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In situ visualization of the cellular uptake and sub-cellular

distribution of mussel oligosaccharides

Abstract

Unlike chemosynthetic drugs designed for specific molecular and disease targets, active
small-molecule natural products typically have a wide range of bioactivities and
multiple targets, necessitating extensive screening and development. To address this
issue, we propose a strategy for the direct in situ microdynamic examination of potential
drug candidates to rapidly identify their effects and mechanisms of action. As a proof-
of-concept, we investigated the behavior of mussel oligosaccharide (MOS-1) by
tracking the subcellular dynamics of fluorescently labeled MOS-1 in cultured cells. We
recorded the entire dynamic process of the localization of fluorescein isothiocyanate
(FITC)-mussel oligosaccharide (MOS-1) to the lysosomes and visualized the
distribution of the drug within the cell. Remarkably, lysosomes containing FITC-MOS-
1 actively recruited lipid droplets, leading to fusion events and increased cellular lipid
consumption. These drug behaviors confirmed MOS-1 is a candidate for the treatment
of lipid-related diseases. Furthermore, in a high-fat HepG2 cell model and in high-fat
diet-fed ApoE~~ mice, MOS-1 significantly promoted triglyceride degradation,
reduced lipid droplet accumulation, lowered serum triglyceride levels, and mitigated
liver damage and steatosis. Overall, our work supports the prioritization of in situ visual
monitoring of drug location and distribution in subcellular compartments during the
drug development phase as this methodology contributes to the rapid identification of
drug indications. Collectively, this methodology is significant for the screening and
development of selective small-molecule drugs, and is expected to expedite the

identification of candidate molecules with medicinal effects.

Keywords: Cellular imaging, fluorescence labeling, mussel oligosaccharide, lipid

metabolism
1. Introduction

Natural products (NPs) and their derivatives have long served as exceptional
sources of candidate drugs, offering unprecedented opportunities for disease treatment
[1-3]. These compounds are particularly important for the treatment of cancer (e.g.,
vincristine) [4] and certain cardiovascular diseases (e.g., statins) [5]. Unlike chemically

synthesized drugs designed for specific targets [6], NPs often exhibit broad biological
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activities and interact with multiple targets, resulting in complex and diverse
mechanisms of action [7,8]. These factors mean that treatment indications and
appropriate research models are often poorly defined, leading to the need for extensive

screening and the application of assays across multiple research domains.

Because of the potential complexity of the interactions between NPs and
biological pathways, relevant experimental protocols require significant effort and are
often associated with an increased risk of failure. Several modern research strategies,
including high-throughput screening techniques [9], seek to identify diseases and
indications for bioactive components of NPs. Technologies that combine fluorescent
labeling with live-cell imaging [10—12] represent attractive cell-based strategies for use
in NP-related research. Such studies involve real-time tracking of drug distribution
within cells and subcellular compartments. This approach utilizes fluorescent dyes or
proteins to label compounds [13], allowing non-invasive, real-time observation, and
permitting detailed studies of the behavior of drugs in living systems. For example, in
recent studies, such drug tracking techniques have revealed the pathways by which
platinum moves among lysosomes, autolysosomes, and nuclei [14], identified the
patterns of localization of dextran within mitochondria [15], and elucidated the
mitochondrial-binding targets of magnoflorine [16]. Although these studies have
elucidated the distribution and metabolism of compounds within subcellular
compartments, they have primarily focused on validated indications. However, they
also suggested that studies probing subcellular behavior would be useful for exploring

the characteristics of less-studied NP compounds.

Polysaccharides are natural biopolymers that are widely used in various fields,
especially biomedical applications, owing to their fascinating properties such as
renewability, biodegradability, and biocompatibility [17-20]. Mussel polysaccharide a-
D-glucan (MP-A) [21] is an NP isolated from Mytilus coruscus, which is distributed
along the coastlines of the Yellow Sea in China, the Korean Peninsula, and Hokkaido,
Japan. The unique sugar chain structure and branching patterns of MP-A strongly
influence the biological activities of this polysaccharide, including antioxidant, anti-
inflammatory, anticancer, and immunoregulatory effects. While substantial work [22—
26] has elucidated the efficacy of MP-A, less attention has been paid to a related
compound, mussel oligosaccharide (MOS-1). MOS-1 is a low-molecular-weight homo-
oligosaccharide composed of glucose with various properties governed by its specific
glycosidic bond connections and sugar chain lengths. Unfortunately, the current

technologies are not suitable for directly determining the physiological effects of MOS-
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1. Therefore, a strategy for the rapid identification of appropriate research models and

therapeutic targets is necessary to facilitate drug development.

To overcome this bottleneck in exploring the potential biological applications of
NPs, we proposed a strategy for the direct in situ dynamic examination of promising
drug candidates, enabling us to closely reveal their functions and mechanisms of action.
Specifically, we suggest the use of fluorescent probes in combination with NPs to allow
the real-time tracking of drug distribution within cells and subcellular compartments.
Using this approach, we can accurately monitor drug distribution and study its effect
impact on various target organelles, providing direct evidence that can be used to
decipher potential mechanisms and explore the functional applications of NPs.
Employing this strategy, we observed that MOS-1 modulates lipid droplets and affects
lipid metabolism, thus offering promising prospects as a candidate therapeutic agent for
the treatment of non-alcoholic fatty liver disease (NAFLD).

2. Materials and methods
2.1 General materials

Reagents and consumables, such as hexamethylene diamine, sodium
cyanoborohydride, fluorescein isothiocyanate (FITC), and the polyacrylamide
coagulation column for synthesis, were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China) and Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Mussel oligosaccharides were provided by
Shandong Academy of Pharmaceutical Sciences (Jinan, China). Fetal bovine serum
(FBS) was obtained from VivaCell (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM), penicillin-streptomycin (10,000 units/mL), trypsin-ethylenediamine
tetraacetic acid (EDTA) phenol-free medium, and other reagents for cell culture were
obtained from Gibco BRL (Grand Island, NY, USA). Lyso-Tracker Red (LTR), 4°,6-
diamino-2-phenyl indole (DAPI), Hoechst (nuclei dye), Mito-Tracker Red (MTR), and
Lyso-Tracker Deep Red (LTDR) were purchased from Invitrogen (Eugene, OR, USA).
Lipid droplets dye (Lipi-Blue) was purchased from Dojindo Laboratories (Kumamoto,
Japan). Lipid droplet plasmids labeled with red fluorescent protein (Plin2-mCherry)
was obtained from Hanbio Biotechnology Co., Ltd. (Shanghai, China). The triglyceride
(TG) content measurement kit was purchased from BioTopped (Beijing, China).
Antibodies against LC3B and p62 were were purchased from ABclonal (Wuhan, China).
The HepG2 cells were obtained from Fengshan Wang’s laboratory (Jinan, China). HeLa
cells were obtained from Xiaodong Mu’s laboratory (Jinan, China). The U251 and
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MDA-MB-231 cells were obtained from Procell Life Science&Technology Co., Ltd.
(Wuhan, China).

2.2 Synthesis and characterization of fluorescein isothiocyanate (FITC)-mussel
oligosaccharide (MOS-1)

Synthesis of FITC-MOS-1: a mixture of mussel oligosaccharides (0.1 g, 0.15
mmol) and hexamethylene diamine (0.87 g, 7.48 mmol) were dissolved in 10 mL glacial
acetic acid. And the reducing agent sodium cyanide borohydride was added in the
mixture, then heated to 45 °C for 10 h. After cooling to 25 °C the solvent was removed
by evaporation under reduced pressure, and the residue was filtered through a
polyacrylamide gel column (Bio-Gel P2) to remove the unreacted hexamethylene
diamine and sodium cyanoborohydride. The product was characterized by high-
resolution mass spectrometry (HR-MS). The oligosaccharide hexamethylene diamine
was dissolved in carbonate buffer (pH 9.0), then FITC dissolved in methanol was added,
the mixture was heated to 45 °C for 14 h. The final product was separated and purified
on a Bio-Gel p2 column to obtain a brown solid. The final product was characterized
by HR-MS, proton magnetic resonance ('H-NMR), and carbon-13 nuclear magnetic
resonance (1°C-NMR).

2.3 Cell culture

HepG2, Hela, U251, and MDA-MB-231 cells were all cultured in complete
DMEM supplemented with 10% (V/V) FBS, penicillin-streptomycin (100 units/mL) in
a 5% CO2 humidified incubator at 37 °C.

2.4 Cytotoxicity assay

Cytotoxicity assays were performed using a Cell Counting Kit-8 (CCKS) assay.
HepG2 cells were seeded in 96-well plates at a density of 7x10° cells/well in DMEM
with 10% (V/V) FBS and placed in an incubator (5% CO2, 37 °C) for 24 h. The medium
was replaced with 100 pL of fresh medium containing different concentrations (0.5, 1,
2.5, 5,10, 20, and 30 uM) of FITC-MOS-1. After 24 h of incubation, 10 pL of CCKS8
solution was added to each well, followed by incubation for 2 h under the same
conditions. After shaking for 2 h, the absorbance of each well was measured at 450 nm
using enzyme-linked immunosorbent assay. Cell viability (%) was calculated by the
mean absorbance value of the treatment group divided by the mean absorbance value
of the control group [27,28].

4/ 18



2.5 Cell culture and imaging under confocal laser scanning microscopy or three-

dimensional structured illumination microscopy (OMX 3D-SIM)

HepG2 cells were seeded at a density of 1x10° on 35 mm glass-bottom culture
dishes and incubated with 2 mL of DMEM with 10% (V/V) FBS for 24 h incubation (5%
CO2, 37 °C). HepG2 cells were incubated with 10 uM FITC-MOS-1 for 30 min and
washed with fresh DMEM for five times. Finally, the HepG2 cells were cultured in 1
mL of phenol-free medium and imaged using confocal laser scanning microscopy or
OMX 3D-SIM. FITC-MOS-1 was excited at 488 nm and emitted at 490-550 nm.

2.6 Flow cytometry analysis

HepG2 cells were seeded in 6-well plates at a density of 1x10° cells/well in
DMEM with 10% (V/V) FBS and placed in an incubator (5% COz, 37 °C) for 24 h.
Then the culture medium was replaced with 1000 pL fresh medium containing different
concentrations (0, 5, 10, 20, and 30 uM) of FITC-MOS-1. Three secondary wells were
created in each group. After staining with FITC-MOS-1 for 30 min, the cells were
digested with trypsin and washed twice with precooled phosphate buffered saline (PBS).
The cells were resuspended with 500 pL of buffer and then detected by flow cytometry.
And the medium culture was replaced with 10 uM FITC-MOS-1 for 0, 0.5, 1, 6, and 12
h, respectively. The cells were digested with trypsin and washed twice with precooled
PBS. The cells were resuspended with 500 pL of buffer and then detected by flow
cytometry.

2.7 Co-localization experiments

HepG2 cells were seeded at a density of 1x10° on 35 mm glass-bottom culture
dishes and incubated with 2 mL of DMEM with 10% (¥77) FBS for 24 h incubation (5%
COz, 37 °C). HepG2 cells were incubated with 10 uM FITC-MOS-1 for 30 min, 5 uM
DAPI, 10 uM Hoechst, 100 nM LTR, 100 nM LTDR, and 100 nM Lipi-Blue for 30 min,
respectively. The HepG2 cells were then washed five times with fresh DMEM. Finally,
the HepG2 cells were cultured in 1 mL of phenol-free medium and imaged using
confocal laser scanning microscopy or OMX 3D-SIM super-resolution microscopy. The
excitation and emission wavelength of DAPI was excited at 405 nm, Hoechst was
excited at 350 nm, LTR was excited at 561 nm and emitted at 570-590 nm, Lipi-Blue
was excited at 405 nm and emitted at 450-500 nm, LTDR was excited at 640 nm and

emitted at 668 nm. Images were processed and analyzed using the ImageJ software.
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2.8 Cellular uptake assay

HepG2 cells were stained with 10 uM FITC-MOS-1 under different conditions.
37 °C: the cells were stained with FITC-MOS-1 at 37 °C for 30 min. 4 °C: the cells
were stained with FITC-MOS-1 at 4 °C for 30 min. NH4Cl: the cells were pre-incubated
with NH4Cl (50 mM) in FBS-free DMEM at 37 °C for 1 h and then incubated with
FITC-MOS-1 at 37 °C for 30 min.

2.9 HepG2 high-fat model

HepG2 cells were seeded at a density of 1x10° on 35 mm glass-bottom culture
dishes and incubated with 2 mL of DMEM with 10% (¥/V7) FBS for 24 h incubation (5%
COz, 37 °C). Treatment of cells with 200 uM sodium oleate for 24 h induced steatosis
and induced HepG2 high-fat model without causing a significant decrease in HepG2
cell viability.

2.10 Determination of TG in HepG?2 cells

HepG2 cells (5x10° cells/mL) were incubated with different concentrations of
MOS-1 for 6 h. Next, the TG content was determined using commercial assay Kkits
according to the manufacturer’s instructions. Three secondary wells were used for each

group.
2.11 Western blot

Cell samples were washed twice with PBS twice on ice, followed by lysis with
radio immunoprecipitation assay lysis buffer (RIPA) containing protease and
phosphatase inhibitors. The collected lysates were kept on ice for 15-30 min followed
by centrifugation for 15 min at 12,000 rpm at 4 °C. The supernatants were subjected to
the bicinchoninic acid assay (BCA) protein assay kit (EpiZyme, Shanghai, China) to
determine total protein concentrations. For mice tissue samples, the mice were killed at
the end of experiment, and tissues were snap-frozen in liquid nitrogen and minced via
mortar and pestle, before storing at —80 °C. For western blot protein sample preparation,
frozen tissue powder was lysed with RIPA buffer containing protease and phosphatase
inhibitors. The homogenates were centrifuged and the supernatants were collected. The
total protein concentrations were determined. To ensure that the densitometric data for
all of the target proteins will be within the linear quantitative range, 15 pg of proteins
were subjected to sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and immunoblotting.
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2.12 Animal handling

Normal mice and ApoE~~ mice were provided by Beijing Weitong Lihua
Experimental Animal Technology Co., Ltd. (Beijing, China). The animal experiments
were approved by the Institutional Animal Care and Use Committee of Shandong
Academy of Pharmaceutical Science, Jinan, China (Approval No.: IACUC-2021-
006).We used an established in vivo model of NAFLD mice where ApoE~~ male mice
fed with a high-fat diet (HFD) (10% lard, 20% sucrose, 10% egg yolk powder, 0.5%
sodium cholate, and 59.5% conventional feed) for 2 weeks were chosen as the in vivo
model of NAFLD, and normal male mice on basal diet for 2 weeks were used as the
healthy mice control. After 2 weeks of feeding on a HFD, the HFD group was
administered MOS-1 (0.2 g/kg) by gavage once a day for 6 weeks, based on the weight
of the mice. The mice were weighed weekly. After the experiment, the mice were
weighed and anesthetized with 1% (V/V) pentobarbital solution (30 mg/kg). Blood was
drawn from the abdominal aorta and the mice in each group were dissected. The livers
were taken out completely and the liver surfaces were washed with normal saline. A
part of each liver was put into a pathological section box, fixed in 4% (V/V)

paraformaldehyde solution, followed by section staining observation.
2.13 Plin2-mCherry transfection

Approximately 24 h before transfection, cells were seeded at a density of 2 x 10°
cells per well in 3.5 cm glass bottom confocal dishes containing complete culture
medium. Transfection was performed using the RFect Plasmid (BIOG, Changzhou Bio-
generating Biotechnology Corp., Changzhou, China) according to the maunfacturer’s
protocol. The Plin2-mCherry plasmids (3.2 pg) and 200 pL of Trans buffer were mixed
and incubated at room temperature for 5 min. At the same time, 20 puL of RFect was
mixed with 200 pL of Trans buffer and incubated at room temperature for 5 min. The
DNA-Trans and RFect-Trans buffers were then mixed together and incubated at room
temperature for 15 min. The DNA-RFect-Trans buffer mixture was added dropwise to

the cell culture medium and the cells were incubated in a cell culture incubator for 24
h.

2.14 Data analysis

Statistical analyses were performed using Origin 2021, GraphPad Prism 8, and
ImagelJ software. A normality test was used to check for normal distribution. In the case

of normal distribution, the statistical comparison of results was test with a Student’s t
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test. In the case of non-normal distribution, the statistical comparison of results was test
with a Mann-Whitney test, with levels of significance set at n.s. (no significant
difference), P < 0.05, “"P < 0.01, " P < 0.001, and “**P < 0.0001. Data are presented
as mean * standard deviation (SD). Statistical significance and sample sizes of all

graphs are indicated in the corresponding figure legends.
3. Results and discussion

3.1 In vitro optical characterization and evaluation of biocompatibility of fluorescein
isothiocyanate (FITC)-mussel oligosaccharide (MOS-1)

We prepared low-molecular-weight mussel oligosaccharides with degrees of 1-5,
named MOS-1, from an enzymatically digested product of a mussel polysaccharide
(MP-A). We decided to characterize these low-molecular-weight saccharides to

maximize their bioavailability and biological effects.

To visualize the subcellular distribution of MOS-1 and perform preliminary
investigations of its bioactivity, we labeled MOS-1 with fluorescein isothiocyanate
(FITC) (Fig. 1A and Scheme S1) as confirmed using HR-MS (Figs. S1 and S2).
Successful conjugation of MOS-1 and FITC was characterized via nuclear magnetic
resonance spectroscopy (Figs. S3, S4, S5, and S6). When the absorbance and
fluorescence spectra of FITC, MOS-1, and FITC-MOS-1 were generated, the spectra
of FITC-MOS-1 were found to be consistent with the presence of FITC, in that the
spectra of both FITC-MOS-1 and free FITC had a strong absorption peak at 480 nm
and a fluorescence emission peak at 530 nm (Figs. 1B, 1C, S7, and S8).

Cytotoxicity assays in HepG2 cells confirmed the biocompatibility of FITC-MOS-
1 and suggested that it is relatively safe to administer in vivo. Specifically, CCK-8
assays showed no significant decrease in viability in cells treated with up to 30 uM
FITC-MOS-1 (Fig. 1D). Additionally, treatment with unlabeled MOS-1 showed no
toxicity, even at higher concentrations (Fig. 1E), substantiating the suitability of FITC-

MOS-1 for long-term imaging of dynamic processes in living cells.
3.2 Cell permeability of FITC-MOS-1

To test the ability of MOS-1 to cross the cell membrane, FITC-MOS-1 (10 uM)
was incubated with HepG2 cells for 0.5, 1, 6, and 12 h prior to confocal imaging
performed in the single-channel mode with excitation at 488 nm. As shown in Fig. 2A,

after 0.5 h of incubation with FITC-MOS-1, an obvious green fluorescence signal was
8/ 18



found to be evenly distributed in the cytoplasm in a pattern consistent with the presence
of globular particles. The fluorescence intensity was enhanced with prolonged
incubation time (Fig. 2B), suggesting that MOS-1 could enter cells in a time-dependent
manner.

Quantitative analysis of fluorescence intensity confirmed the rapid uptake of
FITC-MOS-1 by HepG2 cells within 0.5 h. To establish that FITC does not influence
the permeability of MOS-1, we treated the cells with FITC dye alone. Fig. S9 shows
that only a limited amount of the FITC dye was translocated across the cell membrane,
resulting in sparse cytoplasmic distribution. These findings suggest that the entry of
FITC-MOQOS-1 into the cytoplasm is primarily attributed to MOS-1 and is independent
of the FITC dye alone. The flow cytometry results also revealed that FITC-MOS-1 was
rapidly taken up by HepG2 cells in a time- and concentration-dependent manner (Figs.
S10 and S11).

In higher magnification confocal microscopic images of cells incubated with
FITC-labeled MOS-1 (10 uM) for 0.5 h, distinct green fluorescence was observed in
the form of well-dispersed circular spots (Figs. 2C, 2D, and S12). We conducted a co-
localization study using DAPI as a nuclear stain, which demonstrated that FITC-MOS-
1 particles were dispersed throughout the cytoplasm, as shown in Fig. S13. Additionally,
we utilized super-resolution imaging to investigate the distribution of FITC-MOS-1
within the cells (Fig. S14). A size distribution analysis demonstrated that the diameters
of these particles ranged from 0 to 2 um (Figs. 2E and F), consistent with typical
characteristics of lysosomes as previously reported [11]. We also gathered preliminary
evidence that MOS-1 enters cells via an energy-dependent mechanism (Fig. S15).

To track the movement of MOS-1 in living cells, we exploited the high
photostability of FITC and investigated the intracellular photostability during long-term
excitation under confocal imaging conditions (Fig. 2G). The distinct intracellular
fluorescence of FITC-MOS-1 remained relatively stable during excitation (>75 s),
suggesting that this fluorescent labeling strategy is suitable for investigating the
subcellular distribution of MOS-1.

3.3 Subcellular localization of FITC-MOS-1 in HepG2 cells

Based on the distribution of FITC-MOS-1 and the size of the fluorescent granules
that appeared upon staining, we speculated that FITC-MOS-1 was localized in
lysosomes [14]. To test this hypothesis, we co-stained cells with FITC-MOS-1 and a
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commercially available lysosomal probe, Lyso-Tracker Red (LTR) [29], before
performing confocal microscopy in the dual-channel mode with excitation at 488 nm
(FITC-MOS-1) and 561 nm (LTR). As expected, the green fluorescent signal
overlapped well with the red signals (Figs. 3A and B). The fluorescence intensity curves
and 3D distribution map showed high consistency between FITC-MOS-1 and LTR,
with a Pearson’s co-localization coefficient (PCC) of 0.7, implying that FITC-MOS-1
could penetrate the cell membrane and was uniformly distributed in the lysosomes (Figs.
3C, D, and E). The results of super-resolution microscopy imaging led to the same
conclusions (Fig. S16).

Next, we assessed the area and diameter of the punctate fluorescence representing
the lysosome and FITC-MOS-1 and found no significant difference between the values
of LTR and FITC-MOS-1 puncta (Fig. 3F). The subcellular distribution of FITC-MOS-
1 was further investigated in other cell lines, including HelLa, U251, and MDA-MB-
231, in which the FITC-MOS-1 signal exhibited a high co-localization with LTR (Fig.
S17). These results support the conclusion that FITC-MOS-1 is localized in lysosomes.

To assess whether MOS-1 interacts with other organelles, we co-stained HepG2
cells with FITC-MOS-1 and other commercial probes, including a nuclear probe
(Hoechst), a probe for lipid droplets (Lipi-Blue), and a mitochondrial probe (MTR).
The results demonstrated that FITC-MOS-1 did not enter the other organelles (Figs.
S18-20). Accordingly, we hypothesized that MOS-1 alters the function of lysosomes
and influences the related cell signaling pathways.

3.4 Alteration of lipophagy of high-fat HepG?2 cells by FITC-MOS-1

We studied the bioactivity of MOS-1 in hepatocytes by investigating the effects of
FITC-MOS-1 treatment on the dynamics of lysosomes and lipid droplets in a high-fat
HepG2 cell model (Fig. S21). Confocal microscopy revealed clear changes in the
distribution of lysosomes (red particles) and lipid droplets (blue particles) after FITC-
MOS-1 incubation for 12 h (Fig. 4A), indicating that FITC-MOS-1 influences the
interactions between lysosomes and lipid droplets. In control cells, we observed that
lipid droplets were evenly distributed throughout the cytoplasm and lysosomes were
situated near the cell center, with negligible co-localization of blue (nuclei) and red
(lipid droplet membranes) signals. To determine the exact subcellular locations of
lysosomes and lipid droplets, we utilized DAPI for nuclear staining and LTDR for
lysosome staining. Additionally, we transfected Plin2-mCherry to specifically mark
lipid droplets, as shown in Fig. S22. Our results consistently indicated minimal
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interactions between lysosomes and lipid droplets in high-fat HepG2 cells. In contrast,
in cells treated with FITC-MOS-1, the lipid droplets were more concentrated in the
region containing lysosomes, and co-localization of the red and blue regions was
increased (Figs. 4B and C). Treatment with FITC alone did not significantly affect the

proximity or interactions between the lysosomes and lipid droplets (Fig. S23).

We also used super-resolution imaging to investigate the interactions between
lysosomes and lipid droplets [12,30,31] upon treatment with FITC-MOS-1 (Fig. S24).
Here, we found that the average number of lysosomes per cell significantly increased
in the FITC-MOS-1-treated group. After 12 h of treatment with FITC-MOS-1, the
average distance between lipid droplets and lysosomes in the HepG2 cells decreased
dramatically (Fig. 4D), and the co-localization of lipid droplets and lysosomes
increased, with the value of PCC changing from 0.05 £ 0.04 in control cells to 0.34 +
0.10 in treated cells (P < 0.05; Fig. 4E). The phenomenon was more vividly illustrated
by the schematic diagram depicting lipid droplets and lysosomes (Fig. 4F).

The increased association between lysosomes and lipid droplets suggested that
treatment with MOS-1 might influence lipophagy, a newfound pathway involved in the
regulation of lipid metabolism [32—-34]. During this process, lysosomes capture lipid
droplets, leading to the degradation of TGs by lysosomal lipases. To further test this
connection, we performed western blotting to measure the cellular levels of p62, which
is a marker of increased lipophagy, and of LC3II, which is a marker of decreased
lipophagy. Here, we found that the normalized level of p62 was increased in high-fat
model HepG2 cells relative to control HepG2 cells and that the normalized level of
LC3II was decreased in the model cells (Fig. 4g). These results suggested that
lipophagy is decreased in model cells relative to control cells. We next investigated
whether the decreased level of lipophagy flux in the model cells was rescued upon
treatment with low- or high-doses of MOS-1. In high-fat model cells treated with a high
dose of MOS-1, we observed a significant decrease in the normalized level of p62 and
an increase in the normalized level of LC3II relative to untreated high-fat model cells,
indicating the restoration of lipophagy flux (Fig. 4G). This increased flux was
consistent with the imaging results, which demonstrated an induction of the association

between lysosomes and lipid droplets upon treatment with FITC-MOS-1 for 12 h.
3.5 MOS-1 reduced TG levels in high-fat HepG?2 cells

Inspired by the discovery that lipophagy is promoted by MOS-1, we sought to
investigate whether treatment with MOS-1 could influence TG levels in high-fat HepG2
11/ 18



cells. Therefore, we investigated the effect of incubation with MOS-1 ranging from 10
uM—1 mM for 12 h on lipid metabolism in high-fat HepG2 cells. In untreated cells,
confocal imaging revealed the presence of numerous lipid droplets distributed around
the cell and showed limited co-localization with lysosomes in the central region. In
contrast, in cells treated with MOS-1 for 12 h, co-localization of lysosomes and lipid
droplets was significantly increased in a dose-dependent manner, consistent with

activation of the lipophagy process by MOS-1 (Fig. 5A).

We also analyzed the area, diameter and number of lipid droplets and lysosomes
among different groups (Figs. 5B and C). The number of lysosomes gradually increased
with increasing MOS-1 concentrations, whereas the number of lipid droplets decreased
with increasing MOS-1 concentration. This pattern is consistent with a model in which
lipophagy is promoted by MOS-1, leading to a decrease in the amount of lipid present

in droplets and a corresponding increase in the mass of lysosomes.

In addition, we measured the effect of treatment with MOS-1 for 12 h on the lipid
content of high-fat HepG2 cells and observed that the level of TGs present in these
hepatocytes significantly decreased with MOS-1 treatment in a dose-dependent manner
(Fig. 5D), in a pattern similar to that observed for lipid droplets. These findings provide

compelling evidence that MOS-1 can reduce TG levels in hepatocytes by activating

lipophagy.
3.6 MOS-1 alleviated symptoms associated with NAFLD in high-fat diet (HFD) mice

The influence of MOS-1 on lipophagy and TG levels in high-fat HepG2 cells led
us to further investigate the in vivo efficacy of MOS-1 using ApoE "~ mice maintained
on a HFD (Fig. 6A). Liver tissue was evaluated using hematoxylin and eosin (H&E)
staining. In liver sections isolated from HFD mice, we observed accumulation of lipid
droplets and enlarged hepatocytes relative to those in tissues from the normal group. In
contrast, treatment with MOS-1 significantly reversed this effect, reducing lipid droplet
accumulation and alleviating microvesicular steatosis (Fig. 6B). To corroborate the
changes in autophagy observed in HepG2 hepatocytes in vitro, we examined the
autophagic activity in mice fed a HFD and in those receiving treatment. We observed a
significant decrease in LC3II levels in HFD mice, suggesting an impairment of
autophagic flux. However, MOS-1 treatment markedly ameliorated this impairment
(Fig. S25). After 1 week of adaptation on a normal diet, ApoE™~ mice were fed a high-
fat diet for 2 weeks, MOS-1 treatment significantly reduced liver weight (Fig. 6C) in
HFD-fed mice, while the ratio of liver weight to body weight (liver coefficient) showed
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no significant difference (Fig. 6C). To further investigate the correlation between liver
weight and liver TG levels, we quantified liver TG levels in the total liver lysates. In
HFD-fed mice, the levels of TGs in the liver were significantly increased compared to
those in mice fed a normal diet, indicating that a HFD induces the accumulation of TGs
within the liver, correlating with increased liver weight. However, treatment of mice
fed a HFD with MOS-1 led to a significant reduction in liver TG levels, demonstrating
that MOS-1 treatment could relieve effect of a HFD. Furthermore, we analyzed liver
function indices, including plasma aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP), as well as routine indices of
kidney function, blood urea nitrogen (BUN), and creatinine (Crea). In the HFD group,
these indices were significantly elevated compared to those in the normal diet group.
However, after 6 weeks of MOS-1 treatment, most of these indices in the treatment
group were significantly decreased compared to those in the model group (Fig. 6C).

Additionally, serum TG levels were significantly higher in the model group than
in the normal group (Fig. 6C), consistent with previous reports [35] and confirming the
successful induction of the model. Remarkably, treatment of the model mice with
MOS-1 (0.2 g/kg) by gavage once daily for 6 weeks led to a significant decrease in
serum TG levels compared to treatment with the vehicle control. The resulting TG
levels were not significantly different from those of control fed on a normal diet (Fig.
6C).

Collectively, our findings demonstrate that MOS-1 decreases the accumulation of
TGs in the liver, ameliorates hepatic steatosis, and improves hepatic function, making
it a promising candidate for the treatment of NAFLD.

4. Conclusion

In this study, we employed a strategy for the in situ visual monitoring of MOS-1,
allowing us to track its subcellular localization and distribution in real time. Our
findings demonstrate that MOS-1 localizes to lysosomes and actively recruits lipid
droplets, leading to fusion events and consumption of cellular lipid components. These
results suggest that MOS-1 is a promising candidate for the treatment of lipid-related
diseases. The effect of MOS-1 on lipid metabolism was further corroborated by
experiments conducted at both the cellular and animal levels, which revealed that MOS-
1 significantly promoted lipid droplet degradation, reduced lipid droplet abundance,
lowered serum TG levels, and mitigated liver damage and steatosis, thus demonstrating
its potential application in the treatment of lipid-related diseases.
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This research underscores the importance of in situ visual monitoring of drug
localization and distribution within subcellular compartments during drug development.
By directly observing and monitoring drug dynamics in cells, we can gain a more
precise understanding of the mechanisms of action and efficiently identify appropriate
research targets and indications. This method holds significant value for the screening
and development of selective small-molecule drugs and is poised to expedite the

discovery of candidate molecules with therapeutic efficacy.

Overall, this study provides compelling evidence regarding the functional and
mechanistic aspects of mussel oligosaccharides and highlights their potential
therapeutic applications in the treatment of NAFLD. However, further investigations
are warranted to thoroughly evaluate the pharmacological and toxicological properties
of mussel oligosaccharides. We believe that this study lays a solid foundation for the
continued development and utilization of mussel oligosaccharides, offering valuable
insights into similar strategies for the investigation of other NPs. Ultimately, these
efforts hold promise for catalyzing groundbreaking advancements in the fields of

disease treatment and drug research and development.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
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Figure captions

Fig. 1. Optical characterization and evaluation of the in vitro biocompatibility of
fluorescein isothiocyanate (FITC)-mussel oligosaccharide (MOS-1). (A) Chemical
structures of MOS-1 and FITC-MOS-1. (B) Ultraviolet-visible (UV-vis) absorption
spectra of FITC, MOS-1, and FITC-MOS-1 (10 uM) in phosphate buffered saline
(PBS) containing 1% dimethyl sulfoxide (DMSO). (C) Fluorescence spectra of FITC
and FITC-MOS-1 (10 uM) in PBS containing 1% DMSO (Aex = 488 nm). (D, E) The
relative viability of HepG2 cells incubated with FITC-MOS-1 or MOS-1 or with
vehicle (control). n.s.: no statistically significant.

Fig. 2. Visualization of fluorescein isothiocyanate (FITC)-mussel oligosaccharide
(MQOS-1) distribution in living cells. (A) Confocal fluorescence images of HepG2 cells
incubated with FITC-MOS-1 (10 uM) for 0.5, 1, 6 and 12 h. (B) The mean fluorescence
intensity in cells from the samples shown in panel (A). (n = 5) (C) Confocal images of
HepG2 cells stained with FITC-MOS-1 (10 uM) for 0.5 h. (D) Enlarged view of FITC-
MOS-1 puncta outlined in (C). (E-F) Size distribution of the puncta labeled with FITC-
MQOS-1. (n = 400). (G) The time-dependent fluorescence intensity of FITC-MOS-1
upon continuous irradiation (Aex = 488 nm). *P < 0.05; **P < 0.01; n.s.: no statistically
significant.

Fig. 3. Subcellular localization of fluorescein isothiocyanate (FITC)-mussel
oligosaccharide (MOS-1) in HepG2 cells. (A) HepG2 cells were treated with FITC-
MOS-1 (green) and Lyso-Tracker Red (LTR; red). Areas of co-localization are visible
in yellow. (B) Zoom-in images of regions indicated in (A). (C) Fluorescence intensity
profiles of linear regions marked in (B), green: FITC-MOS-1, red: LTR. (D)3D
fluorescence distribution maps of FITC-MOS-1 and LTR in HepG2 cells. (E) Co-
localization values for FITC-MOS-1 and LTR (n = 8). (F) Area and diameter analysis
of FITC-MOS-1 and LTR in a population of cells (n = 30). n.s.: no statistically
significant.

Fig. 4. The mechanism of regulation of lipophagy by fluorescein isothiocyanate
(FITC)-mussel oligosaccharide (MOS-1) in high-fat (HF) HepG2 cells. (A) Confocal
images showing the distribution of lipid droplets (LDs) and lysosomes in high-fat
HepG2 cells with or without FITC-MOS-1 treatment for 12 h. FITC-MOS-1 (green),
Lyso-Tracker Red (LTR; red), Lipid droplets dyes (Lipi-Blue; blue). (B) Intensity
profiles indicating that contact between lysosomes and lipid droplets in model group
and FITC-MOS-1 treated group. FITC-MOS-1 (the green lines), LTR (the red lines)
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and Lipi-Blue (the blue lines). (C) 3D distribution map of lysosomes and lipid droplets
in HF HepG2 cell with or without MOS-1 treatment for 12 h. (D) The distance between
lysosomes and lipid droplets varies between untreated and MOS-1 treated groups in 30
cells. (E) Co-localization values for lysosomes and lipid droplets in model group and
MOS-1 treated groups (n = 5). (F) Schematic representing changes to the distribution
of lysosomes and lipid droplets under MOS-1 treatment. (G) Western blot analyses of
LC3 and p62 expression between untreated and MOS-1 treated for 12 h. Lower panels
show quantification of signal normalized to GAPDH expression. (n = 3). *P < 0.05;
**P < 0.01; ****P < 0.0001; n.s.: no statistically significant.

Fig. 5. Mussel oligosaccharide (MOS-1) reduced triglyceride levels in high-fat HepG2
cells. (A) Confocal imaging of high-fat (HF) model cells treated with the noted
concentrations of unlabeled MOS-1 for 12 h. Lyso-Tracker Red (LTR, red), Lipid
droplets dyes (Lipi-Blue; blue). (B) Area and particle diameter analysis of lipid droplets
and lysosome in untreated and MOS-1-treated HepG2 cells. (n = 30) (C) Counts of lipid
droplets and lysosomes per cell in untreated cells and cells treated with different
concentrations of MOS-1. (n = 8). (D) Triglyceride (TG) levels in untreated cells and
cells treated with different concentrations of MOS-1 for 12 h. (n = 3). **P < 0.01; ***P
< 0.001; ****P < 0.0001; n.s.: no statistically significant.

Fig. 6. Treatment with mussel oligosaccharide (MOS-1) reverses liver steatosis in mice
fed a high-fat diet. (A) Time chart of animal experiment with gavage of MOS-1. (B)
Representative hematoxylin and eosin (H&E) stains of mouse liver tissue sections. The
black frame indicates the area shown in enlarged form in the bottom panels. Black
arrows indicate lipid droplets or microvesicular steatosis. (C) High-fat diet-fed (HFD-
fed) ApoE "~ mice were sacrificed after treatment with MOS-1 or vehicle control for 2
weeks, and values associated with liver status were determined according to standard
methods. ALT: serum alanine transaminase, AST: serum aspartate aminotransferase,
ALP: serum alkaline phosphatase, BUN: blood urea nitrogen. (n = 10 animals per
group). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s.: no statistically
significant.
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Highlights

1. Conducting in situ micro-dynamic examinations of potential drug candidates allows
for the rapid identification of their mechanisms of action.

2. MOS-1 enhanced the interaction between lipid droplets and lysosomes.

3. MOS-1 effectively alleviated the characteristics associated with NAFLD by

reducing hepatic triglyceride levels.
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