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1 | INTRODUCTION

Chronic consumption of sugar-rich beverages or foods promotes
the development of non-alcoholic fatty liver disease (NAFLD) and
reduces life expectancy (Tilman & Clark, 2014). Among the various

Abstract

Lipid accumulation is a major factor in the development of non-alcoholic fatty liver
disease (NAFLD). Currently, there is a lack of intervention or therapeutic drugs against
NAFLD. In this study, we investigated the ability of Sargassum fusiforme polysaccha-
ride (SFPS) to reduce lipid accumulation induced by high sugar in HepG2 cells and
Drosophila melanogaster larvae. The results indicated that SFPS significantly (p < .01)
decreased the accumulation of lipid droplets in high sugar-induced HepG2 cells.
Furthermore, SFPS also suppressed the expression of Srebp and Fas (genes involved
in lipogenesis) and increased the expression of PPARa and Cpt1 (genes that partici-
pated in fatty acid B-oxidation) in these cells. SFPS markedly reduced the content of
triglyceride of the third instar larvae developed from D. melanogaster eggs reared on
the high-sucrose diet. The expression of the Srebp and Fas genes in the larvae was
also inhibited whereas the expression of two genes involved in the p-oxidation of
fatty acids, Acox57D-d and Fabp, was increased in the larval fat body (a functional
homolog of the human liver). We also found that SFPS ameliorated developmental
abnormalities induced by the high-sucrose diet. These results of this study suggest
that SFPS could potentially be used as a therapeutic agent for the prevention and
treatment of NAFLD.
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polysaccharide

sugars, sucrose is widely used as an inexpensive sweetener in bev-
erages or foods; upon ingestion, sucrose is converted to glucose
and fructose, which are subsequently absorbed and transported by
the blood to the cells and tissues to be further metabolized. In hu-
mans, excessive sugar intake disrupts normal lipid metabolism and
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increases the de novo synthesis of fatty acids, thereby promoting
their accumulation in the human liver as triacylglycerol (Bray, 2013;
Manti et al., 2014). Notably, the preference for sweetness in humans
develops early in life, to the extent that children and adolescents
are prone to consuming large amounts of sugar-rich beverages or
foods, which can increase their risk of NAFLD (Codella et al., 2017;
Jensen et al., 2018; Prinz, 2019). The pathogenesis of NAFLD has
been attributed to a “two-hit” theory, with the first hit being lipid ac-
cumulation in hepatocytes (Tessari et al., 2009), which is considered
to be an early stage of NAFLD. It plays a key role in the progression
of NAFLD. Therefore, the main strategy for the treatment and pre-
vention of NAFLD is to reduce lipid accumulation.

Drosophila is a common model for studying human metabolic
diseases because it not only has organs with similar functions to
those of humans but also shares the same metabolic pathways
with humans. For example, the D. melanogaster fat body is consid-
ered to be a functional homolog of the human liver (Musselman &
Kuhnlein, 2018; Ugur et al., 2016). In Drosophila, a high-sucrose diet
increases lipid accumulation in the fat body, which is prone to the de-
velopment of NAFLD (Kim et al., 2021; Tian et al., 2011). Therefore,
this model can be used to screen for compounds that can be used to
prevent and treat NAFLD (Sanhueza et al., 2021).

Algae are widely consumed in Asia (Misurcova et al., 2012).
Several studies have shown that algal polysaccharides can prevent
or treat metabolic diseases such as obesity and NAFLD (Chater
etal., 2015; Heeba & Morsy, 2015). Sargassum fusiforme, which is rich
in water-soluble polysaccharide, is a commercially cultivated alga in
China, Japan, and Korea (Chen et al., 2016). Previous studies have
reported that S. fusiforme polysaccharide possesses antioxidant,
antitumor, immune-enhancing, anti-aging, blood glucose-lowering,
anticoagulation, antiviral, and antibacterial activities, with poten-
tial applications in the pharmaceutical and cosmeceutical industries

(Zhang et al., 2020). However, there have been few studies focusing
on the lipid-lowering effect of SFPS. In this study, we investigated
the lipid-lowering effect of S. fusiforme polysaccharide (SFPS) in high
sugar-induced HepG2 cells and D. melanogaster larval model. The
results of our analysis would help expand the scope of the use and

application of SFPS.

2 | MATERIALS AND METHODS

2.1 | Materials and chemicals

1118 \vas provided by Qidong Fungene

Drosophila melanogaster w
Biotechnology (Jiangsu, China). Assay kits for glucose, triglycer-
ide, and total protein were provided by Shenzhen Icubio Biomedical
Technology Co., Ltd (Shenzhen, China). TRIzol reagent was purchased
from Invitrogen (Carlsbad, CA, USA). PrimeScriptTM RT Master Mix
(Perfect Real Time) was obtained from Takara Biomedical Technology
Co., Ltd. (Dalian, China). TransStart Top Green qPCR SuperMix was
purchased from TransGen Biotech (Beijing, China). Minimum essential
medium (MEM), fetal bovine serum (FBS), MEM nonessential amino
acids (100x), L-glutamine (100x), and sodium pyruvate were provided
by Gibco (Grand Island, NY, USA). Penicillin-streptomycin solution
(100x) was obtained from Biosharp Life Sciences (Anhui, China). All
other chemical reagents used in this study were of analytical grade.

2.2 | Extraction and characterization of S. fusiforme
polysaccharide

The S. fusiforme polysaccharide SFPS was prepared as previously
reported (Chen et al., 2016) as shown in Figure 1. The sulfate

Sargassum fusiforme

l Dried and grinded

Powder

l Defatted with 95% ethanol for 2 h at 80°C

Supernatant

FIGURE 1 Diagram outlining the steps
involved in the extraction of S. fusiforme
polysaccharide (SFPS)
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content, protein content, uronic acid, molecular weight, and mon-
osaccharide composition of SFPS were analyzed by the BaCl,-
gelatin method, Bradford method, m-hydroxydiphenyl method, and
1-phenyl-3-methyl-5-pyrazolone (PMP) pre-column derivatization
and HPLC method (Chen et al., 2016; Wu et al.,2019). The yield of
SFPS was 19.7%. It contained 6.9% sulfated group, 0.3% protein, and
90.9% sugar that included with 46.2% uronic acid, and the average
molecular weight of SFPS was 80 kDa. The detailed composition
of the monosaccharides in SFPS is glucose, glucuronic acid, xylose,
rhamnose, mannose, mannuronic acid, galactose, fucose, and gulu-
ronic acid with the molar ratio of 1:3:4:5:4:9:7:28:39.

2.3 | Invitro experiments
2.3.1 | Cell culture

HepG2 (human hepatocellular liver carcinoma) cells were purchased from
the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology. The
cells were cultured in a MEM complete medium supplemented with 10%
FBS and 1% penicillin-streptomycin at 37°Cin a 5% CO, incubator.

2.3.2 | Cellviability analysis

The viability of the cells treated with glucose was determined using
the MTT assay. Briefly, HepG2 cells were treated with different con-
centrations of glucose (12.5, 25, 50, 100 mM) for 48 hr, and the cell
viability was determined by an MTT analysis as described previously
(Chen et al., 2016).

2.3.3 | Oil red O staining

HepG2 cells were seeded in a 24-well plate for overnight and then
cultured in the complete medium (control group), complete medium
containing 50 mM glucose (glucose group), or 50 mM glucose plus
100 pg/ml SFPS (SFPS group) for 48 hr. After that, the cells were
stained using an oil red O stain kit (for cultured cells) (Solarbio,
G1262) according to the manufacturer's instruction. Images of the
stained cells of each group were obtained using an inverted micro-
scope (LEICA DMi8, Wetzlar, Germany). Oil red O-stained area was
measured using Image J software. The concentration of SFPS was
found to have no toxic effect on liver cells at a concentration of 100-
1,000 pg/ml (Chen et al., 2016).

2.4 | Invivo experiments

2.4.1 | Preparation of media

Three types of diets were prepared for the experiments that exam-

ined the lipid-lowering effect of SFPS on Drosophila melanogaster. A

standard diet containing 3% sucrose was prepared by dissolving 20 g
corn, 8 g sucrose (3%) or 87.5 g (35%), 16 g glucose, 8 g yeast, 0.18 g
calcium chloride, 1.75 g agar, and 2 ml propionic acid in hot water
in a total volume of 250 ml. The diet was then allowed to solidify.
To prepare the high-sucrose diet which contained 35% sucrose, the
same preparation was carried out except that the amount of sucrose
in the diet was increased to 87.5 g of sucrose. As for the high sucrose
plus SFPS diet, 6.25 g of SFPS was added to the preparation in addi-
tion to 87.5 g of sucrose. The final concentration of SFPS in the diet

was 25 mg/ml.

2.4.2 | Drosophila melanogaster culture and treatment

Drosophila melanogaster was reared on a standard diet in a 25°C incu-

bator with a relative humidity of 60%-70% and under a 12 hr light/

dark cycle. The embryos were collected on grape juice agar plates

with yeast extract (1%, m/v) and then randomly separated into three

groups as follows:

1. Control group: D. melanogaster embryos (150 eggs) were reared
on a standard diet (8 ml).

2. SD group: D. melanogaster embryos (150 eggs) were reared on the
high-sucrose diet (8 ml).

3. SFPS group: D. melanogaster embryos (150 eggs) were reared on
the high sucrose +SFPS diet (8 ml).

2.4.3 | Phenotypic analysis

Drosophila melanogaster larval development was monitored to track
the changes from the larval to adult stages. The body weight was
recorded for three replicates of 10 larvae/tube and 10 pupae/
tube. Pupariation rates were recorded every 24 hr and analyzed
using Equation (1) below. Drosophila larvae, pupae, and adults were
photographed using a stereomicroscope (Nikon SMZ1270, Japan).
Additionally, adult wings were photographed using an inverted
biological microscope (Leica DMi1, Germany). The length and area
of the adult wing were analyzed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). Pupal volume was calcu-
lated using Equation (2) (Parisi et al., 2013).

Pupariationrate (%) = [number of pupae/total number of embryos] x 100% (1)

Pupal volume (mm?) = (4n/3) x (L/2) x (1/2)? )

“n

where is “L" is the pupal length and “I” is the pupal width.

2.4.4 | Biochemical analysis

The control, SD, and SFPS groups of D. melanogaster larvae (n = 10)
were separately collected in 1.5 ml microcentrifuge tubes, ground in
0.1% PBST (PBS containing 0.1% Triton X-100), and centrifuged at
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10,000 x g at 4°C for 10 min. The supernatant from each sample was
collected and separated into two tubes. One of the tubes was used
to measure the total protein content using an automatic biochemical
analyzer (Shenzhen icubio Biomedical Technology Co., Ltd.) equipped
with a total protein assay kit. The other tube was heated at 70°C for
5 min to deactivate the endogenous enzymes, and the debris was then
removed by centrifugation and the triglyceride and glucose contents
in the clear supernatant were analyzed using a commercial assay kit.

2.5 | Quantitative polymerase chain reaction
(gPCR) analysis

Total RNA was extracted from the larvae, larval fat body, and HepG2
cells using the TRIzol reagent. First-strand cDNA was synthesized
from the RNA using a PrimeScript™ RT Master Mix according to the
manufacturer's instruction. The cDNA was then analyzed by gPCR
using gene-specific primers (Table 1). Quantitative PCR was per-
formed in a LightCycler 96 (Roche, Switzerland) using TransStart Top
Green gPCR SuperMix. The relative quantitation of the target-gene
mRNA level was performed using the 2724 method.

2.6 | Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 8.00 (GraphPad, San Diego, CA, USA). One-way and two-way
ANOVA followed by Tukey's multiple comparison test was per-
formed to determine the significant differences among groups.

Statistical significance was considered at the p <.05 level.

3 | RESULTS
3.1 | Effect of glucose on the viability of HepG2 cells

The effect of glucose on HepG2 cells was determined by measuring the
viability of the cells following treatment with different concentrations
of glucose. No significant difference in the cell viability was detected
between untreated (control) cells and glucose-treated cells for glucose
concentration up to 50 mM compared with the untreated (control)
cells. However, at 100 mM glucose, there was a slight reduction in cell
viability (Figure 2), suggesting that the range of glucose concentration
tested exerted little or no toxicity on HepG2 cells. Therefore, 50 mM

glucose was subsequently used to induce lipogenesis in HepG2 cells.

3.2 | Effect of SFPS on high-glucose-induced lipid
accumulation in HepG2 cells

The effect of SFPS on lipid accumulation in glucose-treated HepG2
cells was determined by oil red O staining (ORO), a method that is often

used to detect neutral lipids and the content of lipid droplets (Mehlem

CWILEY--®%

TABLE 1 Sequences of gene-specific primers used in qPCR
analysis

Organism Gene name  Primer sequence (5'-3’)
Homo sapiens Fas GGACAGAGCAACTACGGCTT
GTGTCGTTGGTGCTCATCGT
Srebp GTGCTCTGCGAGTGGATG
CAGGTTGGTGGCAGTGAG
Cpt1 GTTACGACAGGTGGTTTGAC
CGTTTGCCAGAAGATTTGCG
PPARa CATCCCAGGCTTCGCAAACT
TCCATACGCTACCAGCATCC
p-actin TGGATCAGCAAGCAGGAGTA
TCGGCCACATTGTGAACTTT
Drosophila Acox57D-d ~ CCACGAGATACTCGGCAGTG
melangaster CCGTAGCGATCTCAGGGAAG
Fabp TGTAGACGCGCACGCACTTA
AGCATCATCACCCTGGATGG
Srebp GGCAGTTTGTCGCCTGATG
CAGACTCCTGTCCAAGAGCTGTT
Fas CAACAAGCCGAACCCAGATCTT
CAAAGGAGTTCAGGCCGATGAT
Dilp2 AGCAAGCCTTTGTCCTTCATCTC
ACACCATACTCAGCACCTCGTTG
Dilp3 AAGCTCTGTGTGTATGGCTT
AGCACAATATCTCAGCACCT
FoxO CGAGAGTCCGCTCCACAG
AAGATCCTGCGCCCTAATG
Thor CCATGATCACCAGGAAGGTTGTCA
AGCCCGCTCGTAGATAAGTTTGGT
RpL32 GACAGTATCTGATGCCCAACA

CTTCTTGGAGGAGACGCCGT

et al,, 2013). HepG2 cells induced with glucose in the presence of SFPS
exhibited decreased lipid accumulation compared with cells that were
induced with glucose without SFPS (Figure 3a and b). Subsequent gPCR
analysis of lipid metabolism-related genes in these cells revealed reduced
transcript levels of the Srebp and Fas genes (Figure 3c). Furthermore,
the transcript levels of Cpt1 and PPARa in these cells also increased by
2.3- and 2.1-fold, respectively, suggesting that SFPS could promote f-
oxidation of fatty acids and inhibit lipogenesis.

3.3 | Effects of SFPS on the lipid accumulation of
high sucrose-fed D. melanogaster larvae

To further determine that SFPS also has a lipid-lowering effect in
vivo, we analyzed the triglyceride content of D. melanogaster larvae
reared on a high-sucrose diet since triglyceride is the major form of

stored fat. Third instar larvae reared on the high-sucrose diet showed
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an increase in the triglyceride content compared with the control
larvae (Figure 4a). In contrast, third instar larvae that were reared
on the high-sucrose diet plus SFPS medium (SFPS group) showed a
significantly reduced content of triglyceride. To determine the po-
tential mechanisms by which SFPS reduced lipid accumulation in the
high sucrose-fed larvae, several lipogenesis genes in the fat body of
these larvae were examined using qPCR. Fatty acid synthetase (FAS)
is a lipogenic factor activated by the transcription factor SREBP. The
mMRNA level of Fas and Srebp in the SFPS group decreased by 0.3- and
0.5-fold, respectively, relative to the SD group, and the reduction was
significant for both genes (Figure 4b). This indicated that SFPS could

15
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FIGURE 2 Effect of glucose on HepG2 cells viability. HepG2
cells were incubated with glucose (12.5, 25, 50, 100 mM) for 48 hr,
and the cell viability was then measured with the MTT assays.
Data are presented as the means +standard deviation from three
independent experiments. ns: no significant difference

Control Glucose

(a)

prevent an increase in lipogenesis in D. melanogaster larvae reared
on the high-sucrose diet. Further analysis of lipid catabolism-related
genes revealed a reduction in the transcript levels of Acox57D-d (acyl-
Coenzyme A oxidase at 57D distal) and Fabp (fatty acid-binding pro-
tein) in the SD group, but the transcript levels of both genes were
significantly upregulated in the SFPS group. These results suggest that
the lipid-lowering effect of SFPS might occur through the regulation
of lipid metabolism-related genes, consequently leading to reduced

lipogenesis and increased fatty acid 3-oxidation in the larval fat body.

3.4 | Effects of SFPS on the D. melanogaster larval
development

Drosophila development was monitored by measuring the growth
defects by comparing larval phenotypes at 120 hr, a time at which
synchronized cultures of normal larvae would normally reach the wan-
dering third instar stage with the commencement of puparium for-
mation (Rulifson et al., 2002). A previous study has shown that larval
development can be assessed by morphometric and weight measure-
ments (Ugur et al., 2016). The larval size of the SD group was reduced
compared with the larval size of the control group, and the larval size of
the SFPS group was larger than that of the SD group (Figure 5a). The lar-
val weight of the SFPS group was also significantly increased relative to
that of the SD group, with the increase being about 4.6-fold that of the
SD group (Figure 5b). It has been shown that excessive fat accumulation
can cause lipotoxicity, which plays a role in insulin resistance and islet
B-cell dysfunction (Yazici & Sezer, 2017). Thus, the effect of SFPS on
the expression of the genes coding for insulin-like peptide 2 (Dilp2) and
insulin-like peptide (Dilp3) was also investigated. Significantly higher
levels of Dilp2 and Dilp3 mRNA were found in the SD group than in
the control group, with the increase amounted to 6.0- and 7.2-fold for

SFPS

FIGURE 3 Effect of S. fusiforme
polysaccharide (SFPS) on high glucose-
induced lipid accumulation in HepG2 cells.

(b) (c) = Comol HepG2 cells were treated with 50 mmol/L
25¢ . = Glucose glucose or 50 mmol/L glucose +100 ug/
I 2.5 == SFPS ml SFPS for 48 hr and then subjected to
= 2.0F = . *x different analyses. (a) Qil red O staining.
a zB20r  — — m = (b) Plot showing the quantitation of lipid
§ 1.5F § 15k as identified by oil red O staining shown
%" -1 é in (a). (c) Quantitative analysis of the
-E 1.0F e 1.0F transcript levels of gene associated with
2 0.5+ s lipogenesis and fatty acid p-oxidation.
& & 0.5p Data are the means +standard deviation
L from three independent experiments.
Control Glucose SFPS Srebp Fas PPAR¢ Cptl *p <.01, **p <.001
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FIGURE 4 Effect of SFPS on lipid == Control
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Dilp2 and Dip3, respectively, (Figure 5d). However, these larvae showed
an increased level of glucose (Figure 5c), a physiological state similar to
insulin resistance. In Drosophila, FOXO (Forkhead transcription factor) is
an important mediator of insulin signaling, and it is activated to induce
insulin resistance and inhibits growth through the action of target genes
such as Thor (Jinger et al., 2003; Luong et al., 2006). The transcript lev-
els of FoxO and Thor in the SD group larvae also increased relative to the
control group (5.0-fold for FoxO and 1.8-fold for Thor). The data were
consistent with the phenotypic abnormalities and metabolic disorders
reported by other investigators for larvae reared under a high-sucrose
diet. Thus, SFPS could reduce developmental abnormalities in D. mela-

nogaster larvae by reducing lipid accumulation.

3.5 | Effects of SFPS on D. melanogaster pupal
development

The effect of SFPS on D. melanogaster pupal development was inves-
tigated. As shown in Figure 6a, the pupal size of the SD group was
obviously smaller than that of the control group, whereas both the

SFPS

control and SFPS groups had similar pupal sizes. The pupal weight and
volume of the SD group showed a significant decrease relative to the
control group, but the pupal weight and volume of the SFPS group
were similar to those of the control group (Figure éb and c). This clearly
demonstrated that SFPS could prevent the loss of pupal weight and
volume caused by the high-sucrose diet. Among the three groups, the
SD group also had the lowest pupariation rate, whereas the control
group had the highest pupariation rate (Figure 6d). The SFPS group
had a slightly higher pupariation rate than the SD group, but the differ-
ence was significant at 240 hr and beyond. The results demonstrated
that SFPS feeding could suppress the high sucrose-induced delay in
larval body development and attenuated the abnormal growth exhib-

ited by Drosophila from the larval stage to the pupal stage.
3.6 | Effects of SFPS on the D. melanogaster adult
development

The effect of SFPS on D. melanogaster body size and weight was also

evaluated for the adult individual fed with the high-sucrose diet. No
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(a) FIGURE 6 Effect of SFPSon
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FIGURE 7 Effect of SFPS on Drosophila melanogaster adult development. The larvae were fed a normal diet (control group), high-sucrose
diet (SD group) or high-sucrose diet +SFPS (SFPS group) until they reached the adult stage, and the body weights of the flies were then
measured. (a) Representative image showing the adult from the three different treatments. (b) Body weight. Data are presented as means
+standard deviation from three independent experiments. ns: no significant difference, ***p <.001

significant difference was observed in body size and weight between
females and males between the SD and control groups (Figure 7a
and b), while both males and females in the SFPS group appeared
to have a larger body size and weight, though only the females dis-
played a significant increase in body weight over the SD group. Wing
area and wing length were also measured to provide additional indi-
cators of adult development (Hariharan & Serras, 2017). As shown
in Figure 8a, Line L, which extends from the anterior crossvein to
the end of the second longitudinal vein, was used to measure the
wing length, while the black line segment superimposed on the wing
connects the six points (1-6) used to determine the area of the wing.

Adult flies (both males and females) of the SFPS group possessed

longer and larger wings than those in the SD group (Figure 8b and
c). Thus, SFPS could correct the negative impact of high sucrose and
ensure the proper development of the larvae to the adult stage.

4 | DISCUSSION

Regular consumption of sugar-sweetened beverages has been
linked to an increased risk of metabolic diseases in children and
adolescents, prompting a worldwide health concern (Bradwisch
et al., 2020; Flieh et al., 2020; Schwimmer et al., 2019). Among the
metabolic diseases that have attracted much attention is NAFLD. At
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FIGURE 8 Effect of SFPSon (a)
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present, no drug has been approved by the FDA to treat NAFLD in
children (Friesen et al., 2021). Several studies have demonstrated
the potential of algae-derived active ingredients such as alginate
and xanthigen in the prevention of NAFLD (Abidov et al., 2010;
Kawauchi et al., 2019). Therefore, we speculated that polysaccha-
ride obtained from S. fusiforme may also have therapeutic potential
against NAFLD.

High-sugar diet can alter the metabolism of fatty acids in the
liver, resulting in the accumulation of lipid within the liver cells
(Alves-Bezerra & Cohen, 2017). HepG2 cells display many ge-
notypic features of normal human hepatocytes and are widely
used to screen for active compounds via in vitro models (Donato
et al.,, 2015). Using HepG2 cells to represent liver cells showed
that SFPS could significantly inhibit glucose-induced lipid accumu-
lation in the cells exposed to a high concentration of glucose in
the medium. Many studies have reported that active compounds
with lipid-lowering effect can prevent the accumulation of lipid
in HepG2 cells by inhibiting the expression of Srebp and Fas (Do
et al., 2013; Kang & Koppula, 2014; Pil Hwang et al., 2013). FAS
and SREBP are important enzymes in liver lipogenesis (Llersen
et al., 2019). The lipid-lowering effect of SFPS was also linked to
its inhibition of high glucose-induced Fas and Srebp expression
(Figure 3). In addition, the activation of PPARa and Cpt1, which also
participate in the p-oxidation of fatty acids, and their activation can
lead to a decreased level of lipid (Zhang et al., 2019). Therefore,
SFPS might exhibit a lipid-lowering effect via inhibiting lipogenesis
and increasing the breakdown of fatty acid via p-oxidation in our
in vitro model. The underlying mechanism by which SFPS elicited
its lipid-lowering effect is consistent with that demonstrated for
ginseng seed oil, which can promote fatty acid breakdown via -

oxidation in HepG2 and rat hepatocytes (Kim et al., 2018).

To explore whether the lipid-lowering effect of SFPS observed
in the cell system might also occur in vivo, the effect of SFPS on
D. melanogaster larvae fed with a high-sugar diet was investigated.
Although D. melanogaster has no liver, it does have a fat body, which
is a liver analog, where fat can accumulate from excess glucose in the
diet. Furthermore, the pathological accumulation of lipids in the fat
body induced by high sugar can also lead to a shortened lifespan for
the fly (Musselman et al., 2011). SFPS was found to reduce the level
of triglyceride in D. melanogaster larvae fed with a high-sugar diet,
resulting in less accumulation of lipid in the fat body. The reduction
in lipid accumulation was linked to an increase in g-oxidation of fatty
acids, mediated by increased expression of Acox57D-d and Fabp in
the fat body (Figure 4). This may represent an important mechanism
by which SFPS exerts its lipid-lowering effect in D. melanogaster lar-
vae. Lipid accumulation in hepatocytes leads to hepatic steatosis,
which is an early feature of NAFLD (Tailleux et al., 2012). We specu-
lated that SFPS might prevent the progression of NAFLD by reducing
lipid accumulation. Excessive fat accumulation plays a role in insulin
resistance and islet p cell dysfunction, which in turn disrupts glucose
metabolism in the body (Yazici & Sezer, 2017). Interestingly, SFPS,
a seaweed polysaccharide, could improve insulin signaling, thereby
alleviating the extent of abnormal development caused by defects in
insulin signaling. Protection by SFPS against tissue damage caused
by high sugar was obvious at the larval stage, and this might con-
stitute an important factor by which SFPS rescued the develop-
mental defects inflicted by high sugar in the pupal and adult stages.
Metabolic imbalance not only can trigger a developmental delay of
the body and organs but can also decrease the survival rate of the
pupa (Murphy et al., 2006). The pupariation rate was significantly
reduced by the high-sucrose diet, but a significant increase in pupari-

ation rate was observed for the pupae fed with the high-sucrose diet
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containing SFPS (Figure 6). Judging from the lipid-lowering effect of
SFPS, both in HepG2 cells and Drosophila, SFPS might be a suitable
agent for the prevention or treatment of obesity or non-alcoholic
fatty liver disease in developing children and adolescents.

In this study, SFPS, a sulfated polysaccharide extracted from S.
fusiforme was shown to suppress lipid accumulation by increasing
fatty acid breakdown via f-oxidation and reduced lipid synthesis.
Using D. melanogaster larvae raised on the high-sucrose diet, the lipid-
lowering activity of SFPS was also manifested in the correction of
developmental abnormalities adult, enabling larvae which otherwise
suffered from developmental abnormalities to develop into normal
adult flies. The findings of this study seem to suggest that polysac-
charide derived from S. fusiforme might be developed into a functional
food for the intervention in NAFLD and promotion of health.

ACKNOWLEDGEMENTS

This work was financially supported by the National Natural
Science Foundation of China (41876197), the National Key Research
and Development Project (2018YFD0901503), the Science and
Technology Program of Wenzhou (ZY2019013; N20190014),
and Golden Seed Project, Ministry of Oceans and Fisheries
(213008-05-2-SB910). The authors thank Alan K Chang (Wenzhou
University) for helpful discussion and for revising the language of

the manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interests.

ETHICAL APPROVAL
Not applicable.

DATA AVAILABILITY STATEMENT
The authors confirm that the data supporting the findings of this

study are available within the article.

ORCID
Haibin Tong https://orcid.org/0000-0002-7645-3458
REFERENCES

Abidov, M., Ramazanov, Z., Seifulla, R., & Grachey, S. (2010). The effects
of xanthigen in the weight management of obese premenopausal
women with non-alcoholic fatty liver disease and normal liver fat.
Diabetes, Obesity & Metabolism, 12(1), 72-81.

Alves-Bezerra, M., & Cohen, D. E. (2017). Triglyceride metabolism in the
liver. Comprehensive Physiology, 8(1), 1-8. https://doi.org/10.1002/
cphy.c170012

Bradwisch, S. A., Smith, E. M., Mooney, C., & Scaccia, D. (2020). Obesity
in children and adolescents: An overview. Nursing, 50(11), 60-66.
https://doi.org/10.1097/01.NURSE.0000718908.20119.01

Bray, G. A.(2013). Energy and fructose from beverages sweetened with sugar
or high-fructose corn syrup pose a health risk for some people. Advances
in Nutrition, 4(2), 220-225. https://doi.org/10.3945/an.112.002816

Chater, P. I., Wilcox, M. D., Houghton, D., & Pearson, J. P. (2015). The role
of seaweed bioactives in the control of digestion: Implications for
obesity treatments. Food & Function, 6(11), 3420-3427. https://doi.
org/10.1039/C5FO00293A

Chen, P, He, D., Zhang, Y., Yang, S., Chen, L., Wang, S., Zou, H., Liao,
Z., Zhang, X., & Wu, M. (2016). Sargassum fusiforme polysaccharides
activate antioxidant defense by promoting Nrf2-dependent cytopro-
tection and ameliorate stress insult during aging. Food & Function,
7(11), 4576-4588. https://doi.org/10.1039/C6FO00628K

Codella, R., Terruzzi, I., & Luzi, L. (2017). Sugars, exercise and health.
Journal of Affective Disorders, 224, 76-86. https://doi.org/10.1016/j.
jad.2016.10.035

Do, M. T,, Kim, H. G., Choi, J. H., Khanal, T, Park, B. H., Tran, T. P., Hwang,
Y. P, Na, M., & Jeong, H. G. (2013). Phillyrin attenuates high glucose-
induced lipid accumulation in human HepG2 hepatocytes through the
activation of LKB1/AMP-activated protein kinase-dependent signal-
ling. Food Chemistry, 136(2), 415-425. https://doi.org/10.1016/j.foodc
hem.2012.09.012

Donato, M. T., Tolosa, L., & Géomez-Lechén, M. J. (2015). Culture and
functional characterization of human hepatoma HepG2 cells.
Methods in Molecular Biology (Clifton. N.J.), 1250, 77-93.

Flieh, S. M., Moreno, L. A., Miguel-Berges, M. L., Stehle, P., Marcos, A.,
Molnér, D., Widhalm, K., Béghin, L., De Henauw, S., Kafatos, A.,
Leclercq, C., Gonzalez-Gross, M., Dallongeville, J., Molina-Hidalgo,
C., & Gonzalez-Gil, E. M. (2020). Free sugar consumption and obesity
in European adolescents: The HELENA study. Nutrients, 12(12), 3747.

Friesen, C. S., Hosey-Cojocari, C., Chan, S. S., Csanaky, I. L., Wagner, J.
B., Sweeney, B. R., Friesen, A, Fraser, J. D., & Shakhnovich, V. (2021).
Efficacy of weight reduction on pediatric nonalcoholic fatty liver
disease: Opportunities to improve treatment outcomes through
pharmacotherapy. Frontiers in Endocrinology, 12, 663351. https://doi.
org/10.3389/fendo.2021.663351

Hariharan, . K., & Serras, F.(2017). Imaginal disc regeneration takes flight.
Current Opinion in Cell Biology, 48, 10-16. https://doi.org/10.1016/j.
ceb.2017.03.005

Heeba, G. H., & Morsy, M. A. (2015). Fucoidan ameliorates steatohepati-
tis and insulin resistance by suppressing oxidative stress and inflam-
matory cytokines in experimental non-alcoholic fatty liver disease.
Environmental Toxicology and Pharmacology, 40(3), 907-914. https://
doi.org/10.1016/j.etap.2015.10.003

Jensen, T., Abdelmalek, M. F., Sullivan, S., Nadeau, K. J., Green, M.,
Roncal, C., Nakagawa, T., Kuwabara, M., Sato, Y., Kang, D. H., Tolan,
D. R., Sanchez-Lozada, L. G., Rosen, H. R., Lanaspa, M. A., Diehl, A.
M., & Johnson, R. J. (2018). Fructose and sugar: A major mediator of
non-alcoholic fatty liver disease. Journal of Hepatology, 68(5), 1063-
1075. https://doi.org/10.1016/j.jhep.2018.01.019

Jinger, M. A., Rintelen, F., Stocker, H., Wasserman, J. D., Végh, M.,
Radimerski, T., Greenberg, M. E., & Hafen, E. (2003). The Drosophila
forkhead transcription factor FOXO mediates the reduction in cell num-
ber associated with reduced insulin signaling. Journal of Biology, 2(3), 20.

Kang, H., & Koppula, S. (2014). Houttuynia cordata attenuates lipid ac-
cumulation via activation of AMP-activated protein kinase signaling
pathway in HepG2 cells. The American Journal of Chinese Medicine,
42(3), 651-664.

Kawauchi, S., Horibe, S., Sasaki, N., Tanahashi, T., Mizuno, S., Hamaguchi,
T., & Rikitake, Y. (2019). Inhibitory effects of sodium alginate on he-
patic steatosis in mice induced by a methionine- and choline-deficient
diet. Marine Drugs, 17(2), 104. https://doi.org/10.3390/md17020104

Kim, G. W, Jo, H. K., & Chung, S. H. (2018). Ginseng seed oil amelio-
rates hepatic lipid accumulation in vitro and in vivo. Journal of Ginseng
Research, 42(4), 419-428.

Kim, K., Cha, S. J,, Choi, H. J., Kang, J. S., & Lee, E. Y. (2021). Dysfunction
of mitochondrial dynamics in Drosophila model of diabetic nephropa-
thy. Life (Basel, Switzerland), 11(1), 67.

Liersen, K., Roder, T., & Rimbach, G. (2019). Drosophila melanogaster in
nutrition research-the importance of standardizing experimental
diets. Genes & Nutrition, 14, 3.

Luong, N., Davies, C. R., Wessells, R. J.,, Graham, S. M., King, M.
T., Veech, R., Bodmer, R., & Oldham, S. M. (2006). Activated


https://orcid.org/0000-0002-7645-3458
https://orcid.org/0000-0002-7645-3458
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.1002/cphy.c170012
https://doi.org/10.1097/01.NURSE.0000718908.20119.01
https://doi.org/10.3945/an.112.002816
https://doi.org/10.1039/C5FO00293A
https://doi.org/10.1039/C5FO00293A
https://doi.org/10.1039/C6FO00628K
https://doi.org/10.1016/j.jad.2016.10.035
https://doi.org/10.1016/j.jad.2016.10.035
https://doi.org/10.1016/j.foodchem.2012.09.012
https://doi.org/10.1016/j.foodchem.2012.09.012
https://doi.org/10.3389/fendo.2021.663351
https://doi.org/10.3389/fendo.2021.663351
https://doi.org/10.1016/j.ceb.2017.03.005
https://doi.org/10.1016/j.ceb.2017.03.005
https://doi.org/10.1016/j.etap.2015.10.003
https://doi.org/10.1016/j.etap.2015.10.003
https://doi.org/10.1016/j.jhep.2018.01.019
https://doi.org/10.3390/md17020104

HE ET AL.

FOXO-mediated insulin resistance is blocked by reduction of TOR
activity. Cell Metabolism, 4(2), 133-142. https://doi.org/10.1016/].
cmet.2006.05.013

Manti, S., Romano, C., Chirico, V., Filippelli, M., Cuppari, C., Loddo, I.,
Salpietro, C., & Arrigo, T. (2014). Nonalcoholic fatty liver disease/
non-alcoholic steatohepatitis in childhood: Endocrine-metabolic
"mal-programming". Hepatitis Monthly, 14(5), 17641. https://doi.
org/10.5812/hepatmon.17641

Mehlem, A., Hagberg, C. E., Muhl, L., Eriksson, U., & Falkevall, A. (2013).
Imaging of neutral lipids by oil red O for analyzing the metabolic sta-
tus in health and disease. Nature Protocols, 8(6), 1149-1154. https://
doi.org/10.1038/nprot.2013.055

Migurcova, L., Skrovankova, S., Samek, D., Ambrozova, J., & Machq, L.
(2012). Health benefits of algal polysaccharides in human nutrition.
Advances in Food and Nutrition Research, 66, 75-145.

Murphy, V. E., Smith, R., Giles, W. B., & Clifton, V. L. (2006). Endocrine
regulation of human fetal growth: The role of the mother, pla-
centa, and fetus. Endocrine Reviews, 27(2), 141-169. https://doi.
org/10.1210/er.2005-0011

Musselman, L. P., Fink, J. L., Narzinski, K., Ramachandran, P. V.,
Hathiramani, S. S., Cagan, R. L., & Baranski, T. J. (2011). A high-sugar
diet produces obesity and insulin resistance in wild-type Drosophila.
Disease Models & Mechanisms, 4(6), 842-849.

Musselman, L. P., & Kiihnlein, R. P. (2018). Drosophila as a model to study
obesity and metabolic disease. The Journal of Experimental Biology,
221(Pt Suppl 1), 163881.

Parisi, F., Riccardo, S., Zola, S., Lora, C., Grifoni, D., Brown, L. M., &
Bellosta, P. (2013). dMyc expression in the fat body affects DILP2
release and increases the expression of the fat desaturase Desatl
resulting in organismal growth. Developmental Biology, 379(1), 64-75.
https://doi.org/10.1016/j.ydbio.2013.04.008

Pil Hwang, Y., Gyun Kim, H., Choi, J. H., Truong Do, M., Tran, T. P., Chun,
H. K., Chung, Y. C,, Jeong, T. C., & Jeong, H. G. (2013). 3-Caffeoyl,
4-dihydrocaffeoylquinic acid from Salicornia herbacea attenuates
high glucose-induced hepatic lipogenesis in human HepG2 cells
through activation of the liver kinase B1 and silent information reg-
ulator T1/AMPK-dependent pathway. Molecular Nutrition & Food
Research, 57(3), 471-482.

Prinz, P. (2019). The role of dietary sugars in health: Molecular compo-
sition or just calories? European Journal of Clinical Nutrition, 73(9),
1216-1223. https://doi.org/10.1038/s41430-019-0407-z

Rulifson, E. J. (2002). Ablation of insulin-producing neurons in flies:
Growth and diabetic phenotypes. Science, 296(5570), 1118-1120.
https://doi.org/10.1126/science.1070058

Sanhueza, S., Tobar, N., Cifuentes, M., Quenti, D., Vari, R., Scazzocchio,
B., Masella, R., Herrera, K., Paredes, A., Morales, G., & Ormazabal, P.
(2021). Lampaya Medicinalis Phil. decreases lipid-induced triglycer-
ide accumulation and proinflammatory markers in human hepato-
cytes and fat body of Drosophila melanogaster. International Journal
of Obesity, 45(7), 1464-1475. https://doi.org/10.1038/s41366-021-
00811-8. [Epub head of print].

CWILEY--*%

Schwimmer, J. B, Ugalde-Nicalo, P., Welsh, J. A., Angeles, J. E., Cordero,
M., Harlow, K. E., Alazraki, A., Durelle, J., Knight-Scott, J., Newton,
K. P., Cleeton, R., Knott, C., Konomi, J., Middleton, M. S., Travers, C.,
Sirlin, C. B., Hernandez, A., Sekkarie, A., McCracken, C., & Vos, M. B.
(2019). Effect of a low free sugar diet vs usual diet on nonalcoholic
fatty liver disease in adolescent boys: A randomized clinical trial.
JAMA, 321(3), 256-265. https://doi.org/10.1001/jama.2018.20579

Tailleux, A., Wouters, K., & Staels, B. (2012). Roles of PPARs in NAFLD:
Potential therapeutic targets. Biochimica et Biophysica Acta, 1821,
809-818. https://doi.org/10.1016/j.bbalip.2011.10.016

Tessari, P., Coracina, A., Cosma, A., & Tiengo, A. (2009). Hepatic lipid me-
tabolism and non-alcoholic fatty liver disease. Nutrition, Metabolism,
& Cardiovascular Diseases, 19(4), 291-302. https://doi.org/10.1016/j.
numecd.2008.12.015

Tian, Y., Bi, J., Shui, G,, Liu, Z., Xiang, Y., Liu, Y., Wenk, M. R, Yang, H., &
Huang, X. (2011). Tissue-autonomous function of Drosophila seipin
in preventing ectopic lipid droplet formation. PLoS Genetics, 7(4),
1001364. https://doi.org/10.1371/journal.pgen.1001364

Tilman, D., & Clark, M. (2014). Global diets link environmental sustain-
ability and human health. Nature, 515(7528), 518-522. https://doi.
org/10.1038/nature13959

Ugur, B., Chen, K., & Bellen, H. J. (2016). Drosophila tools and assays for the
study of human diseases. Disease Models & Mechanisms, 9(3), 235-244.

Wu, S., Zhang, X., Liu, J., Song, J., Yu, P,, Chen, P, Liao, Z., Wu, M., & Tong,
H. (2019). Physicochemical characterization of Sargassum fusiforme
fucoidan fractions and their antagonistic effect against P-selectin-
mediated cell adhesion. International Journal of Biological Macromolecules,
133, 656-662. https://doi.org/10.1016/].ijbiomac.2019.03.218

Yazici, D., & Sezer, H. (2017). Insulin resistance, obesity and lipotoxicity.
Advances in Experimental Medicine and Biology, 960, 277-304. https://
doi.org/10.1007/978-3-319-48382-5_12

Zhang, Q., Kong, X., Yuan, H., Guan, H., Li, Y., & Niu, Y. (2019). Mangiferin
improved palmitate-induced-insulin  resistance by promoting
free fatty acid metabolism in HepG2 and C2C12 cells via PPARa:
Mangiferin improved insulin resistance. Journal of Diabetes Research,
2019, 2052675.

Zhang, R., Zhang, X., Tang, Y., & Mao, J. (2020). Composition, isolation,
purification and biological activities of Sargassum fusiforme polysac-
charides: A review. Carbohydrate Polymers, 228, 115381. https://doi.
org/10.1016/j.carbpol.2019.115381

How to cite this article: He, D., Yan, L., Zhang, J., Li, F., Wu, Y.,
Su, L., Chen, P., Wu, M., Choi, J.-1., & Tong, H. (2021). Sargassum
fusiforme polysaccharide attenuates high sugar-induced lipid
accumulation in HepG2 cells and Drosophila melanogaster
larvae. Food Science & Nutrition, 9, 5590-5599. https://doi.
org/10.1002/fsn3.2521



https://doi.org/10.1016/j.cmet.2006.05.013
https://doi.org/10.1016/j.cmet.2006.05.013
https://doi.org/10.5812/hepatmon.17641
https://doi.org/10.5812/hepatmon.17641
https://doi.org/10.1038/nprot.2013.055
https://doi.org/10.1038/nprot.2013.055
https://doi.org/10.1210/er.2005-0011
https://doi.org/10.1210/er.2005-0011
https://doi.org/10.1016/j.ydbio.2013.04.008
https://doi.org/10.1038/s41430-019-0407-z
https://doi.org/10.1126/science.1070058
https://doi.org/10.1038/s41366-021-00811-8
https://doi.org/10.1038/s41366-021-00811-8
https://doi.org/10.1001/jama.2018.20579
https://doi.org/10.1016/j.bbalip.2011.10.016
https://doi.org/10.1016/j.numecd.2008.12.015
https://doi.org/10.1016/j.numecd.2008.12.015
https://doi.org/10.1371/journal.pgen.1001364
https://doi.org/10.1038/nature13959
https://doi.org/10.1038/nature13959
https://doi.org/10.1016/j.ijbiomac.2019.03.218
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.1016/j.carbpol.2019.115381
https://doi.org/10.1016/j.carbpol.2019.115381
https://doi.org/10.1002/fsn3.2521
https://doi.org/10.1002/fsn3.2521

