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Microalgae oil from Schizochytrium sp. alleviates
obesity and modulates gut microbiota in high-fat
diet-fed mice†

Liyuan Ran,a Jinhui Yu,b,c,d Rui Ma,b,c Qing Yao,b,c Mingjie Wang,e,f Yuping Bi,d

Zichao Yu *a and Yingjie Wu*a,b,c

Omega-3 PUFAs rich in fish oil are believed to prevent obesity by improving lipid metabolism and regulat-

ing gut microbiota. Microalgae oil is considered as an alternative source of omega-3 PUFAs owing to

diminishing fish resources. Schizochytrium microalgae oil (SMO), with a high DHA proportion, is a promis-

ing source for commercial DHA production. However, its weight-loss and gut microbiota-regulating pro-

perties are not well studied. Here we compared the obesity reducing effects of SMO, commercial fish oil

(FO) and a weight-loss drug, Orlistat (OL), in a high-fat diet (HFD) induced obesity mouse model. We

found that SMO is comparable to commercial FO and OL with regard to weight loss, and it even exhibits

the weight-loss effects earlier than FO and OL. It can efficiently inhibit the expression of lipogenesis-

related genes and induce the expression of lipolysis-related genes. Moreover, SMO has different gut

microbiota modulating effects from those of FO and OL. It does not influence the diversity of bacterial

community, but does increase the abundance of several beneficial SCFAs-producing bacteria and inhibits

obesity-promoting Desulfovibrio and several pathogens. We also found that SMO recovers the HFD-dis-

turbed metabolic capability of gut microbiota. It can increase the abundance of several metabolism-

related pathways, such as those of amino acids, SCFAs and bile acid, and decrease the level of the LPS

biosynthesis pathway, which probably contributes to an improvement of lipid metabolism and restoration

of the colonic mucosal barrier impaired by HFD. Our data suggest that SMO can be used as a superior

dietary supplement for alleviating obesity.

1. Introduction

Obesity has been a growing public health concern. It is associ-
ated with a high risk of several adverse diseases, including
cardiovascular disease, type 2 diabetes, liver disease, kidney
disease, and various cancers.1–4 Many strategies have been

developed to prevent and alleviate obesity, including dietary
control, exercise, surgical treatment, and medication.5 Anti-
obesity drugs, such as Orlistat, have modest clinical efficacy
but severe side effects.6 Therefore, dietary intervention has
been considered a relatively safe, easy and convenient method
to attenuate obesity. In addition, anti-obesity foods derived
from natural materials are generally preferred for safer long-
term treatment over drugs.

Omega-3 polyunsaturated fatty acids (PUFAs), including
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic
acid (DHA; 22:6n-3), have been proven to prevent the develop-
ment of obesity in rodents and humans. They can ameliorate
obesity by suppressing hepatic lipogenesis and steatosis and
inhibit the differentiation of adipocytes.7,8 Dietary EPA and
DHA have been primarily derived from marine fish oils.
However, harvesting marine fish is often hampered by many
factors, such as seasonal variation and environmental pol-
lution. Fish oil resources will not be adequate due to rapidly
increasing demands and reductions in fish production result-
ing from the deterioration of marine environments. As a
result, microalgae that exhibit advantages in terms of high
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content of PUFAs, controllability and sustainability have
attracted attention as alternative sources of omega-3 PUFA.
Accumulating studies have revealed the anti-obesity effects of
microalgae oils. DHA from Crypthecodinium cohnii reduces the
VLDL TG and total TG levels and increases the concentration
of IL-10 in the plasma of obese adults.9 Oil from
Thraustochytriidae sp. was reported to induce weight loss and
inhibit hepatic lipid accumulation in high-fat-induced obese
mice.10 Obese mice treated with microalgae oil from
Aurantiochytrium sp. KRS101 displayed a significant decrease
in body weight gain, epididymal fat pad weight, serum TG,
total cholesterol level, and the expression of lipogenesis-
related stearoyl-CoA desaturase enzyme 1 (SCD1).11 Besides the
above microalgae, the heterotrophic marine microalgae
Schizochytrium sp. with a high DHA proportion in their total
fatty acid profile has been a promising source for commercial
DHA production. Oil from Schizochytrium sp. (SMO) has been
authorized by the European Commission to be used as a novel
food ingredient. It was found that SMO is able to reduce the
plasma TG level and the low-grade inflammation in high-fat-
induced obese rats.12,13 In addition, the preventative effects of
SMO on obesity were revealed in our previous study using a
mouse model.14 However, the weight-reducing effects of SMO
on high-fat-induced obesity are still unclear.

Gut microbiota are of significant importance for host’s
health, which is essential for the host’s nutrition, metabolism,
immunity, and development.15 Increasing evidence has
revealed that the dysbiosis of gut microbiota is tightly associ-
ated with the development of obesity and metabolic disorders
in both mice and humans.16 Therefore, gut microbiota can
serve as potential targets for developing therapies for obesity.
For example, certain beneficial bacterial species, such as
Bifidobacterium spp. and Akkermansia muciniphila, were proved
to improve obesity.17 Dietary omega-3 PUFAs were demon-
strated to alter the gut microbiota in mice and humans.18

However, the effects of SMO on gut microbiota were unclear.
In the present study, HFD-induced obese mice were treated

with SMO. The weight-reducing and gut microbiota modu-
lation effects of SMO on obese mice were assessed, using fish
oil and Orlistat as positive controls. Our results may lay valu-
able groundwork for developing safe, functional food sup-
plements or drugs for alleviating obesity.

2. Materials and methods
2.1. Reagents

A regular chow diet (RC, D12450J, 19.2% g protein, 67.3% g
carbohydrate, 4.3% g fat, and 10% kcal from fat) and a high-
fat diet (HFD, D12492, 26.2% g protein, 26.3% g carbohydrate,
34.9% g fat, and 60% kcal from fat) were purchased from
Research Diets (New Brunswick, USA). Microalgae oil from
Schizochytrium sp. was purchased from Tiankai Biological
Technology Co., Ltd (Jiangsu, China). It was purified by using
a high voltage glass column (C18 70 × 460 mm2) in a medium
pressure rapid preparation system (Flash, Biotage, USA) under

the purification conditions described previously.14 The puri-
fied oil was denoted as SMO. Fish oil (FO, Nature’s Bounty,
Long Island, USA) and Orlistat (OL, Aladdin, Shanghai, China)
were used as positive controls to analyze the anti-obesity effect
of SMO. The fatty acid compositions of SMO and FO are listed
in Table S1.† DHA was dominant in SMO (97.8%), and the pro-
portion of EPA as well as saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFAs) was as low as 1%. In the
FO, SFAs were the most abundant (38.3%), and the content of
DHA (16.7%) and EPA (19.3%) was almost the same.

2.2. Animals and experimental design

As shown in Fig. S1A,† weaning male C57BL/6J mice that were
four weeks old were randomly divided into regular chow (RC)
and high-fat diet (HFD) groups. They were maintained in a
temperature- and humidity-controlled room with a 12 h light/
dark cycle at the Specific Pathogen Free Experimental Animal
Center of Dalian Medical University. The mice in the two
groups were treated for eight weeks to construct the HFD-
induced obesity mouse model. Then, the mice in the HFD
group were randomly divided into four sub-groups: (a) the HF
group fed with HFD; (b) the FO group fed with HFD and FO;
(c) the SMO group fed with HFD and SMO; and (d) the OL
group fed with HFD and OL (40 mg per kg body weight). The
gavage dosages of FO and SMO were unified as 100 mg of
omega-3 PUFAs per kg body weight adjusted by medical-grade
corn oil (Aladdin, Shanghai, China) to keep it isovolumetric.
The RC, HF and OL groups were administered with isovolu-
metric corn oil. All of the groups were treated for 16 weeks
before sacrifice. All animal experiments were performed under
the guidelines for the treatment of laboratory animals and
were approved by the Committee on the Ethics of Animal
Experiments of Dalian Medical University.

2.3. Glucose tolerance and insulin tolerance tests

At the end of the experiment, the glucose tolerance test (GTT)
and insulin tolerance test (ITT) were performed as described
previously.19 Briefly, 2 g kg−1 glucose (Sigma Aldrich, Saint
Louis, MO) was injected intraperitoneally into overnight-fasted
mice for GTT. The blood glucose levels were measured at 0, 30,
60, 90 and 120 min after glucose injection with an automated
glucometer (Roche, Basel, Switzerland). For ITT, 0.75 inter-
national units (IU) per kg insulin (Humulin R, Eli Lily,
Indianapolis, IN) was injected intraperitoneally into mice that
were fasted for 4 h and blood levels were measured at 0, 15, 30,
45, and 60 min after insulin injection. The area under the
curve (AUC) was calculated as described previously.20

2.4. Collection of the analyzed samples

At the end of the experiment, tissue and blood samples were
collected. The liver, white adipose tissue (located in the epidi-
dymal, mesenteric, perinephric, and inguinal regions), and
brown adipose tissue (located in the subscapular) were dis-
sected. After being weighed, partial liver and subcutaneous fat
were fixed with 10% formalin for histological observation, and
the residual samples were snap-frozen in liquid nitrogen
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before storage at −80 °C. Serum was separated from whole
blood by centrifugation at 1000g for 10 min at 4 °C and stored
at −80 °C for further use. Colon contents were collected from
each mouse and then snap-frozen immediately and stored at
−80 °C for gut bacterial community analysis.

2.5. Body weight, organ weight and serum analysis

For each mouse body weight was recorded every two weeks
during the experimental period. The liver and the fat were
weighed at the end of the experiment using an analytical
balance. The triglyceride (TG) and total cholesterol (T-CHO)
contents in the serum were measured using TG and T-CHO test
kits (A110-1 and A111-1, Jian Cheng Biological Engineering
Institute, Nanjing, China) according to the manufacturer’s
instructions.

2.6. Protein extraction and Western blot

Proteins were extracted from the frozen fat and colon with RIPA
lysis buffer (R0020, Solarbio, Beijing, China) containing a pro-
tease inhibitor cocktail (P1006, Beyotime, Shanghai, China).
Protein contents were measured by using a BCA assay kit
(P0012, Beyotime, Shanghai, China), and samples were diluted
accordingly to normalize the protein content to 25 μg per well
for SDS-PAGE separation. The separated proteins were trans-
ferred onto a nitrocellular membrane for probing with the indi-
cated antibodies. The membrane was blocked with TSBT buffer
(50 mmol L−1 Tris-HCl, 150 mmol L−1 NaCl and 1‰ Tween 20)
containing 5% skim milk at room temperature for 1 h and then
incubated with the diluted primary antibody at 4 °C overnight.
After extensive washing with TSBT, the membrane was incubated
with HRP-labelled goat-anti-rabbit IgG antibody (Proteintech,
Chicago, IL) at room temperature for 1 h. After final washing
with TSBT, the membrane was incubated in a Western lighting-
ECL substrate system (Proteintech) and exposed to an automatic
chemiluminescence gel imaging system (Bio-Rad, Hercules, CA).
The following primary antibodies were used in this study: ATGL
(55190-1-AP, Proteintech), HSL (ABP51575, Abbkine, Wuhan,
China), FASN (10624-2-AP, Proteintech), Occludin (A12621,
ABclonal, Wuhan, China), Claudin-1 (A21949, ABclonal), and
GAPDH (10494-1-AP, Proteintech).

2.7. Hematoxylin–Eosin (H&E) staining

Liver, fat and colon tissues were fixed with 10% formalin for at
least 24 h. Samples were sliced into 5 μm sections after embed-
ding in paraffin and then stained with H&E. Digital images
were captured with a Nikon NI-E light microscope (Nikon,
Tokyo, Japan).

2.8. Analysis of the gut bacterial community

The cecal content samples from three individuals were pooled
together for DNA extraction and high throughput sequencing.
Thus, there were three replicates for each group. The total DNA
in the cecal contents was extracted using an E.Z.N.A. stool
DNA isolation kit (OMEGA Bio-tek, Norcross, GA) according to
the manufacturer’s instructions. Sequencing of the hypervari-
able regions V3–V4 of the bacterial 16S rRNA gene was per-

formed using the Illumina MiSeq platform from Majorbio Bio-
pharm Technology Co., Ltd (Shanghai, China). Data analysis
was done using QIIME2 to analyze the diversity and taxonomic
composition of the bacterial community.21 Briefly, the paired-
end reads were denoised and stitched, and an operational
taxonomic unit (OTU) table was generated along with represen-
tative sequences. In the diversity analysis, the sequence counts
of each sample in the OTU table were subsampled to the
minimum count of all the samples to avoid bias caused by
different sequencing depths. The taxonomy of each representa-
tive sequence was annotated by the Sklearn classifier algor-
ithm against the Silva database version 132 (99% OTU
dataset). Alpha diversity metrics, including the Chao1 and
Pielou evenness indexes, were calculated with the diversity
plugin in QIIME2. The constrained principal coordinate ana-
lysis (CPCoA) constrained by the different treatments was per-
formed in R to evaluate the differences in bacterial community
based on the Bray–Curtis distance. The pairwise Pearson’s cor-
relations between the OTUs and the obesity-related indexes,
including body weight gain, brown and white adipose tissue
weights, liver weight, and serum glucose, GTT, ITT, T-CHO,
and TG levels, were calculated and visualized by using the
psych and pheatmap packages in R software.

2.9. Prediction of the bacterial community phenotypes and
functions

The high-level phenotypes of the bacterial community were pre-
dicted using BugBase.22 The annotated OTU matrix was uploaded
to the website (https://bugbase.cs.umn.edu/), and the micro-
biome phenotypes were predicted, including oxygen utilization,
Gram positive, and Gram negative. The functional capabilities of
the bacterial community were predicted using the Tax4Fun2
package23 in R software based on the OTUs and the representa-
tive sequences obtained by QIIME2. The Kyoto Encyclopedia of
Gene and Genomes (KEGG) database was used as the reference,
and KEGG Orthologs (KOs) were predicted based on the relative
abundance of all the OTUs. The KEGG pathway abundance was
consequently inferred based on the abundance of KOs. A linear
discriminant analysis (LDA)24 was performed to identify the sig-
nificantly distributed functional pathways among the different
groups, and the relative abundance and distribution of these
pathways were visualized by a heatmap.

2.10. Statistical analyses

The values in this study were expressed as means ± SEM.
Statistical Package for Social Sciences (SPSS) 19.0 (SPSS INC,
Chicago, IL, USA) was used for the statistical analysis.
Statistical analysis was performed by one-way analysis of var-
iance followed by the least significant difference post hoc test.
The statistical significance threshold was set at P < 0.05.

3. Results
3.1. Construction of the obesity mouse model

In this study, an obesity mouse model was established by HFD
induction to investigate the weight-reducing effects of SMO.
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Four-week-old mice were randomly divided into regular chow
(RC) and HFD groups (Fig. S1A†). After feeding with HFD
for eight weeks, body weights of mice in the HFD group
were significantly higher than those of mice in the RC group
(Fig. S1B†). In addition, a GTT test revealed that HF mice
were glucose intolerant (Fig. S1C and D†). These results
indicated that an obesity mouse model was successfully
established.

3.2. Effects of SMO on glucose and lipid homeostasis

GTT and ITT assays revealed that mice treated with FO, SMO
and OL responded better to a glucose challenge and were
more sensitive to insulin stimulation than mice in the HF
group (Fig. 1A and B). The fasting blood glucose level was sig-
nificantly higher in the HF group than in the RC group (HF
190.4 ± 15.48 mg dL−1 vs. RC 128.9 ± 16.08 mg dL−1). They

Fig. 1 Effects of SMO on GTT, ITT, and glucose and lipid homeostasis. (A) GTT was measured at the end of the treatment. Inset: the area under the
curve in GTT. (B) ITT was measured at the end of the treatment. Inset: the area under the curve in ITT. (C) Fasting blood glucose level of each group.
(D) Serum TG level of each group. (E) Serum T-CHO level of each group. Different lowercase letters above the error bars indicate significant differ-
ences among groups.
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were all significantly lower in the FO (151.53 ± 12.39 mg dL−1),
SMO (147.75 ± 13.85 mg dL−1) and OL groups (145.8 ±
15.78 mg dL−1) than in the HF group, although they were still
higher than that in the RC group (Fig. 1C). Serum TG level in
the HF group was significantly higher than that in RC mice
(1.52 ± 0.06 mmol L−1 vs. 0.53 ± 0.05 mmol L−1). After treat-
ment with FO, SMO and OL, the serum TG levels were all sig-
nificantly reduced compared with the HF group, and the TG
levels were significantly lower in the SMO and OL groups than
that in the FO group (Fig. 1D). The trend in serum T-CHO level
was similar to the TG level. Serum T-CHO level in HF mice was
significantly elevated when compared with that of RC mice
(7.48 ± 0.89 mmol L−1 vs. 4.1 ± 0.62 mmol L−1) and it was
reduced to the RC level in the SMO and OL groups (Fig. 1E),
while it was still higher in the FO group than in the RC group.

3.3. Effects of SMO on body weight and lipid accumulation
in HFD-induced obesity mice

The growth curves showed that the body weights of mice in the
SMO group were significantly lower than those in the HF
group from the second week post administration, while a sig-
nificant reduction in body weight gain was observed four
weeks and six weeks post administration of OL and FO,
respectively (Fig. 2A). In addition, the weight gain of mice was
significantly lower in all the groups treated with oils and
Orlistat than in the HF group after 16 weeks of treatment,
while OL was most effective (Fig. 2B). After the obese mice
were treated for 16 weeks, anatomical dissections revealed that
the heavier body weight in HF mice was mainly due to more
weight gain in the adipose tissues and liver (Fig. 2C–H). The
HFD resulted in an evident increase in the weights of both
brown adipose tissue (BAT) and white adipose tissue located in
the subcutaneous (SubQ), epididymal (Epi), perinephric (Peri)
and mesenteric (Mes) regions, and SMO, fish oil and Orlistat
significantly reduced their weights (Fig. 2C–G). The weight of
the liver was significantly increased in the HFD-induced
obesity mouse, and both SMO and OL reduced it to the RC
level, while the liver weight in the FO group was still heavier
than that in the RC group (Fig. 2H). H&E staining showed that
the size of adipocytes in the SubQ WAT of HFD-fed mice was
significantly larger than that of the RC group, whereas FO,
SMO and OL treatments significantly reduced the size of adi-
pocytes (Fig. 2I). A significant increase in hepatic steatosis
marked by vacuolated and lipid-laden hepatocytes was
observed in the HF group. Both SMO and OL treatment signifi-
cantly reduced the degree of fatty liver, while it was only par-
tially remitted in the FO group (Fig. 2I).

3.4. Effects of SMO on lipid metabolism in HFD-induced
obesity mice

Western blot analysis was performed to check the
expressions of proteins related to lipogenesis and lipolysis in
the adipose tissues (Fig. 3). The expression of the lipolysis-
related gene adipose triglyceride lipase (ATGL) was higher in
the HF group than in the RC group. It was significantly
higher in the SMO group than in the HF group, and fish oil

and Orlistat slightly induced ATGL expression without signifi-
cant difference compared to the HF group. The expression of
hormone-sensitive lipase (HSL) involved in lipolysis was
similar among all five groups. The expression of fatty acid
synthase (FASN) was the lowest in the SMO group, and there
was no significant difference among the other four groups.
Overall, the SMO group showed an obvious lowest lipogen-
esis-related gene expression and highest lipolysis-related gene
expression in the adipose tissues of the three oil- and drug-
treated groups.

3.5. The alpha-diversity and beta-diversity of the gut bacterial
community

The alpha-diversity of the bacterial community was indicated
by the Chao1 richness index that is based on the estimated
number of OTU species (Fig. 4A) and the Pielou evenness
index that measures the uniformity of the abundance of
different species (Fig. 4B). The Chao1 index was the lowest in
the FO group despite there being no significant difference.
The Pielou index did not vary significantly among the RC, HF,
SMO, and OL groups. However, it was significantly lower in the
FO group than in the RC, HF, and SMO groups. The beta-diver-
sity of the bacterial communities was revealed by CPCoA ana-
lysis to assess the effect of different treatments on the profile
of gut bacterial communities (Fig. 4C). The diet treatments
explained 39.7% of the overall variance in the bacterial com-
munity. Apparent clustering of the bacterial communities was
observed among the samples, and samples from the same
group were separated from other groups. Moreover, the dis-
tance between the HF and RC groups was closer than those
between the HF group and any other group. These results
suggested that FO, SMO and OL all altered the structure of the
gut bacterial community, but their influences on it were
different.

3.6. Taxonomic composition of the gut bacterial community
under different treatments

The gut bacterial community was dominated by the phyla
Bacteroidetes and Firmicutes in all of the groups (Fig. 5A).
Bacteroidetes was the most abundant phylum in the RC, HF
and FO groups, whereas Firmicutes was the most abundant in
the SMO group. The relative abundance of Bacteroidetes and
Firmicutes was almost equal in the OL group. The relative
abundance of Bacteroidetes and Firmicutes, as well as their
ratio, varied significantly among the five groups (Fig. 5B–D).
The relative abundance of Bacteroidetes was significantly lower
in the HF group than in the RC group. It was significantly
increased after the obese mice were fed with FO and signifi-
cantly lower in the SMO and OL groups than in the RC and HF
groups. The relative abundance of Firmicutes in the HF group
was slightly higher than that in the RC group, with no statisti-
cal difference. It was significantly lower in the FO group, while
higher in the SMO group than in the HF group. The ratio of
Bacteroidetes to Firmicutes was significantly lower in the HF
group than in the RC group. Compared with the HF group, the
ratio was significantly increased in the FO group and
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Fig. 2 Effects of SMO on body weight and lipid accumulation in the adipose tissues and the liver of HFD-induced obesity mice. (A) The growth
curve of mice during the treatment. *** (P ≤ 0.001) compared with the RC group; “#” (P ≤ 0.05), “##” (P ≤ 0.01), and “###” (P ≤ 0.001) compared
with the HF group. (B) The body weight gain of mice after the treatment. (C)–(G) Weights of adipose tissues: BAT, brown adipose tissue; SubQ, sub-
cutaneous white adipose tissue; Epi, epididymal white adipose tissue; Peri, perinephric white adipose tissue; Mes, mesenteric white adipose tissue.
(H) Weight of the liver. (I) H&E staining of the SubQ WAT and liver. Scale bar = 200 μm. Different lowercase letters above the error bars indicate sig-
nificant differences among groups.
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decreased in the SMO group. The relationship between the
phylum and fatty acids in the FO and SMO groups was ana-
lyzed (Fig. 5E). Fatty acids were significantly correlated with
Firmicutes, Bacteroidetes, and Proteobacteria. DHA was posi-
tively correlated with Firmicutes and Proteobacteria, and EPA as
well as SFAs and MUFAs were positively correlated with
Bacteroidetes.

The ternary plot displayed the differently prevalent bac-
terial species among the FO, SMO, and OL groups (Fig. S2†).
It was found that many species belonging to the order
Bacteroidales were prevalent in the FO group. Those belonging
to Clostridiales were abundant and ubiquitous in the SMO
group, and Verrucomicrobiales was the most abundant bacteria
prevalent in the OL group. The volcano plot was established at
the OTU level to compare the variance of the gut bacterial
communities between the HF group and each of the SMO, FO
and OL groups (Fig. 5F), and the taxonomic information of
the OTUs is listed in Table S2.† Overall, compared with the
HF group, the number of the differentially distributed OTUs
was highest in the SMO group and lowest in the FO group. In
the SMO group, the abundances of nine OTUs were signifi-
cantly increased, and those of 20 OTUs were significantly
decreased. In the FO group, five OTUs were significantly
enriched, and nine OTUs were significantly downregulated. In
the OL group, the significantly upregulated and downregu-
lated OTUs were eight and ten, respectively. Based on the sig-
nificantly changed OTUs identified by the volcano plot, a
heatmap was plotted to reveal the changes in these OTUs in
the gut of mice treated with different diets (Fig. 5G). It was
shown that several OTUs belonging to Ruminococcaceae (OTUs
111, 173, 110, and 114) and Lachnospiraceae (OTUs 149, 162,
and 8) were significantly enriched, and those belonging to
Parasutterella (OTUs 69, 94, and 105) were significantly down-
regulated in the SMO group compared with the HF group. In
the FO group, the abundances of OTUs 21 and 24, OTU 52,
OTU 198 and OTU 201 were affiliated with Alistipes,
Rikenellaceae RC9 gut group, Vibrio and Flavobacteriaceae,
respectively, and were significantly higher than those in the
HF group. Several OTUs belonging to Clostridia (OTUs 17, 200,
57, 116, 168 and 203), Parasutterella (OTUs 97 and 72) and
Faecalibaculum (OTU 63) were significantly downregulated. In
the OL group, the abundances of OTUs belonging to Alistipes
(OTU 204), Akkermansia (OTU 3) and Lactobacillus (OTU 12)
were significantly increased.

3.7. Correlation of gut bacterial species with obesity-related
indices

To investigate the correlations between SMO modulated gut
microbiota and obesity, Pearson’s correlation was analyzed
based on the differently prevalent OTUs and obesity-related
indices in the HF and SMO groups (Fig. S3†). The result
revealed that OTUs 21 and 24 (Alistipes) and OTU 114
(Anaerotruncus) were significantly negatively correlated with
almost all the obesity-related indices, while OTUs 166 and 20
that belong to Muribaculaceae showed a strong positive corre-
lation with obesity-related indices.

Fig. 3 The levels of proteins involved in lipid metabolism in adipose
tissue. (A) Western blot analysis of the protein levels. (B) The density of
bands was normalized to GAPDH. Different lowercase letters above the
error bars indicate significant differences among groups.

Fig. 4 Analysis of the alpha-diversity and the beta-diversity of gut bac-
terial communities in different groups. (A) Chao1 index, (B) Pielou index
and (C) the CPCoA plot of bacterial communities in different samples.
Different lowercase letters above the error bars indicate significant
differences among groups.
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Fig. 5 Taxonomic composition of bacterial communities in different groups. (A) Chordal graph illustrating the bacterial community composition.
(B)–(D) Changes in the relative abundances of Bacteroidetes (B) and Firmicutes (C) as well as their ratio (D). (E) Correlation between the bacterial
phylum and fatty acid in the FO and SMO groups. (F) Volcano plots illustrating the differences in OTUs between the HF group and each of the SMO,
FO, and OL groups. (G) Heatmap illustrating the variations in the significantly differential OTUs among different groups. Different lowercase letters
above the error bars indicate significant differences among groups.
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3.8. Phenotypic changes in gut bacterial communities under
different treatments

BugBase was used to predict the high-level phenotypes of the
gut bacterial community. The relative abundance of aerobic
and anaerobic bacteria was significantly higher and lower,
respectively, in the OL groups than in the other groups, and

there was no significant difference among the RC, HF, FO, and
SMO groups (Fig. 6A). In addition, the relative abundance of
Gram-negative bacteria was significantly lower, and Gram-posi-
tive bacteria significantly higher in the SMO group than in the
other groups (Fig. 6A), which was consistent with the increased
abundance of Firmicutes in the SMO group. Furthermore, the
functional pathways of gut microbiota were predicted with

Fig. 6 Prediction of the phenotypes and functions of the gut bacterial community in different groups. (A) Relative abundances of four potential
phenotypes predicted by BugBase. (B) Heatmap showing the relative abundances of the KEGG pathways related to metabolism and disease inferred
by Tax4Fun2.
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Tax4Fun2. It was found that 45 pathways at the level 1 KEGG
category were significantly distributed among the five groups
(Fig. S4†). Based on these pathways, the relative abundances
and distributions of those related to metabolism and disease
are shown in the heatmap (Fig. 6B). The results indicated that
the high-fat diet decreased the abundances of two carbo-
hydrate metabolism pathways and increased the abundances
of TCA cycle and two energy metabolism pathways compared
with the RC group. The abundances of most of the metab-
olism-related pathways, including amino acid, carbohydrate
and lipid metabolisms, were enriched in the oil-treated
groups, especially in the SMO group. However, the abundances
of those pathways were decreased in the OL group. Notably,
the fatty acid degradation pathway, the propanoate metabolism
pathway that is involved in the production of short-chain fatty
acids (SCFAs) and the bile acid biosynthesis pathway were all
significantly enriched, while the lipopolysaccharide (LPS) bio-
synthesis pathway was significantly inhibited in the SMO
group. Moreover, FO, SMO and Orlistat decreased the abun-
dances of the TCA cycle and the sulfur metabolism and oxi-
dative phosphorylation-related pathways, which were increased
after high-fat treatment, with the SMO being the most
effective. In addition, the SMO decreased the abundances of
several disease-related pathways, while the abundances of
most of the disease-related pathways were increased in the OL
group.

3.9 Effects of SMO on the colonic mucosal barrier

The intestinal mucosal barrier is of significance in protecting
epithelial cells from invasion, and gut microbiota play impor-
tant roles in maintaining mucosal barrier health. In this study,
the effect of different treatments on colonic mucosa was
observed. Compared with the RC group, the HFD-induced
mice had rough crypt surfaces and loss of crypt and goblet
cells, while both FO and SMO restored the impaired mucosa,
except for that in mice of the OL group, which was character-
ized by an uneven crypt, fewer crypt and goblet cells, and even
inflammatory cell infiltration (Fig. 7A). Moreover, levels of
tight junction proteins (Occludin and Claudin-1) were detected
in different groups (Fig. 7B and C). Compared with the RC
group, both Occludin and Claudin-1 were reduced in the HF
group, while SMO and FO restored their expression levels.
However, the levels of Occludin and Claudin-1 were still low in
the OL group.

4. Discussion

EPA and DHA are two main bioactive forms of omega-3 PUFAs.
Although omega-3 PUFAs are considered agents that reduce
obesity, omega-3 PUFAs used in previous studies were mainly a
mixture of EPA and DHA. Commercial fish oil supplements are
also characterized by higher EPA/DHA ratios. EPA and DHA
may result in different metabolic effects owing to their
different molecular structures.25 In our study, the high-DHA
SMO was found to alleviate obesity, hyperglycemia and hyperli-

pidemia in obese mice as efficiently as commercial fish oil and
Orlistat. These effects of SMO were consistent with studies on
omega-3 PUFAs from fish and microalgae,9,11,26–29 and our pre-
vious study about the preventative effects of SMO on obesity.14

Notably, SMO exhibits a body-weight-reducing effect earliest
and has stronger capabilities for reducing serum TG and fatty
liver than commercial fish oil, which is probably attributed to
its robust capability in inducing the expression of the lipolysis-
related gene and reducing the expression of the lipogenesis-
related gene in obese mice.

Gut microbiota play a significant role in regulating host
nutrient acquisition and energy metabolism.15,30 Nevertheless,
gut microbiota-modulating effects of SMO were unclear.
Richness and evenness, which indicate a bacterial commu-
nity’s functional stability, are regarded as important measures
of community biodiversity.31 The risk of losing functionality is
higher for an uneven community than for an even commu-
nity.32 In the present study, the Chao1 richness and especially
the Pielou evenness indices were decreased in the gut of FO-
treated obese mice, suggesting an unstable community after
FO treatment. Bacteroidetes, Firmicutes and their ratio (B/F)
have been implicated as being closely associated with
obesity.33 We found that HFD obese mice were characterized
by a significant decrease in the B/F ratio, while the effect of FO
and SMO on the B/F ratio was the opposite. The FO signifi-
cantly increased the B/F ratio reduced by HFD, which was con-
sistent with previous studies regarding the effects of fish oil or
omega-3 fatty acids on gut microbiota.25,34 Nevertheless, SMO
significantly decreased the B/F ratio. Actually, these changes at
the phylum level cannot be currently considered as salient bio-
markers for obesity.30 The different responses of gut micro-
biota probably result from the different compositions of
omega-3 PUFAs in FO and SMO, as the major omega-3 PUFAs
in FO used in this study are EPA (19.3%) and DHA (16.7%),
while the purified SMO is dominated by DHA (97.8%). It has
been considered that EPA and DHA exert different effects on
gut microbiota in different animal models.25,35,36 Both EPA
and DHA exhibit antibacterial activities. However, Gram-nega-
tive bacteria are more sensitive to DHA.37 In the present study,
DHA also showed a significant positive correlation with Gram-
positive Firmicutes, and the lower level of Gram-negative
Bacteroidetes and higher level of Firmicutes in the SMO group
are probably attributed to their higher DHA content. At lower
taxonomic levels, it was found that several OTUs affiliating
with Alistipes, Lachnospiraceae and Ruminococcaceae were nega-
tively correlated with obesity in the present study. These
species are SCFAs-producing bacteria that can regulate inflam-
mation and metabolism,38,39 and omega-3 PUFAs have been
found to induce gut SCFAs-producing bacteria.40,41 The higher
abundance of these bacteria in the SMO group suggested that
SMO improved the metabolic capability of gut microbiota in
obese mice. In the FO group, the abundance of SCFAs-produ-
cing Alistipes and Rikenellaceae RC9 was increased compared
with the HF group. Meanwhile, the relative abundance of
Vibrio and Desulfovibrio was higher than those in the SMO and
OL groups. Vibrio is a well-known opportunistic pathogen and
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Desulfovibrio is a typical inflammatory and obesity-promoting
bacterium that can produce genotoxic hydrogen sulfide (H2S)
gas leading to higher intestinal permeability.42 In our present
study, Desulfovibrio was enriched in the HF group. Although its
abundance was reduced in both the FO and SMO groups, SMO
showed a stronger inhibitory effect, which was in line with the
report that a high level of DHA in fish oil efficiently inhibits
Desulfovibrio.25 The higher level of Desulfovibrio in the FO
group might inhibit its obesity-reducing effect, compared with
the SMO. Although OL treatment enriched several probiotics,
such as Akkermansia and Lactobacillus that are negatively corre-
lated with obesity,42,43 several Parasutterella were also
enriched. It has been previously found that Parasutterella is
associated with the genesis and development of irritable bowel
syndrome (IBS), Crohn’s disease, and hypertriglyceridemia-

related acute necrotizing pancreatitis.44–46 Overall, SMO can
increase the abundance of several beneficial bacteria and
inhibit the growth of several pathogens, suggesting that it is
more beneficial for gut health.

The change in the bacterial composition reflected its func-
tional variation in the gut of treated mice. The gut microbiome
is predominantly composed of facultative and strictly anaero-
bic bacteria. The expansion of aerobic bacteria is strongly
linked to various diseases, such as chronic pancreatitis.47

Therefore, the overgrowth of aerobic bacteria in the OL group
indicated the dysbiosis of the gut microbiota after Orlistat
administration. Based on the KEGG pathway prediction, the
carbohydrate metabolism and energy metabolism of the gut
microbiota were disturbed by HFD compared with the RC
group, which might contribute to HFD-induced obesity. SMO

Fig. 7 Effects of different treatments on the colonic mucus barrier. (A) H&E staining of the colon. Black arrow: Crypt surface. Red arrow: Goblet
cells. Yellow arrow: Inflammatory cell infiltration. (B) Western blot analysis of the protein levels of Occludin and Claudin-1. (C) Relative levels of
Occludin and Claudin-1 normalized to GAPDH. Different lowercase letters above the error bars indicate significant differences among groups.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2022 Food Funct.

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

11
/2

7/
20

22
 6

:0
4:

45
 A

M
. 

View Article Online

https://doi.org/10.1039/d2fo01772e


was found to recover these pathway abundances most efficien-
tly. Microbial metabolites are significant in regulating the
host’s metabolism. In this study, SMO was found to signifi-
cantly increase the abundances of fatty acid degradation
pathway and SCFAs-producing related pathway, which is
helpful for body-weight management. Compared with the HF
group, the altered bacterial metabolic pathway in the gut of
the FO and SMO groups may contribute to lipid metabolism in
adipose tissue. The upregulation of the tryptophan-derived
microbial metabolite indole has been shown to reduce body-
weight gain by inducing miR-181 expression in white adipo-
cytes.48 The bacterial tryptophan metabolism pathway was
induced in the FO- and SMO-treated gut, which may contribute
to their weight-loss effects. Moreover, compared with the HF
group, the gut bacteria in the OL group showed the highest
abundance of LPS biosynthesis pathways, while that in the
SMO group was the lowest. It has been reported that activating
the LPS-TLR4 axis inhibits adipose tissue browning and
increases fat accumulation by inducing lipogenesis.49,50

Therefore, the lowest level of LPS biosynthesis pathways in the
gut of the SMO group may contribute to the inhibition of lipo-
genesis-related genes and thus reduce the fat mass. Moreover,
bile acids are important regulators in lipid metabolism and
mediate the interaction between gut microbiota and host
through gut–liver and gut–adipose tissue axes.51 Although the
bile acid biosynthesis pathway was enriched in both the FO
and SMO groups compared with the HF group, its abundance
was higher in the SMO group than in the FO group, which may
also lead to the effective improvement of lipid metabolism in
SMO-treated HFD mice. However, most metabolic pathways
were inhibited by Orlistat, suggesting the functional dysbiosis
of gut microbiota by Orlistat. Overall, SMO can improve gut
microbiota metabolism, which is possible to associate with the
improvement in lipid metabolism in adipose tissue.

Gut microbiota are closely associated with intestinal mucus
health. Intestinal crypt goblet cells contribute greatly to mucus
barrier formation, and tight junction proteins are essential for
intestinal permeability. Previous studies have shown that
omega-3 PUFAs can alleviate colonic mucus disruption in
colitis mouse models.52 Although EPA and DHA were reported
to have different effects on relieving mucus barrier disruption
in the colitis model,52 both SMO and FO effectively recovered
the colonic mucus layer damaged by HFD in our study. The
differences may be due to the different animal models used in
our study and the previous ones where the colonic inflam-
mation was much more serious. In addition, the expression of
tight junction proteins was reduced in the HF group, which
was in line with previous studies.53 We found that SMO and
FO restored the expression of tight junction proteins rather
than OL. Microbial SCFAs production is essential for gut integ-
rity and health as well as the regulation of tight junction
proteins.54,55 The effective mucus repair by SMO and FO may
be attributed to the higher levels of SCFAs-producing bacteria
and the related metabolic pathway. In addition, the highest
level of LPS biosynthesis pathway may lead to gut inflam-
mation in the OL group.

5. Conclusions

SMO has comparable weight-loss effects with commercial fish
oil and Orlistat, and it is even better in terms of onset time as
well as serum TG and fatty liver reduction. In addition, SMO
and FO exert different gut microbiota regulation effects owing
to their different compositions. SMO can maintain the stability
of gut microbiota, selectively increase the relative abundance
of beneficial bacteria, decrease that of pathogenic bacteria,
and improve gut metabolism. Our results suggested that SMO
is a better potential functional dietary supplement for treating
obesity, and the detailed mechanisms involved in weight-loss
effects mediated by the gut microbiota regulation of SMO need
to be deeply studied.
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