, Culture, Sports, Science and Technology of Japan, and The
Naito Foundation (to M.N.).

Institutional Review Board Statement: All animal studies were conducted according to the guide-
lines concerning the care and handling of experimental animals, and approved by the ethics commit-
tees at the National Institutes of Natural Sciences or the Animal Care and Use Committee, Kyushu
University (protocol code: A19-069-0 approved on 6 February 2019, A19-278-0 approved on 22 July
2019, A21-153-0 approved on 31 March 2021, A21-155-0 approved on 15 March 2021, and A23-163-0
approved on 3 April 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: We sincerely thank Hiromi Ishihara for preparing tissue sections and acquiring
TEM images, and Ai Tamaru and Tomohiro Tanaka and Sayumi Kotani for preliminary experiments,
Naoya Shindo, Akio Ojida, and Eiji Kawanishi for giving 1,4-DHP, and Koki Tachibana for helpful
comments. We appreciate the technical assistance from The Research Support Center, Research Center
for Human Disease Modeling, Kyushu University Graduate School of Medical Sciences.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Gluchowski, N.L.; Becuwe, M.; Walther, T.C.; Farese, R.V. Lipid droplets and liver disease: From basic biology to clinical
implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 343-355. [CrossRef] [PubMed]

2. Scorletti, E.; Carr, RM. A new perspective on NAFLD: Focusing on lipid droplets. J. Hepatol. 2022, 76, 934-945. [CrossRef]
[PubMed]

3.  Oh, MK, Winn, J.; Poordad, F. Review article: Diagnosis and treatment of non-alcoholic fatty liver disease. Aliment. Pharmacol.
Ther. 2008, 28, 503-522. [CrossRef] [PubMed]

4. Benador, L.Y,; Veliova, M.; Liesa, M.; Shirihai, O.S. Mitochondria Bound to Lipid Droplets: Where Mitochondrial Dynamics
Regulate Lipid Storage and Utilization. Cell Metab. 2019, 29, 827-835. [CrossRef]

5. Wanders, R.J.A,; Visser, G.; Ferdinandusse, S.; Vaz, EM.; Houtkooper, R.H. Mitochondrial Fatty Acid Oxidation Disorders:
Laboratory Diagnosis, Pathogenesis, and the Complicated Route to Treatment. J. Lipid Atheroscler. 2020, 9, 313-333. [CrossRef]
[PubMed]

6. Cui, L.; Liu, P. Two Types of Contact Between Lipid Droplets and Mitochondria. Front. Cell Dev. Biol. 2020, 8, 618322. [CrossRef]

7. Yu, J.; Zhang, S.; Cui, L.; Wang, W.; Na, H.; Zhu, X,; Li, L.; Xu, G.; Yang, F,; Christian, M.; et al. Lipid droplet remodeling and
interaction with mitochondria in mouse brown adipose tissue during cold treatment. Biochim. Biophys. Acta 2015, 1853, 918-928.
[CrossRef] [PubMed]

8. Yang, M.; Luo, S.; Yang, J.; Chen, W.; He, L; Liu, D.; Zhao, L.; Wang, X. Lipid droplet—Mitochondria coupling: A novel lipid

metabolism regulatory hub in diabetic nephropathy. Front Endocrinol 2022, 13, 1017387. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25105446/s1
https://www.mdpi.com/article/10.3390/ijms25105446/s1
https://doi.org/10.1038/nrgastro.2017.32
https://www.ncbi.nlm.nih.gov/pubmed/28428634
https://doi.org/10.1016/j.jhep.2021.11.009
https://www.ncbi.nlm.nih.gov/pubmed/34793866
https://doi.org/10.1111/j.1365-2036.2008.03752.x
https://www.ncbi.nlm.nih.gov/pubmed/18532991
https://doi.org/10.1016/j.cmet.2019.02.011
https://doi.org/10.12997/jla.2020.9.3.313
https://www.ncbi.nlm.nih.gov/pubmed/33024728
https://doi.org/10.3389/fcell.2020.618322
https://doi.org/10.1016/j.bbamcr.2015.01.020
https://www.ncbi.nlm.nih.gov/pubmed/25655664
https://doi.org/10.3389/fendo.2022.1017387
https://www.ncbi.nlm.nih.gov/pubmed/36387849

Int. J. Mol. Sci. 2024, 25, 5446 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Najt, C.P; Adhikari, S.; Heden, T.D.; Cui, W.; Gansemer, E.R.; Rauckhorst, A.J.; Markowski, T.W.; Higgins, L.; Kerr, EW.; Boyum,
M.D.; et al. Organelle interactions compartmentalize hepatic fatty acid trafficking and metabolism. Cell Rep. 2023, 42, 112435.
[CrossRef]

Tanaka, T.; Nishimura, A.; Nishiyama, K.; Goto, T.; Numaga-Tomita, T.; Nishida, M. Mitochondrial dynamics in exercise
physiology. Pflug. Arch. 2020, 472, 137-153. [CrossRef]

Rambold, A.S.; Cohen, S.; Lippincott-Schwartz, J. Fatty acid trafficking in starved cells: Regulation by lipid droplet lipolysis,
autophagy, and mitochondrial fusion dynamics. Dev. Cell 2015, 32, 678-692. [CrossRef] [PubMed]

Rehklau, K.; Hoffmann, L.; Gurniak, C.B.; Ott, M.; Witke, W.; Scorrano, L.; Culmsee, C.; Rust, M.B. Cofilinl-dependent actin
dynamics control DRP1-mediated mitochondrial fission. Cell Death Dis. 2017, 8, e3063. [CrossRef]

Nishimura, A.; Shimauchi, T.; Tanaka, T.; Shimoda, K.; Toyama, T.; Kitajima, N.; Ishikawa, T.; Shindo, N.; Numaga-Tomita, T.;
Yasuda, S.; et al. Hypoxia-induced interaction of filamin with Drp1 causes mitochondrial hyperfission-associated myocardial
senescence. Sci. Signal 2018, 11, eaat5185. [CrossRef] [PubMed]

Nishimura, A.; Shimoda, K.; Tanaka, T.; Toyama, T.; Nishiyama, K.; Shinkai, Y.; Numaga-Tomita, T.; Yamazaki, D.; Kanda, Y.;
Akaike, T.; et al. Depolysulfidation of Drp1 induced by low-dose methylmercury exposure increases cardiac vulnerability to
hemodynamic overload. Sci. Signal 2019, 12, eaaw1920. [CrossRef] [PubMed]

Uneyama, H.; Takahara, A.; Dohmoto, H.; Yoshimoto, R.; Inoue, K.; Akaike, N. Blockade of N-type Ca2+ current by cilnidipine
(FRC-8653) in acutely dissociated rat sympathetic neurones. Br. J. Pharmacol. 1997, 122, 37-42. [CrossRef] [PubMed]

Chen, X.; Shi, C.; He, M; Xiong, S.; Xia, X. Endoplasmic reticulum stress: Molecular mechanism and therapeutic targets. Signal
Transduct. Target. Ther. 2023, 8, 352. [CrossRef] [PubMed]

Sénos Demarco, R.; Uyemura, B.S.; D’Alterio, C.; Jones, D.L. Mitochondrial fusion regulates lipid homeostasis and stem cell
maintenance in the Drosophila testis. Nat. Cell Biol. 2019, 21, 710-720. [CrossRef] [PubMed]

Wang, Y.N.; Zeng, Z.L.; Lu, J.; Wang, Y,; Liu, Z.X.; He, M.M.; Zhao, Q.; Wang, Z.X,; Li, T.; Lu, Y.X; et al. CPT1A-mediated fatty
acid oxidation promotes colorectal cancer cell metastasis by inhibiting anoikis. Oncogene 2018, 37, 6025-6040. [CrossRef]

Rocca, C.; De Bartolo, A.; Guzzi, R.; Crocco, M.C.; Rago, V.; Romeo, N.; Perrotta, I.; De Francesco, E.M.; Muoio, M.G.; Granieri,
M.C; et al. Palmitate-Induced Cardiac Lipotoxicity Is Relieved by the Redox-Active Motif of SELENOT through Improving
Mitochondrial Function and Regulating Metabolic State. Cells 2023, 12, 1042. [CrossRef]

Cohen, ].C.; Horton, ].D.; Hobbs, H.H. Human fatty liver disease: Old questions and new insights. Science 2011, 332, 1519-1523.
[CrossRef]

Rossi, A.P,; Fantin, F.; Zamboni, G.A.; Mazzali, G.; Rinaldi, C.A.; Del Giglio, M.; Di Francesco, V.; Barillari, M.; Pozzi Mucelli, R.;
Zamboni, M. Predictors of ectopic fat accumulation in liver and pancreas in obese men and women. Obesity 2011, 19, 1747-1754.
[CrossRef] [PubMed]

Sanyal, A.J. Past, present and future perspectives in nonalcoholic fatty liver disease. Nat. Rev. Gastroenterol. Hepatol. 2019, 16,
377-386. [CrossRef] [PubMed]

Perumpail, B.J.; Khan, M.A.; Yoo, E.R.; Cholankeril, G.; Kim, D.; Ahmed, A. Clinical epidemiology and disease burden of
nonalcoholic fatty liver disease. World ]. Gastroenterol. 2017, 23, 8263-8276. [CrossRef] [PubMed]

McPherson, S.; Hardy, T.; Henderson, E.; Burt, A.D.; Day, C.P.; Anstee, Q.M. Evidence of NAFLD progression from steatosis
to fibrosing-steatohepatitis using paired biopsies: Implications for prognosis and clinical management. J. Hepatol. 2015, 62,
1148-1155. [CrossRef]

Romeo, S.; Kozlitina, ].; Xing, C.; Pertsemlidis, A.; Cox, D.; Pennacchio, L.A.; Boerwinkle, E.; Cohen, ].C.; Hobbs, H.H. Genetic
variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat. Genet. 2008, 40, 1461-1465. [CrossRef]
[PubMed]

Kozlitina, J.; Smagris, E.; Stender, S.; Nordestgaard, B.G.; Zhou, H.H.; Tybjeerg-Hansen, A.; Vogt, T.F.; Hobbs, H.H.; Cohen, J.C.
Exome-wide association study identifies a TM6SF2 variant that confers susceptibility to nonalcoholic fatty liver disease. Nat.
Genet. 2014, 46, 352-356. [CrossRef]

Stender, S.; Kozlitina, J.; Nordestgaard, B.G.; Tybjeerg-Hansen, A.; Hobbs, H.H.; Cohen, ].C. Adiposity amplifies the genetic risk of
fatty liver disease conferred by multiple loci. Nat. Genet. 2017, 49, 842-847. [CrossRef]

Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver
disease—Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73-84. [CrossRef]

Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, ].; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef]

Seebacher, F.; Zeigerer, A.; Kory, N.; Krahmer, N. Hepatic lipid droplet homeostasis and fatty liver disease. Semin. Cell Dev. Biol.
2020, 108, 72-81. [CrossRef]

Gusdon, A.M.; Song, K.X,; Qu, S. Nonalcoholic Fatty liver disease: Pathogenesis and therapeutics from a mitochondria-centric
perspective. Oxid. Med. Cell Longev. 2014, 2014, 637027. [CrossRef] [PubMed]

Wei, Y.; Rector, R.S.; Thyfault, J.P; Ibdah, J.A. Nonalcoholic fatty liver disease and mitochondrial dysfunction. World . Gastroenterol.
2008, 14, 193-199. [CrossRef] [PubMed]

Ramanathan, R.; Ali, A.H.; Ibdah, J.A. Mitochondrial Dysfunction Plays Central Role in Nonalcoholic Fatty Liver Disease. Int. ].
Mol. Sci. 2022, 23, 7280. [CrossRef] [PubMed]


https://doi.org/10.1016/j.celrep.2023.112435
https://doi.org/10.1007/s00424-019-02258-3
https://doi.org/10.1016/j.devcel.2015.01.029
https://www.ncbi.nlm.nih.gov/pubmed/25752962
https://doi.org/10.1038/cddis.2017.448
https://doi.org/10.1126/scisignal.aat5185
https://www.ncbi.nlm.nih.gov/pubmed/30425165
https://doi.org/10.1126/scisignal.aaw1920
https://www.ncbi.nlm.nih.gov/pubmed/31239323
https://doi.org/10.1038/sj.bjp.0701342
https://www.ncbi.nlm.nih.gov/pubmed/9298526
https://doi.org/10.1038/s41392-023-01570-w
https://www.ncbi.nlm.nih.gov/pubmed/37709773
https://doi.org/10.1038/s41556-019-0332-3
https://www.ncbi.nlm.nih.gov/pubmed/31160709
https://doi.org/10.1038/s41388-018-0384-z
https://doi.org/10.3390/cells12071042
https://doi.org/10.1126/science.1204265
https://doi.org/10.1038/oby.2011.114
https://www.ncbi.nlm.nih.gov/pubmed/21593811
https://doi.org/10.1038/s41575-019-0144-8
https://www.ncbi.nlm.nih.gov/pubmed/31024089
https://doi.org/10.3748/wjg.v23.i47.8263
https://www.ncbi.nlm.nih.gov/pubmed/29307986
https://doi.org/10.1016/j.jhep.2014.11.034
https://doi.org/10.1038/ng.257
https://www.ncbi.nlm.nih.gov/pubmed/18820647
https://doi.org/10.1038/ng.2901
https://doi.org/10.1038/ng.3855
https://doi.org/10.1002/hep.28431
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1016/j.semcdb.2020.04.011
https://doi.org/10.1155/2014/637027
https://www.ncbi.nlm.nih.gov/pubmed/25371775
https://doi.org/10.3748/wjg.14.193
https://www.ncbi.nlm.nih.gov/pubmed/18186554
https://doi.org/10.3390/ijms23137280
https://www.ncbi.nlm.nih.gov/pubmed/35806284

Int. J. Mol. Sci. 2024, 25, 5446 17 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Dabravolski, S.A.; Bezsonov, E.E.; Orekhov, A.N. The role of mitochondria dysfunction and hepatic senescence in NAFLD
development and progression. Biomed. Pharmacother. 2021, 142, 112041. [CrossRef] [PubMed]

Ucar, F; Sezer, S.; Erdogan, S.; Akyol, S.; Armutcu, E; Akyol, O. The relationship between oxidative stress and nonalcoholic fatty
liver disease: Its effects on the development of nonalcoholic steatohepatitis. Redox Rep. 2013, 18, 127-133. [CrossRef] [PubMed]
Koliaki, C.; Szendroedi, ].; Kaul, K; Jelenik, T.; Nowotny, P.; Jankowiak, F; Herder, C.; Carstensen, M.; Krausch, M.; Knoefel, W.T.;
et al. Adaptation of hepatic mitochondrial function in humans with non-alcoholic fatty liver is lost in steatohepatitis. Cell Metab.
2015, 21, 739-746. [CrossRef]

Moore, M.P; Cunningham, R.P.; Meers, G.M.; Johnson, S.A.; Wheeler, A.A.; Ganga, R.R.; Spencer, N.M.; Pitt, ].B.; Diaz-Arias, A,;
Swi, A.LA.; et al. Compromised hepatic mitochondrial fatty acid oxidation and reduced markers of mitochondrial turnover in
human NAFLD. Hepatology 2022, 76, 1452-1465. [CrossRef] [PubMed]

Olzmann, ].A.; Carvalho, P. Dynamics and functions of lipid droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137-155. [CrossRef]
Talari, N.K.; Mattam, U.; Meher, N.K,; Paripati, A.K.; Mahadev, K.; Krishnamoorthy, T.; Sepuri, N.B.V. Lipid-droplet associated
mitochondria promote fatty-acid oxidation through a distinct bioenergetic pattern in male Wistar rats. Nat. Commun. 2023, 14,
766. [CrossRef]

Ahmadian, M.; Suh, ].M.,; Hah, N,; Liddle, C.; Atkins, A.R.; Downes, M.; Evans, R M. PPARy signaling and metabolism: The
good, the bad and the future. Nat. Med. 2013, 19, 557-566. [CrossRef]

Asai, Y.; Yamada, T.; Tsukita, S.; Takahashi, K.; Maekawa, M.; Honma, M.; Ikeda, M.; Murakami, K.; Munakata, Y.; Shirai, Y.;
et al. Activation of the Hypoxia Inducible Factor 1 Subunit Pathway in Steatotic Liver Contributes to Formation of Cholesterol
Gallstones. Gastroenterology 2017, 152, 1521-1535.e8. [CrossRef] [PubMed]

Han, J.; He, Y.; Zhao, H.; Xu, X. Hypoxia inducible factor-1 promotes liver fibrosis in nonalcoholic fatty liver disease by activating
PTEN/p65 signaling pathway. J. Cell Biochem. 2019, 120, 14735-14744. [CrossRef] [PubMed]

Luo, Z,; Tian, M.; Yang, G.; Tan, Q.; Chen, Y.; Li, G.; Zhang, Q.; Li, Y.; Wan, P.; Wu, J. Hypoxia signaling in human health and
diseases: Implications and prospects for therapeutics. Signal Transduct. Target. Ther. 2022, 7, 218. [CrossRef] [PubMed]

Ma, X.; Qian, H.; Chen, A.; Ni, HM.; Ding, W.X. Perspectives on Mitochondria-ER and Mitochondria-Lipid Droplet Contact in
Hepatocytes and Hepatic Lipid Metabolism. Cells 2021, 10, 2273. [CrossRef]

Shimoda, K.; Nishimura, A.; Sunggip, C.; Ito, T.; Nishiyama, K.; Kato, Y.; Tanaka, T.; Tozaki-Saitoh, H.; Tsuda, M.; Nishida, M.
Modulation of P2Y6R expression exacerbates pressure overload-induced cardiac remodeling in mice. Sci. Rep. 2020, 10, 13926.
[CrossRef]

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


https://doi.org/10.1016/j.biopha.2021.112041
https://www.ncbi.nlm.nih.gov/pubmed/34411916
https://doi.org/10.1179/1351000213y.0000000050
https://www.ncbi.nlm.nih.gov/pubmed/23743495
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1002/hep.32324
https://www.ncbi.nlm.nih.gov/pubmed/35000203
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1038/s41467-023-36432-0
https://doi.org/10.1038/nm.3159
https://doi.org/10.1053/j.gastro.2017.01.001
https://www.ncbi.nlm.nih.gov/pubmed/28088462
https://doi.org/10.1002/jcb.28734
https://www.ncbi.nlm.nih.gov/pubmed/31009107
https://doi.org/10.1038/s41392-022-01080-1
https://www.ncbi.nlm.nih.gov/pubmed/35798726
https://doi.org/10.3390/cells10092273
https://doi.org/10.1038/s41598-020-70956-5

	Introduction 
	Results 
	Treatment with Cilnidipine Reduced LDs Accompanied with Suppression of Palmitic Acid (PA)-Induced Drp1–FLNA Complex 
	Treatment with Cilnidipine Improved Liver Injury and LDs in ob/ob Mice 
	Treatment with Cilnidipine Improved HFD-Induced LDs 
	Treatment with 1,4-DHP Also Reduced LDs and Suppressed PA-Induced Drp1–FLNA Complex 
	Treatment with 1,4-DHP Improved Liver Injury and LDs in ob/ob Mice Fed HFD 
	Knockdown of Drp1 and FLNA Suppressed LD Formation in HepG2 Cells 
	Cilnidipine Improved Fatty Acid Oxidation (FAO) 

	Discussion 
	Materials and Methods 
	Cell Culture and Oil-Red-O Staining 
	Palmitate (PA)-Induced Cell Death 
	Live Cell Imaging 
	Visualization of Drp1–FLNA Interactions 
	Animals 
	NAFL Model 
	Plasma Biochemical Analysis 
	Transmission Electron Microscopy 
	siRNA Transfection and Evaluation of the Effect of siRNA on LD Accumulation 
	FAO Assay 
	Real-Time RT-PCR 
	Statistics 
	Limitation of the Study 

	References

