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Dietary sugar kelp (Saccharina latissima)
consumption did not attenuate atherosclerosis in
low-density lipoprotein receptor knockout mice†

Hyungryun Jang,a Hayoung Woo,a Olivia Corvino,a Hyunju Kang, a,b Mi-Bo Kim,a

Ji-Young Lee a and Young-Ki Park *a

We previously demonstrated the beneficial effects of U.S.-grown sugar kelp (Saccharina latissima), a

brown seaweed, on reducing serum triglycerides (TG) and total cholesterol (TC) and protecting against

inflammation and fibrosis in the adipose tissue of diet-induced obesity mice. In this current study, we

aimed to explore whether the dietary consumption of sugar kelp can prevent atherosclerosis using low-

density lipoprotein receptor knockout (Ldlr KO) mice fed an atherogenic diet. Eight-week-old male Ldlr

KO mice were fed either an atherogenic high-fat/high-cholesterol control (HF/HC) diet or a HF/HC diet

supplemented with 6% (w/w) sugar kelp (HF/HC-SK) for 16 weeks. Consumption of sugar kelp significantly

increased the body weight gain without altering fat mass and lean mass. Also, there were no significant

differences in energy expenditure and physical activities between the groups. The two groups did not

show significant differences in serum and hepatic TG and TC levels or the hepatic expression of genes

involved in cholesterol and lipid metabolism. Although serum alanine aminotransferase (ALT) activity did

not differ significantly between the two groups, there were significant increases in the expression of

macrophage markers, including adhesion G protein-coupled receptor E1 and cluster of differentiation 68,

as well as tumor necrosis factor alpha in the HF/HC-SK group compared to the HF/HC mice. The con-

sumption of sugar kelp did not elicit a significant effect on the development of aortic lesions. Moreover,

lipopolysaccharide-stimulated splenocytes isolated from HF/HC-SK-fed mice showed no significant

changes in the mRNA levels of pro-inflammatory genes compared with those from the HF/HC mice. In

summary, the consumption of dietary sugar kelp did not elicit anti-atherogenic and hepatoprotective

effects in Ldlr KO mice.

1. Introduction

Atherosclerosis, characterized by plaque deposition in arterial
walls, increases the risk of cardiovascular diseases.1 High satu-
rated fat and cholesterol content in a Western diet promote
dyslipidemia, such as elevated low-density lipoprotein (LDL)
cholesterol.2 Also, oxidative stress and endothelial dysfunction
lead to the formation of oxidized LDL, lipid-laden foam cells,
and arterial wall inflammation.3 Pro-inflammatory cytokines,
such as tumor necrosis alpha (TNFα) and interleukin-1 beta
(IL-1β), produced by immune cells, further contribute to ather-
osclerotic plaque development.4 Also, excessive intake of cal-
ories and refined carbohydrates in the Western diet worsens

the risk of atherosclerosis through insulin resistance and dys-
regulated lipid metabolism.5

The high caloric density of a Western diet is also a crucial
factor for metabolic dysfunction-associated steatotic liver
disease (MASLD, previously known as nonalcoholic fatty liver
disease) pathogenesis.6 MASLD encompasses a spectrum of
liver disorders, ranging from simple steatosis to more severe
forms of inflammation, hepatocellular injury, and fibrosis.7

Excess energy is stored as triglycerides (TG) in hepatocytes,
leading to hepatic steatosis.8 The Western diet can also induce
systemic inflammation and oxidative stress, significantly con-
tributing to MASLD progression.9 High intake of added sugars
and saturated fats triggers liver inflammation, activating
inflammatory signaling pathways and releasing pro-inflamma-
tory cytokines, resulting in liver cell damage and the pro-
gression to nonalcoholic steatohepatitis (NASH).7,10

In the United States, there is growing recognition of the
health benefits of edible seaweed products in preventing type
2 diabetes, inflammation, and oxidative stress.11–14 Sugar kelp
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is a brown seaweed cultivated in several regions of the United
States. Polyphenols, rich in sugar kelp, have antioxidant, anti-
inflammatory, lipid-lowering, and anti-fibrotic properties,
which contribute to the prevention of MASLD, cardiovascular
diseases, type 2 diabetes, neurodegeneration, and cancer.15

Interestingly, we recently demonstrated that consuming U.S.-
grown sugar kelp mitigates obesity-related metabolic disturb-
ances, inflammation, and fibrosis in male diet-induced obesity
(DIO) mice.16 Furthermore, fucoidan, a sulfated polysaccharide
in sugar kelp,17 has shown potential in attenuating athero-
sclerosis in LDL receptor knockout (Ldlr KO) mice by inhibit-
ing pro-inflammatory gene expression and reducing reactive
oxygen species.18 Therefore, sugar kelp has therapeutic poten-
tial for MASLD and cardiovascular diseases.

However, the potential role of whole sugar kelp in the patho-
genesis of atherosclerosis and MASLD has not been conducted
using an atherosclerosis mice model. In the present study, we
used Ldlr KO mice as an in vivo model because they exhibit a
plasma lipoprotein profile similar to that of humans.19 This
genetic abnormality leads to slower clearance of very low-density
lipoprotein (VLDL) and LDL, resulting in elevated cholesterol
levels even on a normal chow diet.20 When exposed to a high-fat/
high-cholesterol diet, the severity of atherosclerotic lesions and
hypercholesterolemia is further exacerbated in Ldlr KO mice.21

Our objective was to investigate the potential preventive effects of
whole sugar kelp against atherosclerosis and MASLD in Ldlr KO
mice fed an atherogenic high-fat/high-cholesterol diet.

2. Methods
2.1. Sugar kelp powder preparation

Fresh sugar kelp was purchased from a local farm in
Connecticut and then thoroughly washed with tap water to
remove salt and sand residues. Subsequently, it was freeze-
dried using a lyophilizer (FreeZone® 12 liters freeze dry
system, Labconco Corp., Kansas City, MO, USA) and then
ground into a powder using an IKA A11 basic analytical mill
grinder (IKA®, Wilmington, NC, USA). The powdered sugar
kelp was stored at −80 °C until it was used for the experi-
mental diet. The composition of the sugar kelp powder was
analyzed by Medallion Labs (Minneapolis, MN, USA), which
was used to formulate experimental diets shown in Table 1. It
contains 73 265 μg of iodine and 856 mg of sodium per 100 g.

2.2. Animal care and diet

Male Ldlr KO mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) at the age of 7 weeks. After a
one-week acclimatization period, mice were randomly assigned
to a high-fat/high-cholesterol control group (HF/HC; 16% fat,
0.25% cholesterol, w/w, n = 12) or HF/HC containing 6% (w/w)
powdered sugar kelp (HF/HC-SK; n = 12). Table 1 shows
detailed dietary composition. Both HF/HC control and HF/
HC-SK diet had similar energy content and nutrient distri-
bution. The sugar kelp supplementation level (6% w/w) is the
equivalent of approximately 25 grams of daily seaweed con-

sumption in humans based on body surface normalization for
a 70 kg individual.16 Throughout the study, mice were housed
under a 12 hour light/dark cycle, with unrestricted access to
food and water. After 16 weeks on the experimental diets, mice
were fasted for 6 hours and then anesthetized using ketamine
(110 mg kg−1) and xylazine (10 mg kg−1) from Henry Schein
Animal Health (Dublin, OH). Blood samples were collected
through cardiac puncture, and then mice were euthanized by
cervical dislocation. After 30 minutes of incubation at room
temperature, serum samples were obtained by centrifuging the
blood at 2000g for 10 minutes at 4 °C. The liver was isolated
and immediately frozen in liquid nitrogen for gene expression
analysis or fixed in 10% formalin for histological analysis. The
aorta and thyroid gland samples were also fixed in 10% forma-
lin for Oil Red O and H&E staining, respectively. The spleen
was harvested for cell isolation for ex vivo experiments. All
serum and frozen liver samples were stored at −80 °C until
use. The Institutional Animal Care and Use Committee at the
University of Connecticut approved all animal procedures
under protocol number A19-033.

2.3. Serum analysis

Serum TG and total cholesterol (TC) concentrations were deter-
mined using enzymatic methods using the procedures
described in our previous work.22 Serum alanine aminotrans-
ferase (ALT) activity was measured using a Liquid ALT reagent
(Pointe Scientific, Canton, MI, USA) according to the manufac-
turer’s instructions.

2.4. Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from tissue samples was extracted using TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Reverse transcription for cDNA synthesis and subsequent
qRT-PCR analysis were conducted using the CFX96 Real-Time
system (Bio-Rad, Hercules, CA, USA), following the established
protocol described in our previous study.23

Table 1 Experimental diet

Ingredient
HF/HC control HF/HC-SK
g kg−1 diet

Cornstarch 343.2 340.8
Casein 140.0 128.4
Sucrose 100.0 100.0
Dextrinized cornstarch 155.0 155.0
Lard 120.0 120.0
Soybean oil 40.0 38.10
Fibera 50.0 15.3
Mineral mixb 25.6 25.6
Customized mineral mixc 9.4 0.0
Vitamin mixd 10.0 10.0
L-Cystine 1.8 1.8
t-Butylhydroquinone 0.008 0.008
Cholesterol 2.5 2.5
Sugar kelp powder 0.0 60.0

a Solka-Floc cellulose. b AIN-93 mineral mix. c Customized mineral mix
composed of minerals in sugar kelp. d AIN-93 vitamin mix.
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2.5. Indirect calorimetry and body composition
measurement

To assess metabolic rates, energy expenditure, and physical
activity, mice were subjected to the Oxymax Comprehensive
Lab Animal Monitoring System (CLAMS; Columbus
Instruments, OH, USA) as we described.24 The EchoMRI™
system (Echo Medical Systems, LLC., Houston, TX, USA) was
used to determine the body composition of mice following the
manufacturer’s instructions. These measurements were con-
ducted 10 weeks after the mice were on the experimental diets.

2.6. Histological evaluations of the liver

Immunofluorescent analysis was performed to detect hepatic
adhesion G protein-coupled receptor 1 (ADGRE1), also known
as F4/80, following our established protocol.25 For imaging, a
Nikon A1R Spectral Confocal microscope (Nikon, Melville, NY,
USA) was utilized at the University of Connecticut Advanced
Light Microscopy Facility at a magnification of 20×.

2.7 En Face analysis of the aorta

As previously mentioned,26 isolated aortas were fixed in 10%
formalin, cleared of surrounding tissue, opened lengthwise,
and rinsed with 60% isopropanol. Lipid accumulation was
visualized by staining with 0.5% Oil Red O (ORO) in isopro-
panol. Stained aorta images were taken in 1× PBS using a
Samsung nx1000 with a 60 mm lens on a tripod. The plaque
percentage was calculated by quantifying the lesion area rela-
tive to the total aorta area using Image J software.27

2.8 Splenocyte isolation and lipopolysaccharide (LPS)
stimulation

Splenic cells were collected from mice on experimental diets
for 16 weeks, as we previously described.28 The splenocytes
were then plated at a concentration of 4.0 × 106 cells per well
of a 12-well plate and treated with or without 500 ng ml−1 of
LPS (MilliporeSigma, St Louis, MO, USA) for 20 hours and
then RNA was extracted for gene analysis.

2.9. Statistical analysis

An unpaired t-test was conducted to determine statistically sig-
nificant differences between groups using GraphPad Prism 10
(GraphPad Software, La Jolla, CA, USA). All data were deemed
statistically significant when the P-value was less than 0.05.
Data are presented as mean ± SEM.

3. Results
3.1. Dietary sugar kelp consumption did not alter body
weight gain, body composition, and serum TG and TC
concentrations in Ldlr KO mice fed an atherogenic diet

Throughout the 16 weeks on the atherogenic diet, there were
no significant differences in body weight between the HF/HC
and HF/HC-SK groups (Fig. 1A). However, the body weight
gain, i.e., the difference between initial and final body weight,
was significantly higher in the HF/HC-SK group than in the

HF/HC control (Fig. 1B), although food consumption was
similar in both groups (data not shown). The fat and lean
mass of mice were not significantly altered by sugar kelp con-
sumption (Fig. 1C).

Serum TG and TC concentrations were not significantly
different between the two groups after 16 weeks of feeding
(Fig. 1D). The consumption of sugar kelp for 6 weeks did not
change plasma TG levels (ESI Fig. S1A†); however, at 12 weeks,
sugar kelp consumption elicited trends toward an increase in
both plasma TG and TC levels compared to the HF/HC control
group (ESI Fig. S1B†).

3.2. Dietary sugar kelp consumption had minor effects on
metabolic rates, energy expenditure, and physical activity in
Ldlr KO mice fed an atherogenic diet

We previously found that sugar kelp consumption increased
metabolic rates, energy expenditure, and physical activity in
DIO mice.16 Therefore, we explored if sugar kelp consumption
would elicit similar effects in Ldlr KO mice fed an atherogenic
diet. We did not observe significant differences in average
oxygen consumption rates (VO2), average carbon dioxide pro-
duction rates (VCO2), respiratory exchange ratio (RER), energy
expenditure, and physical activity during the dark (Fig. 2A & B)
and light cycles (data not shown) between the control and
sugar kelp-fed mice. There was a trend toward a decrease in
wheel count in the HF/HC-SK group compared with the HF/
HC control during the dark and light cycles (data not shown).

3.3. Dietary sugar kelp consumption did not attenuate liver
steatosis in Ldlr KO mice fed an atherogenic diet

Studies suggest that Ldlr KO mice may be a suitable model for
MASLD, as they have elevated blood TG and TC levels due to
their inability to clear LDL cholesterol from the bloodstream,
increasing lipid accumulation in the liver.29,30 Therefore, we

Fig. 1 The consumption of sugar kelp did not change body weight
gain, body compositions, and serum TG and TC in male Ldlr KO mice
fed an atherogenic diet. Mice were fed a HF/HC-control, or HF/HC-SK
for 16 weeks. (A) Body weight of mice during 16 weeks of the athero-
genic diet. (B) Body weight gain. (C) Serum TG and TC levels. (D) Body
compositions measured by Echo MRI. n = 10 per group. Data shown are
mean ± SEM. * indicating a significant difference between HF/HC-
control and HF/HC-SK from the unpaired t-test (P < 0.05). The P-value
between the two groups by unpaired t-test is shown.
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explored the potential impact of sugar kelp consumption on
hepatic steatosis in Ldlr KO mice fed an atherogenic diet.

The consumption of sugar kelp did not significantly change
liver weight, TG, and TC compared with the HF/HC control
group (Fig. 3A & B). The expression level of genes involved in
cholesterol metabolism, such as sterol regulatory element-
binding factor 2 (Srebf2) and of β-Hydroxy β-methylglutaryl-
CoA (Hmg-CoA) reductase (Hmgcr), were not significantly
altered by sugar kelp consumption (Fig. 3C). Furthermore, the

expression of lipogenic genes, including sterol regulatory
element-binding factor 1 (Srebf1), acetyl-CoA carboxylase alpha
(Acaca), fatty acid synthase (Fasn), and stearoyl-CoA desaturase
1 (Scd1), was not significantly different between groups
(Fig. 3D). However, the expression level of microsomal trigly-
ceride transfer protein (Mttp) was markedly increased in HF/
HC-SK, and the mRNA level of apolipoprotein B (ApoB) showed
a trend toward an increase in HF/HC-SK compared to the HF/
HC control group (Fig. 3E), although these gene changes did
not elicit any significant changes in circulating lipoprotein
levels.

3.4. Sugar kelp consumption aggravated hepatic
inflammation without changing liver injury in Ldlr KO mice
fed an atherogenic diet

We next explore the impact of dietary sugar kelp consumption
on hepatic inflammation, a critical factor in the progression
from simple steatosis to NASH. The hepatic expression levels
of pan-macrophage markers, including adhesion G protein-
coupled receptor E1 (Adgre1) and cluster of differentiation 68
(Cd68), were significantly increased in the HF/HC-SK group
compared to the HF/HC control (Fig. 4A). A significant
increase in the ADGRE1-positive area was observed in the liver
of HF/HC-SK-fed mice (Fig. 4B). Moreover, a hepatic mRNA
level of M1 pro-inflammatory markers, such as tumor necrosis
factor (Tnf ), was significantly induced by the consumption of
sugar kelp without significantly altering M2 anti-inflammatory
markers, such as mannose receptor C-type 1 (Mrc1) and argi-
nase 1 (Arg1) (Fig. 4C). Despite increased hepatic inflammation
observed in the HF/HC-SK group, serum ALT activity, a hall-
mark of liver injury, was not significantly different between the
HF/HC-SK and HF/HC control mice (Fig. 4D).

Fig. 2 Dietary sugar kelp consumption did not alter metabolic rates,
energy expenditure, and physical activity in the atherosclerosis mouse
model. Mice were fed a HF/HC-control, or HF/HC-SK for 16 weeks.
Indirect calorimetry was performed at 10 weeks on the experimental
diets. (A) and (B) VO2 and VCO2 rates during 24 h (dark cycle), averages
of VO2 consumption and VCO2 production in the dark cycles, the
average RER in the dark cycle, the energy expenditure in the dark cycle,
the average of total X + Y activity in the dark cycle, and the wheel count
in the light and dark cycles. n = 10 per group. Data shown are mean ±
SEM. * indicating a significant difference between HF/HC-control and
HF/HC-SK from the unpaired t-test (P < 0.05). The P-value between the
two groups by unpaired t-test is shown.

Fig. 3 The consumption of sugar kelp consumption did not reduce
liver steatosis in the atherosclerosis mouse model. Mice were fed a HF/
HC-control, or HF/HC-SK for 16 weeks. (A) Liver weights. (B) Liver TG
and TC levels. (C) Liver mRNA levels of genes involved in cholesterol
metabolism. (D) Liver mRNA levels of genes involved in de novo lipogen-
esis. (E) Liver mRNA levels of genes involved in lipoprotein metabolism.
n = 10 per group. Data shown are mean ± SEM. * indicating a significant
difference between HF/HC-control and HF/HC-SK from the unpaired
t-test (P < 0.05). The P-value between the two groups by unpaired t-test
is shown.

Fig. 4 Sugar kelp consumption exacerbated hepatic inflammation
without altering liver injury in Ldlr KO mice fed the atherogenic diet.
Mice were fed a HF/HC-control, or HF/HC-SK for 16 weeks. (A) Hepatic
gene expression levels of pan-macrophages markers. (B) Representative
images of immunohistochemical analysis targeting the hepatic ADGRE1
and relative intensity. (C) Hepatic gene expression levels of M1 pro-
inflammatory and M2 anti-inflammatory markers. (D) Serum ALT levels. n
= 10 per group. Data shown are mean ± SEM. * indicating a significant
difference between HF/HC-control and HF/HC-SK from the unpaired
t-test (P < 0.05). The P-value between the two groups by unpaired t-test
is shown.
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3.5. Dietary sugar kelp supplementation did not attenuate
atherosclerosis in Ldlr KO mice fed an atherogenic diet

We performed an En Face analysis to assess the effect of
dietary sugar kelp consumption on atherogenesis. The percen-
tages of ORO-positive areas between the HF/HC-SK and HF/HC
control groups were not significantly different (Fig. 5A & B).
We next explored the potential impact of sugar kelp consump-
tion on the reactivities of splenocytes to LPS, as splenocytes
have been implicated in the progression of atherosclerosis and
hepatic inflammation.31 When splenocytes isolated from HF/
HC-SK-fed mice were stimulated by LPS ex vivo, Tnf and Il1b
mRNA expression was not significantly altered compared with
those from the HF/HC control mice (Fig. 5C).

3.6. The consumption of sugar kelp did not induce iodine
toxicity in atherogenic diet-fed Ldlr KO mice

To evaluate whether the consumption of sugar kelp induces
iodine toxicity, we measured an area of colloid, the space
within the thyroid follicles where the hormone synthesis
occurs (Fig. 6A & B). The consumption of sugar kelp signifi-
cantly decreased the colloid area compared to the control
group, indicating no iodine toxicity evidenced by less colloid
goiter in Ldlr KO mice compared to its control.

4. Discussion

We previously reported that sugar kelp consumption exerts
anti-obesity, anti-inflammatory, and hypolipidemic effects in
DIO mice.16 Several animal models, such as leptin-deficient
mice (ob/ob) or leptin receptor-deficient mice (db/db) under
chow diet feeding, have been proposed as appropriate animal
models for MASLD.32 Ldlr KO mice have also been proposed as
a proper model for investigating not only atherosclerosis but
MASLD, as they exhibit increased levels of TG and TC in the
blood and oxidized LDL-induced hepatic inflammation and
liver damage.29,32 Thus, the present study explored whether
dietary sugar kelp consumption could prevent atherosclerosis
and MASLD in Ldlr KO. We found that in Ldlr KO fed an

atherogenic diet, dietary sugar kelp supplementation did not
elicit anti-obesity and lipid-lowering effects. Also, consuming
sugar kelp did not prevent atherosclerosis development in Ldlr
KO mice. Therefore, the present study demonstrates that sugar
kelp consumption did not attenuate the development of
MASLD and atherosclerosis in Ldlr KO mice fed an atherogenic
diet.

Contrary to our previous study in DIO mice,16 sugar kelp
consumption did not elicit anti-obesity, lipid-lowering, or
hepatoprotective effects in the present study. There are several
possibilities to explain the discrepancy. First, our last study
used male C57BL/6J mice, a well-established mouse model for
DIO,33 but the present study employed Ldlr KO mice, which
are more suitable for atherosclerosis. Second, the two studies
utilized different diets. The previous study used an obesogenic
high-fat/high-sucrose/high-cholesterol diet to induce obesity
and NASH.34 However, the present study utilized an athero-
genic high-fat/high-cholesterol diet to cause the development
of atherosclerosis35 (Vcam1).18 Therefore, those two possibili-
ties may not be major reasons for the discrepancy between our
previous study and the current study. Another possibility may
be related to the dissimilar bioactivity of two batches of sugar
kelp due to the different composition of each batch.36

Particularly, the composition of fucoidan in each sugar kelp
may contribute to the discrepancy due to its health benefits
that exert lipid-lowering and anti-inflammatory effects.37,38

Several studies have shown the lipid-lowering effects of fucoi-
dan, a polysaccharide in brown seaweed. For example, intra-
peritoneally-administrated 50 mg kg−1 of fucoidan extracted
from Fucus vesiculosus every 3 days decreased the activation of
Sterol regulatory element-binding protein-1c (SREBP-1c), a
transcription factor for lipogenic genes, and SREBP-2, a
master regulator of cholesterol metabolism, in poloxamer-407-
induced hyperlipidemic mice.39 Additionally, 5% (wt/wt) sup-
plementation of fucoidan from Cladosiphon okamuranus in the
HF diet suppressed the mRNA expression of Srebf1c in apopro-
tein E-deficient mice, another common mouse model of ather-
osclerosis.40 The content of fucoidan varies from about 2% to
55% of the dry weight of sugar kelp depending on seasonal

Fig. 5 The consumption of sugar kelp did not attenuate atherosclerosis
in Ldlr KO mice fed the atherogenic diet. Mice were fed a HF/HC-
control, or HF/HC-SK for 16 weeks. (A) Representative images of En Face
analysis of mouse aorta stained with Oil Red O. (B) The percentages of
aortic lesions quantified from En Face analysis (C) Splenic mRNA levels
of pro-inflammatory genes. n = 10 per group. Data shown are mean ±
SEM. * indicating a significant difference between HF/HC-control and
HF/HC-SK from the unpaired t-test (P < 0.05). The P-value between the
two groups by unpaired t-test is shown.

Fig. 6 Dietary sugar kelp supplementation did not induce iodine tox-
icity in the atherosclerosis mouse model. Mice were fed a HF/HC-
control, or HF/HC-SK for 16 weeks. (A) Representative images of thyroid
glands that were sectioned and stained with H&E. (B) An area of colloid.
n = 10 per group. Data shown are mean ± SEM. * indicating a significant
difference between HF/HC-control and HF/HC-SK from the unpaired
t-test (P < 0.05). The P-value between the two groups by unpaired t-test
is shown.
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and environmental factors.41,42 According to the study, the
minimum amount of orally consumed fucoidan that exerts
beneficial effects was 100 mg kg−1 conducted by Wang et al.18

Additionally, we did not observe an anti-atherogenic property
of sugar kelp in the present study, although Wang et al.18

reported the protective role of fucoidan against atherosclerosis
development in Ldlr KO mice fed an atherogenic diet.
According to the study, orally administered 100 mg kg−1 fucoi-
dan extracted from Laminaria Japonica attenuated atherosclero-
sis in Ldlr KO mice, by lowering the aortic mRNA levels of pro-
inflammatory mediators, such as Tnf, Il1b, intracellular
adhesive molecule 1 (Icam1), and vascular cellular adhesive
molecule 1. Therefore, we speculated that the sugar kelp used
in the current study might not contain enough fucoidan to
elicit lipid-lowering and athero-protective effects in Ldlr KO
mice. Our results emphasize the importance of identifying bio-
active compounds in seaweed, including sugar kelp and utiliz-
ing them to standardize the quality of the seaweed products.

We further investigated the effects of sugar kelp on hepatic
inflammation in Ldlr KO mice fed the atherogenic diet. The
atherogenic diet, rich in saturated fat and cholesterol, leads to
liver inflammation by activating inflammatory signaling path-
ways and releasing pro-inflammatory cytokines.7,10 It is well-
known that soluble fibers have lipid-lowering and anti-athero-
genic effects. However, sugar kelp contains mostly insoluble
fiber, which may explain why we did not see the reduction of
atherosclerotic lesions by sugar kelp. The present study also
found that sugar kelp consumption increased hepatic inflam-
mation but did not increase liver injury markers in Ldlr KO
mice fed the atherogenic diet. It may be possible that the elev-
ated hepatic inflammation in the sugar kelp-fed mice may be
attributed to the presence of potential heavy metals, such as
lead and mercury, known for their hepatotoxic properties.43

The sugar kelp used in this study contained 173 ppb of lead
and 56.9 ppb of mercury. The consumption of brown seaweed
has been associated with various health benefits due to the
bioactive compounds therein.44 However, concerns exist about
consuming whole seaweeds and seaweed-based products due
to the potential heavy metal contents.45 The toxic effects of
heavy metals, such as lead and mercury, can lead to the acti-
vation of nuclear factor kappa B (NF-κB), producing inflamma-
tory cytokines, such as IL-1β, TNF-α, IL-6, and IL-8, and induci-
ble nitric oxide synthase (iNOS) in the liver of adult male
Wistar albino rats and Institute of Cancer Research (ICR) male
mice.46,47 The increased hepatic inflammation, although it
was insufficient to induce liver injury, emphasizes the need to
establish regulations related to seaweed production and
quality control.

Sugar kelp is a rich source of iodine like other seaweeds,
with concentrations varying depending on environmental
factors, such as iodine levels in seawater, where it is culti-
vated.48 The consumption of large amounts of iodine-rich
seaweed has been associated with iodine toxicity, particularly
in vulnerable populations, such as pregnant women and indi-
viduals with thyroid disorders.49,50 Also, an acute iodine
intake, even in healthy adults, can lead to a disruption in

thyroid hormone production, induce hyperthyroidism or
hypothyroidism, and develop colloid goiter, depending on
individual susceptibility.51 In the present study, the consump-
tion of sugar kelp did not induce iodine toxicity, evidenced by
a decreased area of colloid compared to its control. Even
though iodine toxicity was not observed in the current study,
standardizations that control the levels of iodine in brown
seaweed products are required to prevent possible iodine
toxicity.

5. Conclusions

In summary, our findings indicate that consuming sugar kelp
did not elicit a protective effect against MASLD and athero-
sclerosis in Ldlr KO mice fed an atherogenic diet. We speculate
that the sugar kelp used in the current study might have an
insufficient amount of fucoidan, contributing to the lack of
lipid-lowering or hepatoprotective and anti-atherogenic effects.
Moreover, increased hepatic inflammation with sugar kelp
consumption implies a future study that unravels the possible
hepatotoxicity of heavy metals in brown seaweed. Lastly, we
observed that the consumption of sugar kelp did not promote
iodine toxicity. Our findings emphasize the need for regu-
lations in brown seaweed products to prevent heavy metal con-
tamination. It is also crucial to standardize brown seaweed
products to achieve consistent levels of iodine and other bio-
active compounds, ensuring that all products exert consistent
biological effects.
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