
ll
OPEN ACCESS
iScience

Article
Gut microbiota, determined by dietary nutrients,
drive modification of the plasma lipid profile and
insulin resistance
Yoshiyuki

Watanabe, Shiho

Fujisaka, Kazutaka

Ikeda, ...,

Kunimasa Yagi,

Koji Hase,

Kazuyuki Tobe

shihof@med.u-toyama.ac.jp

(S.F.)

tobe@med.u-toyama.ac.jp

(K.T.)

Highlights
Diets with different

nutrient compositions

differentially affect

glucose metabolism

Gut microbiota

established by soybean

oil-rich (SO) diet impairs

glucose metabolism

Gut microbiota

established by diets has

dynamic effects on the

plasma lipid profile

SO diet has the greatest

impact on the plasma lipid

profile through gut

microbiota

Watanabe et al., iScience 24,
102445
May 21, 2021 ª 2021 The
Author(s).

https://doi.org/10.1016/

j.isci.2021.102445

mailto:shihof@med.u-toyama.ac.jp
mailto:tobe@med.u-toyama.ac.jp
https://doi.org/10.1016/j.isci.2021.102445
https://doi.org/10.1016/j.isci.2021.102445
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102445&domain=pdf


iScience

Article

Gut microbiota, determined by dietary
nutrients, drive modification of the plasma
lipid profile and insulin resistance

Yoshiyuki Watanabe,1,6 Shiho Fujisaka,1,6,7,* Kazutaka Ikeda,2 Masaki Ishikawa,3 Takahiro Yamada,4

Allah Nawaz,5 Tomonobu Kado,1 Takahide Kuwano,1 Ayumi Nishimura,1 Muhammad Bilal,1 Jianhui Liu,1

Kunimasa Yagi,1 Koji Hase,4 and Kazuyuki Tobe1,*

SUMMARY

The gutmicrobiotametabolizes the nutrients to produce variousmetabolites that
play crucial roles in host metabolism. However, the links between the microbiota
established by different nutrients and the microbiota-influenced changes in the
plasma lipids remain unclear. Diets rich in cornstarch, fructose, branched chain
amino acids, soybean oil (SO), or lard established a unique microbiota and had in-
fluence on glucose metabolism, which was partially reproduced by transferring
the microbiota. Comparison of plasma lipidomic analysis between germ-free
and colonized mice revealed significant impacts of the microbiota on various lipid
classes, and of note, the microbiota established by the SO diet, which was asso-
ciated with the greatest degree of glucose intolerance, caused the maximum
alteration of the plasma lipid profile. Thus, the gut microbiota composed of die-
tary nutrients was associated with dynamic changes in the lipids potentially hav-
ing differential effects on glucose metabolism.

INTRODUCTION

In recent years, it has become clear that the gut microbiota are one of the major regulatory factors of the

host metabolism (Nicholson et al., 2012). Bacterial metagenomic analyses and gnotobiotic studies of obese

diabetic subjects have demonstrated that dysbiosis can induce obesity and glucose intolerance (Turn-

baugh et al., 2008) (Foley et al., 2018) (Cani et al., 2008). The composition of the microbial community in

the gut is determined by multiple factors, including the diet, intake of antibiotics, comorbidities, and

host genetic background (Ussar et al., 2015) (Fujisaka et al., 2016), and the species and their proportions

are also unique to each individual. Therefore, it is difficult to identify any specific bacterial species as a

determinant of the development of obesity or abnormal glucose metabolism. On the other hand, the

mechanisms of actions of the metabolites produced by the entire microbiota could be common to individ-

uals. The gut microbiota actively metabolizes nutrients as sources of energy, which results in the production

of various metabolites (Nicholson et al., 2012). Short-chain fatty acids (FAs) , which are microbial metabo-

lites of indigestible dietary fiber, have been reported to promote GLP-1 secretion and exert anti-inflamma-

tory effects by activating the GPR 43 and GPR 41 receptors (Natarajan and Pluznick, 2014) (Brown et al.,

2003) (Lin et al., 2012). The gut microbiota also dehydroxylate cholesterol-derived primary bile acids, con-

verting them into secondary bile acids, which induce GLP-1 release to promote insulin secretion and in-

crease the basal metabolic rate via TGR5 activation (Brighton et al., 2015) (Islam et al., 2011) (Watanabe

et al., 2006) (Thomas et al., 2009) (Perino and Schoonjans, 2015). Thus, some bacterial metabolites are ab-

sorbed into the host circulation and act as signaling molecules to modulate energy and glucose meta-

bolism. More evidence to suggest that the gut microbiota exert an important influence on metabolism

is that germ-free (GF) mice show resistance to the development of obesity and glucose intolerance (Rabot

et al., 2010). One of the underlying mechanisms is believed to be that in the absence of the gut microbiota,

GF mice cannot utilize energy sources, such as short-chain FAs. However, comparisons between GF and

conventional mice, reared in normal specific-pathogen-free (SPF) breeding environments, by mass spec-

trometry (MS)-based metabolomics have revealed that the gut microbiota regulate the levels of various

host metabolites, and at least 145 metabolites were detected that were unique to conventional mice (Wik-

off et al., 2009). In addition, untargeted metabolomic analyses have revealed that mice of different genetic
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and environmental backgrounds administered high-fat diets or antibiotics showed establishment of unique

microbial compositions and diverse plasma metabolite profiles. Some of the metabolites were quantita-

tively correlated with the degree of insulin resistance and specific bacterial species, indicating that impor-

tant cross talk occurs between the gut microbiota-derived metabolites and insulin resistance (Fujisaka

et al., 2018).

Both genetic and environmental factors determine the host-specific composition of the gut microbiota

(Korach-Rechtman et al., 2019);however, the most important driver is the dietary nutrient composition. In

particular, lipids are metabolized by the gut microbiota, whereas the host also produces lipids. At present,

it still remains unclear how regulation of the plasma lipid profile is directly modified by the gut microbiota.

In addition, because the physiological environment, such as immunity and intestinal development of GF

mice, are different from those of conventional mice (Tlaskalová-Hogenová et al., 2004), clarification of

the underlying mechanisms is not possible by a simple comparison of GF and conventional mice. To clarify

the exact influence of the gut microbiota on the plasma lipid profile, plasma lipidomic analysis was per-

formed on GFmice and their littermates, so as to match for the genetic background and physiological con-

ditions, colonized with the microbiota of chow-fed mice. Even though the lipid sources of the diets were

similar, the plasma lipid profiles differed significantly among the mice fed the cornstarch (CS), Fru, and

branched chain amino acid (BCAA) diets. Furthermore, the mouse group fed the soybean oil (SO) diet,

which was the strongest inducer of insulin resistance, showed increases in the levels of a larger number

of lipids when compared with the GF mice. Thus the gut microbiota established by dietary nutrients drive

the plasma lipid composition, which interacts with different metabolic responses.

RESULTS

Diets with different nutrient compositions differentially affected energy and glucose

metabolism

To investigate the effects of dietary interventions on the metabolic profiles in mice, we designed five

different diets, namely, diets rich in cornstarch, fructose, BCAA, soybean oil, and lard (CS, Fru, BCAA,

SO, and Lard diets, respectively) (Table 1). In the Fru diet, CS was replaced with fructose. The BCAA diet

was supplemented with valine, leucine, and isoleucine to increase the protein-derived energy to 43%.

The energy from fat and the FA compositions of the CS, Fru, and BCAA diet were almost the same. The

two high-fat diets (SO and Lard) provided 60% of the energy from fat. The SO diet contained high amounts

of u6 polyunsaturated FAs, such as C18:2 and C18:3, whereas the Lard diet contained saturated FAs, such

as C16:0 and C18:0 (Figure S1). As previously reported, the mice fed the SO and Lard diets (SO and Lard

Table 1. Nutrient compositions of each of the experimental diets

Carbohydrate Protein Fat

Cornstarch Fructose BCAA Soybean oil Lard

Carbohydrate (kcal%) 72 72 47 18 18

Protein (kcal%) 18 18 43 22 20

Fat (kcal%) 11 11 11 60 60

Kcal/g 3.8 3.8 3.8 5.1 5.1

Component (g)

Casein 200 200 200 200 200

Amino acids Valine

Leucine

Isoleucine

Soybean oil 25 25 25 192.3 25

Lard 20 20 20 75 242.3

Cornstarch + maltodextrin 700 0 450 200 200

Fructose 0 700 0 0 0

Cellulose 50 50 50 50 50

Bold numbers indicate high levels of the nutrient.
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groups), both high-fat diets, gained more weight than those that were fed the CS diet (CS group), with

increased food intake (Figures 1A and 1B). After 8 weeks (14 weeks of age), the weight gain in the SO group

was significantly higher than that in the Lard group (Figure 1A). The mice fed the Fru diet (Fru group)

showed no difference in either the amount of food intake or the body weight when compared with the

CS group. The mice fed the BCAA diet (BCCA group) showed less weight gain, with decreased food intake

(Figures 1A and 1B). The weights of the liver, epididymal white adipose tissue (eWAT), and inguinal white

adipose tissue (iWAT) were significantly higher in both the high-fat diet (SO and Lard) groups, although

they did not differ significantly between these two diet groups (Figures 1C–1E). The oral glucose tolerance

test (OGTT) and insulin tolerance test showed impaired glucose tolerance with decreased insulin sensitivity

in both the SO and Lard groups, although the glucose tolerance was significantly worse in the SO group,

along with more elevated plasma insulin levels (Figures 1F–1I). The BCAA diet group was the most insulin

sensitive (Figure 1I). The glucose intolerance induced by the SO diet was observed at 12 weeks of age,

before the difference in body weight became apparent (Figure 1J). The hepatic triglyceride contents

were significantly higher in both the high-fat diet (SO and Lard) groups, although there was no significant

difference between these two groups (Figure 1K). Plasma TG levels were significantly elevated only in the

Lard group (Figure 1L). The SO and Lard diets increased the plasma leptin levels, suggesting that they

induced leptin resistance (Figure 1M). Ghrelin levels were higher in the Lard group compared with the

CS group, but not significantly different from the SO group (Figure S2). These results suggest that both

the high-fat diets (SO and Lard) induced obesity and insulin resistance, but the metabolic disorder was

worse in the SO group than in the Lard group, independent of the body weight and the appetite. Thus,

not only the caloric intake but also the lipid composition of the diet exerted a significant impact on the

metabolic state.

High-fat diets induced chronic inflammation, but the chronic inflammation did not appear to

be the sole determinant of insulin resistance in the SO group

Chronic inflammation is recognized as amajor cause of insulin resistance in diet-induced obesity, and tissue

macrophages comprise themajor population of immune cells involved in this inflammation. Flow cytometric

analysis of the adipose tissue revealed greatly increased proportions of F4/80+ macrophages and CD11c+

CD206- M1 macrophages and significantly decreased proportions of CD11c- CD206 + M2 macrophages in

both the SO and Lard groups (Figures 2A–2C). Evidence of adipose tissue inflammation in the Lard group

included increased expressions of macrophage and inflammation markers, with a similar trend also seen

in the SO group (Figure 2E). In the liver, the proportions of CD11b+ F4/80+ macrophages were slightly

increased in the Fru, BCAA, SO, and Lard groups, although the differences were not significant (Figure 2D).

Only moderate effects of diet on the hepatic gene expressions were observed, except for increased expres-

sion of TLR4 in the SO group (Figure 2F). In the colon, whereas the expressions of resident macrophage

markers such as CD206 and F4/80 were increased in the Lard group, no alterations in the expressions of

inflammation-related genes were evident. Expressions of genes encoding a tight junction-related marker,

antimicrobial peptides, and angiogenesis-related genes were not altered in any of the diet groups (Fig-

ure 2G). In addition, we evaluated the intestinal permeability in vivo by the fluorescein isothiocyanate-

dextran assay. Although there was a trend toward increased intestinal permeability in the SO and Lard

groups, the difference did not reach statistical significance (Figure S3), suggesting that each diet had little

effect on the gut barrier function in our study. Taken together, both the SO and Lard diets induced inflam-

mation in the adipose tissue and the liver, thereby promoting insulin resistance. A greater degree of insulin

resistance was observed in the SO group when compared with the Lard group. However, chronic inflamma-

tion did not appear to be the sole determinant of the higher degree of insulin resistance observed in the SO

group, as there was no difference in the degree of inflammation between the two high-fat diet groups.

Gut microbiota established by the SO diet impairs glucose metabolism

To determine whether the metabolic differences between the SO and Lard groups were related to the gut

microbiota, we transferred the gut microbiota of the SO and Lard mice into GF mice. OGTT performed

3 weeks after the fecal microbiota transplantation (FMT) revealed that the recipient mice colonized with

bacteria from the SO diet group showed significantly worse glucose tolerance than those that were colo-

nized with bacteria from the Lard group (Figure 3A). To investigate the effects of FMT on the conventional

SPF mice, the endogenous microbiota in the conventional mice were depleted by 3-day treatment with an

antibiotic cocktail, and FMT was performed either from the SO group or the Lard group, followed by

feeding of themice with the Lard diet (Figure 3B). The mice that received the microbiota from the SO group

showed increased random blood glucose levels when compared with those that received the microbiota
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Figure 1. Diets containing different nutrient compositions have differential effects on the energy and glucose

metabolism of mice

(A and B) (A) Body weights and (B) food intakes of mice fed a diet rich in cornstarch (CS), fructose (Fru), branched chain

amino acids (BCAA), soybean oil (SO), or lard (n = 8–9/group). *p < 0.05, **p < 0.01, comparison of mice fed the CS diet

and each diet by ANOVA, followed by Tukey-Kramer’s post hoc test. ##p < 0.01, comparison of mice fed the SO diet and

the Lard diet by ANOVA, followed by Tukey-Kramer’s post hoc test.

(C–E) (C) Weights of the liver, (D) eWAT, and (E) iWAT in the mouse groups fed one of the experimental diets each for

21 week (n = 4–5/group).

(F and G) (F) Blood glucose levels and (G) AUCs during the oral glucose tolerance test (OGTT) in the mouse groups fed

one of the experimental diets each for 11�12 weeks (n = 8–9/group). *p < 0.05, **p < 0.01, comparison of mice fed the CS
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from the Lard group, with no change of the body weight (Figure 3B). To further explore the contribution of

the gut microbiota, GF mice were fed the CS, SO, or Lard diets (GF-CS, GF-SO, and GF-Lard groups,

respectively) for 10 weeks. OGTT revealed that the GF-SO group showed slightly elevated blood glucose

levels when compared with the GF-CS group, but lower levels when compared with the GF-Lard group.

Thus the worse glucose tolerance induced by the SO diet than the Lard diet is greatly alleviated without

microbiota, indicating an important contribution of the microbiota established by the SO diet to glucose

metabolism (Figure 3C). Both the SO diet- and the Lard diet-fed GF mice gained less body weight and

showed smaller weights of the liver, eWAT, and iWAT than the corresponding conventional mice. The

cecum weights were larger in all the GF groups, suggesting that the microbiota actively metabolized

and promoted absorption of the nutrients in the diet (Figure 3D). In the adipose tissue, macrophage

and inflammatory gene expressions, such as F4/80, TLR4, and IL-1b, were increased in the GF-Lard group,

but not in the GF-SO group (Figure 3E). The changes were relatively small in the liver (Figure 3F). Thus the

gut microbiota established by the SO diet worsened glucose metabolism, while having little effect on tis-

sue inflammation.

Each diet established a unique bacterial community

The cecum sizes of the mice fed the Fru, SO, and Lard diets were smaller than those of the mice fed the CS

diet, whereas those of the mice fed the BCAA diet were larger (Figure 4A). Both the total DNA levels and

the relative eubacterial DNA levels in the feces were lower in the SO and Lard diet groups (Figures 4B and

4C), suggesting that each diet establishes a different bacterial biomass and fermentation activities. 16S

rRNA sequencing analysis of the fecal samples was performed to determine the bacterial composition after

12 weeks on each diet. Overall, the gut microbiota was dominated by Firmicutes and Bacteroidetes. The

Fru group showed increased counts of Proteobacteria and decreased numbers of Actinobacteria, whereas

the BCAA group showed lower counts of Deferribacteres. The BCAA, SO, and Lard groups showed higher

populations of Firmicutes (Figure S4). Looking at family level, mice fed the Fru diet increased Desulfovibrio-

naceae, Lachnospiraceae, and Deferribacteraceae, whereas those fed the BCAA diet showed increased

Erysipelotrichaceae when compared with the other diet groups. Both the SO and Lard diets eliminated Al-

caligenaceae and increased Lactobacillaceae. The proportions of Erysipelotrichaceae and Bacteroidales

were lower in the Lard diet than the SO diet (Figure 4D). The Firmicutes/Bacteroidetes (F/B) ratio was

elevated in both the high-fat diet groups, associated with a decrease in the numbers of Bacteroidetes (Fig-

ure 4E). At genus level, the SO and Lard diets decreased Parabacteroides, Allobaculum and Sutterella, and

increased proportions of Lactobacillus. The Fru diet increased numbers of Coprococcus and Ruminococ-

cus, and decreased numbers of Parabacteroides and Allobaculum (Figure 4F). Principal-component

analysis (PCA) showed clear differences in the microbial communities among the diet groups (Figure 4G),

suggesting that a unique bacterial biomass and overall microbial community structure was established, de-

pending on the nutritional composition of the diet.

Dynamic effects of the gut microbiota on the plasma lipid profile

To investigate the effects of the gut microbiota on the plasma lipid profile, we performed lipidomic analyses on

the mice with and without intestinal bacteria. We considered it important for a precise comparison to take into

account the fact that the immune system and intestinal development of GF mice are quite different from those

of conventional mice. Therefore, we conducted the comparisons between 8-week-old male GF mice and their

male littermates (so as to ensure that the genetic factors and physiological conditions were completely

Figure 1. Continued

diet and each diet by ANOVA, followed by Tukey-Kramer’s post hoc test. #p < 0.05, comparison of mice fed the SO

diet and the Lard diet by ANOVA, followed by Tukey-Kramer’s post hoc test.

(H) Plasma insulin levels during the OGTT (n = 4–5/group). *p < 0.05, **p < 0.01, comparison of mice fed the CS diet and

each diet by ANOVA, followed by Tukey-Kramer’s post hoc test. #p < 0.05, comparison of mice fed the SO diet and the

Lard diet by ANOVA, followed by Tukey-Kramer’s post hoc test.

(I) Results of the insulin tolerance test (ITT) in themouse groups fed one of the experimental diets each for 13 weeks (n = 4–

5). *p < 0.05, **p < 0.01, comparison of mice fed the CS diet and each diet by ANOVA, followed by Tukey-Kramer’s post

hoc test. #p < 0.05, comparison of mice fed the SO diet and the Lard diet by ANOVA, followed by Tukey-Kramer’s post

hoc test.

(J) Fasting blood glucose levels in the mice fed the SO or Lard diet for 6 weeks.

(K) Hepatic TG contents in the mouse groups fed one of the experimental diets each for 33 weeks (n = 4–5/group).

(L) TG and (M) leptin levels in the plasma of themouse groups fed one of the experimental diets each for 21 week (n = 4–5/

group). *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA, followed by the Tukey-Kramer or Dunnett post hoc test.
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Figure 2. High-fat diet-induced inflammation in the adipose tissue and liver, although the inflammation appeared

to account only in part for the higher insulin resistance observed in the SO group

(A–C) Percentages of CD45+ F4/80+ macrophages (A), CD45+ F4/80+ CD11c+ CD206- M1 macrophages (B), and CD45+

F4/80+ CD11c- CD206+M2macrophages (C) in the eWAT of themouse groups fed one of the experimental diets each for

21 weeks, as assessed by flow cytometry.

(D) Percentages of F4/80+ CD11b+macrophages in the livers of the mouse groups fed one of the experimental diets each

for 21 weeks.
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matched) colonized with the bacteria of chow-fedmice (Col mice) (Figure 5A). After 2 weeks of dietary interven-

tion, successful colonization was confirmed by a decrease in the cecum sizes (Figure S5A) and increase in the

cecal DNA levels in the colonized groups (Figure S5B). 16S rRNA sequencing of the cecal contents revealed

that the colonized bacteria formed a unique structure in response to the diets with different nutritional compo-

sitions even within this period (Figures 5B, S5C, and S5D).We detected only one bacterial species of Firmicutes,

Lactococcus, in the cecal contents of the GF mice, which was contained in the dietary casein and was killed by

irradiation (Figures S5C and S5E). In the plasma lipidomic analyses, a total of 629 lipids were identified. Heat-

maps showing the ratios of the lipid classes in the Col mice to those in the GF mice are shown in Figures

5C–5E. Colonization of the GF mice with the gut microbiota had little effect on the plasma lipids when the

mice were fed the CS diet (Col-CS group). On the other hand, the Col-SO group, showed the largest increases

in the levels of lipids, including FA, monoacylglycerol, diacylglycerol (DG), triacylglycerol (TG), cholesterol ester

(ChE), campesterol ester (CmpE), and sitosterol ester (StE) in the presence of the gut microbiota. However,

nearly none of these changes were observed in the Col-Lard group, and the TG levels were decreased when

compared with the effects observed in the Col- SO group (Figure 5C). To understand the lipid contents in

each diet, we performed lipidomic analysis of the diets (Figure S6). Overall, the FA contents were higher in

the Lard diet than in the SO diet, and the DG and TG contents were high in both the diets. The discrepancies

between the lipid contents in the diet and plasma lipid responses in the Col mice indicate the important inter-

action of the gutmicrobiota with the regulation of the host plasma lipids. As CmpE and StE are present in abun-

dance in the SO diet (Figure S6), it is presumed that they are absorbed into the circulation in a gut microbiota-

dependentmanner. The plasma level of a primary bile acid ester, tauro-cholic acid ester (TCAE), was decreased

in all the colonized diet groups when compared with the GFmice (Figure 5C). This may be because the gut mi-

crobiota promotes the conversion of primary bile acids to secondary bile acids. The SO diet also increased the

plasma levels of sphingolipids, such as ceramide and the ganglioside GM2 (Figure 5D). Plasma levels of GM2

were also increased in the Col-Lard group. As GM2 is not contained in the diet (Figure S6), our findings suggest

that GM2 synthesis was promoted by bacteria whose populations were specifically increased by the high-fat di-

ets. The Fru diet also had an impact on the plasma levels of FAs and phospholipids, such as lysophosphatidy-

lethanolamine (LPE), lysophosphatidylinositol (LPI), and phosphatidylglycerol (PG) (Figures 5C and 5E). These

lipid levels in the Fru group were comparable to the levels in the CS and BCAA groups (Figure S6), suggesting

that the changes in the levels of these lipids are due to the effects of fructose-derived bacteria. Next, we inves-

tigated the correlation between the lipids and bacteria and found that the presence of Prevotella,Akkermansia,

Dehalobacterium, and Sutterella showed negative correlations with the plasma levels of various TGs, FAs and

phosphatidylcholines (PCs), and the presence of Peptococcaceae, Lactococcus, Peptostreptococcaceae, and

Clostridiales showed positive correlations with these parameters (Figure 5F). These results indicate that the

gut microbiota, which are established in a nutrient-dependent manner, have differential impact on the plasma

lipid profile. The SO diet-derived bacteria, which induced the highest degree of insulin resistance, had the

greatest effects on various types of lipids, which may contribute to the impaired glucose metabolism and

late-onset obesity observed in the SO group of mice.

As a possible mechanism, we investigated the effects of the microbiota on FA transporters in the small in-

testine. When compared with the GF mice, the colonized mice that were transplanted with the microbiota

showed increased expression of CD36 that facilitates FA uptake and decreased the expressions of some

sterol transporters, such as ABCA1, ABCG5, and ABCG8 (Figure S7A). Comparison of each diet group

showed that Fru increased the CD36 and LPL expression levels in the jejunum, whereas the SO and Lard

diets decreased the expressions of these molecules in the ileum (Figures S7B and S7C), suggesting that

both the microbiota and the dietary composition can contribute to regulation of the expressions of FA

transporters in the small intestine.

Gutmicrobiota established by the SO diet had an enormous impact on the plasma lipid profile

Our study revealed that the effects on the plasma lipid profile varied greatly in the presence and absence of

the gut microbiota. To understand the lipid changes in greater detail, we focused on and compared the

Figure 2. Continued

(E and F) qPCR analysis of markers of macrophages and inflammation-related genes in the eWATs (E), livers (F), and colons

(G) of the mouse groups fed one of the experimental diets each for 21 weeks (n = 4–5/group). *p < 0.05, **p < 0.01 by

ANOVA, followed by Dunnett post hoc test. (G) qPCR analysis of angiogenesis-, inflammation-, macrophage-, and

intestinal barrier-related genes in the colon of the mouse groups fed one of the experimental diets each. *p < 0.05, **p <

0.01 by ANOVA, followed by the Tukey-Kramer post hoc test.
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Figure 3. The gut microbiota established by the SO diet worsened the glucose metabolism in the host mice

(A) Schematic overview of the study design for fecal microbiota transfer (FMT) to germ-free (GF) female mice, and the

results of the OGTT performed 3 weeks after the FMT (n = 5–8).

(B) Schematic overview of the study design for FMT to conventional SPFmice, and the bodyweights and randomblood glucose

levels of the recipient mice after the first FMT (n = 6–7). *p < 0.05, **p < 0.01 by an unpaired, two-tailed Student’s t test.

(C) Results of the OGTT in the GF mice fed the CS, SO, or Lard diet for 10 weeks (n = 4–5). **p < 0.01, comparison of GF

mice fed the CS and Lard diets. ##p < 0.01, comparison of GF mice fed the CS diet and SO diets, yp < 0.05, comparison of

GF mice fed the SO and Lard diets, followed by the Tukey-Kramer post hoc test.
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two high-fat diets. PCA of the results of lipidomic analysis showed that the lipid compositions were clearly

separated among the dietary groups, and that colonization significantly changed the overall lipid profile

(Figure 6A). A heatmap of the lipids that showed the greatest differences between the Col mice fed the

SO and Lard diets are shown in Figure 6B. The SO diet has a high content of FAs, such as C18:2 linoleic

acid and C18:3 linolenic acid, and large amounts of diacylglycerol and phospholipids containing these

FAs were detected (Figures 6B and S1). Similarly, the high content of CmpE in the SO diet was also reflected

in the plasma. Furthermore, because lard contains more saturated FAs, such as C16:0 palmitic acid and

C18:0 stearic acid, than SO, high levels of lipid classes containing these FAs were observed in the mice

fed the Lard diet (Figures 6B and S1). Therefore, in the presence of the gut microbiota, some of the lipids

in the diet are likely to be reflected in the plasma.

We found that the SO diet induced a greater degree of insulin resistance than the Lard diet, and the only

difference between the two diets was in the lipid composition. Furthermore, because the glucose intoler-

ance induced by the SO diet was microbiota-dependent, we analyzed the lipids that are regulated by the

gut microbiota. As shown in Figure 6C, clear changes in the levels of multiple lipids were observed in the

SO diet-fed mice with or without microbiota. For example, when compared with the GF mice, the Col mice

showed increased levels of sitosterol, campesterol sulfate, some PC, phosphatidylethanolamines, ChE,

and TG, which contain C18:1 oleic acid, C18:2 linoleic acid, and C16:1 palmitoleic acid, suggesting the

important role of the gut microbiota in regulating these lipid classes. In addition, colonization of the gut

microbiota decreased the levels of some other lipids, such as cholesterol sulfate, phospholipids with satu-

rated FAs, monohexosylceramide (G1Cer), and TCAE, suggesting that the gut microbiota established by

the SO diet could have a negative impact on the appearance of these lipids in the plasma. Thus, the gut

microbiota both positively and negatively regulate the lipids in the plasma. In particular, the gut microbiota

established by the SO diet had the largest impact on the plasma lipids, suggesting that this could be

involved in the high degree of insulin resistance observed in these mice.

DISCUSSION

Dietary nutrients are the major determinants of metabolism, and excessive lipid intake is known to be

closely associated with the development of obesity and insulin resistance. The compositions of the gut mi-

crobiota and their activities are also controlled by the dietary nutrient compositions, besides the intestinal

microenvironment. Gut microbiota have the ability to metabolize lipids with their enzymes, which affects

the lipid profile of the host circulation (Staley et al., 2017). However, because the plasma lipid profile rep-

resents the overall outcome of modification of the gut microbiota, absorption of metabolites, and the

metabolic balance of organs such as the liver and adipose tissue, the precise contribution of the gut micro-

biota still remains to be fully understood. As the intestinal microenvironments of GFmice are different from

those of the conventional SPF mice, a simple comparison between these two types of micemay be affected

by differences in the postnatal intestinal environments.

In this study, the experimental diets we used contained one of the three major nutrients in a relatively high

proportion: carbohydrates (CS and fructose diets), proteins (BCAA diet), or lipids (SO and Lard diets).

Among the major findings of the study was that both the high-fat diets (the SO and Lard diets) caused

obesity and glucose intolerance with insulin resistance. However, the glucose intolerance in the SO group

was worse than that in the Lard group, which was reproduced by FMT to GF mice, suggesting that the gut

microbiota established by the SO diet had a more severe adverse impact on the host glucose metabolism

than that established by the Lard diet. On the other hand, no significant difference was observed in the de-

gree of chronic inflammation, the plasma leptin and ghrelin levels, or food intake between the SO and Lard

groups, suggesting that there are mechanisms other than chronic inflammation and appetite regulation

that might also have contributed to the worse glucose metabolism in the SO group. Plasma lipidomic an-

alyses in GF mice and their littermates colonized with bacteria (Col mice) at the start of a 2-week dietary

intervention revealed that the plasma lipid profiles were significantly affected by the presence of the gut

microbiota established in response to different nutrient compositions. The SO diet increased the plasma

levels of multiple types of lipids, including campesterol, sitosterol, neutral lipids, and PCs in the presence of

Figure 3. Continued

(D) Body weights and tissue weights of the GF and Col mice fed the CS, SO, or Lard diet for 10 weeks.

(E and F) qPCR for macrophage and inflammation markers in the liver (E) and eWAT (F). *p < 0.05, **p < 0.01 by ANOVA,

followed by the Tukey-Kramer post hoc test.
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Figure 4. Dietary nutrient composition is the major determinant of the gut microbiota

(A–C) (A) Cecumweights, (B) total DNA concentrations, and (C) eubacterial DNA levels in the fecal samples collected from

the mouse groups fed one of the experimental diets each for 18 weeks (n = 8–9).

(D and E) (D) Microbial compositions at the level of the family. (E) Average Firmicutes/Bacteroidetes ratio (F/B ratio) (n =

8–9).

(F and G) (F) Examples of genera that showed significant differences, and (G) PCA of the fecal 16S rRNA sequencing data

in 18-week-old mice. *p < 0.05, **p < 0.01 by ANOVA, followed by the Tukey-Kramer or Dunnett post hoc test.
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Figure 5. The gut microbiota established by different dietary nutrient compositions had a large impact on the

plasma lipid profile

(A) Schematic overview of the lipidomic study.

(B) PCA analysis of the cecal microbiota compositions in the colonized (Col) mouse groups fed one of the experimental

diets each for 2 weeks (10 weeks of age).
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the gut microbiota, whereas the effects of the Lard diet, also a high-fat diet, were not identical. The Col

mice fed the Fru diet (Col-Fru group) showed higher plasma levels of phospholipids, such as LPE, LPI,

PG, and alpha-hydroxy FA when compared with the GF mice fed the same diet (GF-Fru group), whereas

those fed the BCAA diet (Col-BCAA) showed increased plasma levels of carnitine and N-acyl phosphatidyl-

ethanolamine with ether linkages when compared with the GF mice fed the same diet (GF-BCAA group).

Although the percentages andmajor sources of lipids were similar in the CS, Fru, and BCAA diets, the three

diets produced different alterations of the plasma lipid levels, presumably under the influence of the

different microbiota established by the three diets, suggesting that the intestinal microbial composition

and activities have unique impacts on the plasma lipid profile. The differences in the bacterial biomass

and activities established by different dietary compositions may also be affected by the amount of energy

intake. However, in our study, the CS and Fru or SO and Lard groups showed differences in the lipid profile

derived from their microbiota despite similar levels of energy intake. Thus, not only the amount of energy

intake but also differences in the nutrient compositions affect the microbial composition of the intestinal

microbiota, with differential effects on the host lipid profile.

There are numerous reports about how nutrients other than lipids can also affect the plasma lipid profile

and metabolism. A fructose-rich diet is generally known to cause hypertriglyceridemia (Hannou et al.,

2018), insulin resistance (Huang et al., 2017), and non-alcoholic steatohepatitis (NASH) (Softic et al.,

2017). Fructose also induces dysbiosis (Sellmann et al., 2015), and the addition of fructose to drinking water

is known to promote hepatic lipid production via acetic acid derived from the gut microbiota (Zhao et al.,

2020). The relationship between protein-rich diets and lipid metabolites is largely unknown. Patients with

insulin resistance have been demonstrated to show a significant increase in BCAA production-related

genes by the gut microbiota (Pedersen et al., 2016). Although BCAA is generally found in abundance in di-

ets, it is also produced by bacteria such as Prevotella copri and Bacteroides vulgatus. Administration of

P. copri or BCAA worsened the degree of insulin resistance in a mouse model of diet-induced obesity (Ped-

ersen et al., 2016) (Newgard et al., 2009) (Jang et al., 2016). However, in our study, the BCAA diet group

showed the greatest degree of resistance to obesity and the highest insulin sensitivity. This is probably

due to the decreased food intake of the mice of the BCAA group. It has been reported that a protein-

rich diet might suppress food intake via polypeptide YY (PYY) production in mouse models (Batterham

et al., 2006), suggesting that the decreased food intake observed in the BCAA group in our study could

be attributable to increased PYY signaling, and that we may need to consider the proportion of protein

or amino acids in the diet to minimize this effect. Dietary lipids have significant effects on the gut micro-

biota, and themicrobiota, in turn, further metabolize lipids. Rechtman et al. reported that supplementation

of SO induced dysbiosis and that some bacterial taxa were positively correlated with the biomarkers of

atherosclerosis. In their study, SO-based emulsion (SOE) was administered to C57B6 mice fed a chow

diet for 4 weeks, and the SOE supplementation resulted in increases in the proportions of Bacteroidetes,

Mucispirillum, Prevotella, and Ruminococcus, and decreased those of Firmicutes, when compared with the

control group (Korach-Rechtman et al., 2020). On the other hand, Li et al. compared the changes in the mi-

crobiota of rats fed a high-fat diet containing fish oil, lard, or SO at 4% (w/w) for 3months. In their study, they

compared the lard diet with the SO diet, not the control diet, and found that the former increased the F/B

ratio and the proportions of Akkermansia and Tenericutes (Li et al., 2017). In our study, the amount of SO in

the SO diet was relatively high when compared with that in previously reported studies. The differential

response of the microbiota to SO administration could be due to differences in the species and the exper-

imental method.

Another research group has reported that fish oil, which is rich in polyunsaturated FAs, increased the pop-

ulations of Akkermansia, Lactobacilli, and Bifidobacteria. On the other hand, lard, which is rich in saturated

FAs, increased the populations of Biophilia and Bacteroides and caused insulin resistance by exacerbating

metabolic endotoxemia (Caesar et al., 2015). In general, the ratio of intake ofu6 polyunsaturated FAs tou3

polyunsaturated FAs is known to be correlated with the risk of development of obesity and metabolic

Figure 5. Continued

(C–E) Heatmap of the class of lipid metabolites. The ratios of the levels in the Col mice to the levels in the GF mice are

shown as log-2-fold changes. (C) Fatty acids and neural lipids. (D) Sphingolipids. (E) Phospholipids. The statistical

significances of the differences between the GF and Col mice were determined by Student’s t test (*p < 0.05, **p < 0.01,

***p < 0.001).

(F) Heatmap of Spearman’s rank correlation coefficient between individual microbial genera and plasma lipid

metabolites. Excludes genera that were present at percentages of less than 1% and rho values of less than |0.7|.
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Figure 6. The gut microbiota established by the SO diet had a significant impact on the plasma lipid profile

(A) PCA analysis of the plasma lipid metabolites in the GF and Col mouse groups fed the SO diet or Lard diet for 2 weeks.

(B) Heatmap showing lipids that were significantly different between the Col mouse groups fed the SO diet or Lard diet, followed by the Benjamini-Hochberg

post-test (p < 0.05, q < 0.05).

(C) Heatmap showing lipids that were significantly different between the Col mice and GF mice fed the SO diet, followed by the Benjamini-Hochberg post-

test (p < 0.05).
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disorders. u6 polyunsaturated FAs, such as linoleic acid, which is contained in abundance in SO diets, has

the potential to activate the arachidonic acid cascade and promote inflammation, and its bacterial metab-

olite, 10-hydroxy-cis-12-octadecenoic acid (HYA), was demonstrated to exert anti-inflammatory and anti-

obesity effects in mice (Kishino et al., 2013) (Miyamoto et al., 2019). In our study, the SO diet induced

chronic inflammation to the same degree or to a slightly lesser degree than the Lard diet. The inflammation

may have been reduced by the anti-inflammatory effects of HYA.

The 16S rRNA sequencing analysis in our study revealed only moderate differences at the level of the phyla;

however, some changes were observed at the family or genus levels and the overall community structure

was unique, as shown by the PCA analysis. It is also possible that not only the bacterial proportions but also

the functions and activities of the microbiota were altered. Indeed, multiple classes of lipids were signifi-

cantly altered in response to the bacterial colonization; in particular, the microbiota established by the

SO diet exerted the strongest influence on lipid metabolism. Plasma levels of FAs, neutral lipids, campes-

terol, sitosterol, all of which are contained in abundance in SO, increased significantly after the coloniza-

tion. Interestingly, sphingolipids, such as ganglioside GM2, which are rarely contained in the diet, also

appeared in the plasma in the presence of the gut microbiota, suggesting that the microbiota established

by high-fat diets contribute to the synthesis of this lipid. This may be an important regulatory mechanism,

because GM3, which belongs to the same class, is a component of the cell membrane, with important roles

in cell signaling (Inamori and Inokuchi, 2020). In addition, the levels of various phospholipids were

increased in the colonized group when compared with the GF group fed the SO diet (Col-SO versus GF-

SO group), whereas decreases in the levels of these lipids were observed in the mice fed the Lard diet

(Col-Lard group). As there were no significant differences in the phospholipid contents of the experimental

diets, the microbiota have significant effects in modifying the plasma lipid levels.

It is generally known that obesity and insulin resistance induced by high-fat diets are based on chronic

inflammation of the adipose tissue and liver (Lee et al., 2011) (Shoelson et al., 2006) (Saad et al., 2016). It

has been shown by metagenomic analyses of the gut microbiota and gnotobiote experiments that dysbio-

sis of the gut microbiota is involved in this process (Cani et al., 2007). One of the factors involved is

lipopolysaccharide (LPS), a component of gram-negative bacteria, which activates TLR4 and promotes

inflammation. Dysbiosis induced by high-fat diets impair the intestinal barrier function and LPS flows

into the circulation, resulting in so-called metabolic endotoxemia (Cani et al., 2007). In our study, both

the high-fat diets (Lard and SO diets) increased the TLR4 expressions in the liver and adipose tissue, indi-

cating that metabolic endotoxemia was involved in the tissue inflammation and insulin resistance. Howev-

er, there was no significant difference in the degree of inflammation induced between the SO group and

the Lard group, suggesting that inflammation was not the sole determinant of the higher degree of insulin

resistance observed in the SO diet group. Short-chain FAs, such as acetic acid, butyric acid, and propionic

acid, are well-known metabolites produced by the gut microbiota such as Prevotella (Kovatcheva-Datchary

et al., 2015), which stimulate the secretion of glucagon-like peptide-1 (GLP-1) and PYY and are known to

promote insulin secretion and food intake via GPR43 and GPR41 (Tolhurst et al., 2012) (Samuel et al.,

2008). In this study, we did not detect any differences in food intake between the two high-fat diet groups.

In particular, transplantation of the gut microbiota from the SO diet group reproduced the impaired

glucose tolerance, whereas administration of the SO diet to GF mice showed better glucose tolerance

than the Lard diet. Thus, other microbial factors, such as the lipid metabolic pathways, may also contribute

to the regulation of glucose metabolism.

In this study, we showed that the gut microbiota established by different nutrient compositions have

unique impacts on the plasma lipid profiles of the host mice. In particular, the microbiota established by

the SO diet induced severe insulin resistance, which, in turn was associated with significant effects on mul-

tiple classes of lipids. These findings have a potential to provide an evidence that long-term unbalanced

diet affects human metabolic health. A more precise understanding of the interactions between the micro-

biota and lipid metabolism will provide new insights into how changes in the gut microbiota affect the en-

ergy and glucose metabolism.
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Supplementary Figure 1

g/kg

Supplementary Figure 1. Fatty acid compositions of each of the experimental diets.
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Supplementary Figure 2
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Supplementary Figure 2. Plasma ghrelin levels in the mouse groups fed one of the experimental diets each for 21 weeks. (n =

4–5/group). ***p < 0.01 by ANOVA, followed by the Tukey-Kramer test.



Supplementary Figure 3

0

500

1000

1500

2000

F
IT

C
 d

e
x
tr

a
n

 (
n
g
/m

l)

Supplementary Figure 3. Serum FITC levels in the C57B6/J mouse groups fed one of the experimental diets each, 4

hours after administration of FITC-dextran by gavage (n = 4–6).



Supplementary Figure 4
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Supplementary Figure 4. Individual microbial compositions at the level of the phyla.



Supplementary Figure 5
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Supplementary Figure 5. (A) Cecum weights in the GF and Col mouse groups fed each of the experimental diets for 2 weeks

(10 weeks of age) (n = 4). (B) Cecal DNA/cecum weights of the GF and Col mouse groups fed one of the experimental diets

each for 2 weeks (10 weeks of age) (n = 4). (C) Individual microbial compositions at the level of the phyla in the cecal contents.

(D) Average Firmicutes/Bacteroides ratio (F/B ratio) in the Col mice (n = 4). (E) Relative abundance of bacteria obtained by

16S rRNA sequencing at the level of the genera in the CS diet and feces of the GF mice in a vinyl isolator fed the CS diet.



Supplementary Figure 6
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Supplementary Figure 6. Relative lipid contents in the experimental diets as assessed by lipidomic analysis.
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Supplementary Figure 7
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Supplementary Figure 7. (A) Heatmap of the relative expressions of lipid tranporter-related genes obtained by QPCR in the

jejunum and ileum of GF and Col mice (n= 3-4). (B-C) QPCR of lipid transporter-related genes in the jejunum (B) and ileum

(C) of conventional (Conv) mouse groups fed one of the experimental diets each for 2 weeks (n = 4–6).



Supplementary Table

sybrgreen Sequence company

β-actin
Forward:GCCGGGACCTGACAGACTAC 

Reverse: AACCGCTCGTTGCCAATAGT
Thermo Fisher Scientific

CD11c
Forward:TGTTTGAGTGTCAGGAGCAGG

Reverse: GGTCACCTAGTTGGGTCTTG
Thermo Fisher Scientific

CD206
Forward:AAACACAGACTGACCCTTCCC

Reverse: GTTAGTGTACCGCACCCTCC
Thermo Fisher Scientific

TLR4
Forward: ACCAGGAAGCTTGAATCCCT

Reverse: TCCAGCCACTGAAGTTCTGA
Thermo Fisher Scientific

TNFα
Forward: ACGGCATGGATCTCAAAGAC

Reverse: AGATAGCAATCGGCTGACG
Thermo Fisher Scientific

Ctgf
Forward: AGCTGACCTGGAGGAAAACA

Reverse: CCGCAGAACTTAGCCCTGTA
Thermo Fisher Scientific

GAPDH
Forward:GTCAACGGATTTGGTCGTATTGGG

Reverse: TGCCATGGGTGGAATCATATTGG
Thermo Fisher Scientific

IL-1β
Forward: GCAACTGTTCCTGAACTCAACT

Reverse: ATCTTTTGGGGTCCGTCAACT
Thermo Fisher Scientific

IL-6
Forward: TAGTCCTTCCTACCCCAATTTCC

Reverse: TTGGTCCTTAGCCACTCCTTC
Thermo Fisher Scientific

iNOS
Forward: CAGCTGGGCTGTACAAACCTT

Reverse: CATTGGAAGTGAAGCGTTTCG
Thermo Fisher Scientific

CD11c
Forward: TGTTTGAGTGTCAGGAGCAGG

Reverse: AGGTCACCTAGTTGGGTCTTG
Thermo Fisher Scientific

CD206
Forward: AAACACAGACTGACCCTTCCC

Reverse: GTTAGTGTACCGCACCCTCC
Thermo Fisher Scientific

F4/80
Forward: CTGGGATCCTACAGCTGCTC

Reverse: AGGAGCCTGGTACATTGGTG
Thermo Fisher Scientific

UniF340 ACTCCTACGGGAGGCAGCAGT Thermo Fisher Scientific

UniR514 ATTACCGCGGCTGCTGGC Thermo Fisher Scientific

CD31
Forward: AGCTAGCAAGAAGCAGGAAGGACA

Reverse: TAAGGTGGCGATGACCACTCCAAT
Thermo Fisher Scientific

PDGFRα
Forward: AGCAGGCAGGGCTTCAACGG

Reverse: ACACAGTCTGGCGTGCGTCC
Thermo Fisher Scientific

VEGFα
Forward: AAAAACGAAAGCGCAAGAAA

Reverse: TTTCTCCGCTCTGAACAAGG
Thermo Fisher Scientific

IL-17
Forward: CAGGGAGAGCTTCATCTGTGT

Reverse: GCTGAGCTTTGAGGGATGAT
Thermo Fisher Scientific

OCC1
Forward: ACTATGCGGAAAGAGTTGACAG

Reverse: GTCATCCACACTCAAGGTCAG
Thermo Fisher Scientific

ZO-1
Forward: TTTTTGACAGGGGGAGTGG

Reverse: TGCTGCAGAGGTCAAAGTTCAAG
Thermo Fisher Scientific

Lyz-1
Forward: TCAGCTGTGTCTTCAGGGGT

Reverse: CCTCCAGCCAAAAGTTCAAA
Thermo Fisher Scientific

Cnr1
Forward: CTGATGTTCTGGATCGGAGTC

Reverse: CAGCCGTTTCTGGACAGGAGTTCTGG
Thermo Fisher Scientific

DefA
Forward: GGTGATCATCAGACCCCAGCATCAGT

Reverse: AAGAGACTAAAACTGAGGAGCAGC
Thermo Fisher Scientific

CD36
Forward: ACAGCTGCCTTCTGAAATGTGTGGA

Reverse: TTTTCTACGTGGCCCGGTTCTAATTCA
Thermo Fisher Scientific

LPL
Forward: TCAGCTGTGTCTTCAGGGGT 

Reverse: TTTGGCTCCAGAGTTTGACC 
Thermo Fisher Scientific

NCP1L1
Forward: CCTAAAGGGGGCCTAGCAGC

Reverse: TGCCCGGAGAGCTTCTGTAA
Thermo Fisher Scientific

ABCA1
Forward: GGAAGGGACAAATTGTGCTG

Reverse: TGCACAAGGTCCTGAGAATG 
Thermo Fisher Scientific

ABCG5
Forward: AGCCATTCACAAACACCTCC

Reverse: TCCTTGTACATCGAGAGTGGC
Thermo Fisher Scientific

ABCG8
Forward: TACTTCAGGATGCTTCGCAGG

Reverse: TGCTATGAGACCTCCAGGGT
Thermo Fisher Scientific

Supplementary Table. List of target genes for quantitative RT-PCR. Related to Figure 2, Figure 3, Figure 4 and

Supplementary Figure 7.



EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Mouse procedures 

Male C57BL/6 mice were purchased from Japan SLC, Inc. (Japan). Germ-free (GF) C57BL/6 

mice were housed in vinyl isolators and obtained by natural mating for this study. The mice were 

maintained under a 12-hour light-dark cycle and were given free access to water and food. Eight-

week-old mice were divided into 5 dietary groups that were fed a diet rich in cornstarch (CS), 

fructose (Fru), branched chain amino acids (BCAA), soybean oil (SO), or lard (Lard) (Research 

Diets Inc. NJ, USA). The nutrient composition of each of the diets is shown in Table and 

Supplementary Figure 1. Unless stated otherwise, male mice were used. The mice were fed ad 

libitum. Each diet was stored frozen until use and replaced weekly with fresh diet. The amount of 

energy intake was calculated by measuring the average weight of food consumed and multiplying 

it by the number of calories per unit weight of diet. To fully examine the reproducibility of the 

experiment, we conducted experiments in several independent cohorts and saw the same trends 

with reproducibility. For studies involving measurement of relatively large variations, such as the 

body weight, food intake, and glucose tolerance test results, data from several cohorts of mice 

are displayed by verification considering the cage effect. In some experiments, the insulin 

tolerance test and sacrifice of mice were performed at different weeks of age, we have displayed 

the data from one representative cohort without mixing the results with those from other cohorts. 

In the study using GF mice, the number of mice per group varied, because mice bred in our 

isolator were used in order to ensure that the environmental and genetic backgrounds and ages 

of all the mice were completely matched. The animal care policies and procedures for the 

experiments were approved by the Animal Experiment Committee of the University of Toyama. 

 

METHOD DETAILS 

Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) 

Each of the OGTT (2 g/kg weight) and intraperitoneal ITT (1.0 unit/kg) was performed after the 

animals had been denied access to food for a 4-hour period. Blood samples were collected from 



the tail at specific time-intervals and the glucose levels were measured using Stat Strip XP3 (Nipro, 

Japan). 

 

Analysis of the plasma levels of insulin, leptin, ghrelin and the liver TG content 

Plasma levels of insulin, leptin and ghrelin were measured using the Insulin ELISA Kit (Shibayagi, 

Japan), Leptin ELISA Kit (Morinaga, Japan), and Ghrelin Enzyme Immunoassay Kit (RayBiotech, 

U.S.A.), respectively, according to the manufacturer’s instructions. The plasma TG levels and liver 

TG contents were measured with the Triglyceride Colorimetric Assay Kit (Cayman Chemical 

Company, U.S.A.), according to the manufacturer’s instructions.  

 

RNA isolation and real-time polymerase chain reaction (RT-PCR)  

Tissues for RT-PCR were collected and preserved in RNAlater solution from Ambion (Austin, 

Texas), according to the manufacturer’s instructions. Total RNA was extracted with the RNeasy 

kit, (Qiagen, Hilden, Germany) and reverse-transcribed using the TaKaRa PrimeScript RNA Kit, 

cat# RR036A (Takara, Japan), according to the manufacturer’s instructions. Quantitative PCR 

was performed using the TaqMan method (1 cycle at 50°C for 2 min, 95°C for 10 min, and 40 

cycles at 95°C for 15 s, 60°C for 1 min) or the SYBR Green method (1 cycle at 95°C for 30 s, and 

45 cycles at 95°C for 10 s and 60°C for 20 s). Each sample was run in duplicate and the relative 

mRNA levels were calculated using the standard curve method and normalized to the mRNA 

levels of β-actin or GAPDH. The primer sequences used are listed in Supplementary Table. 

 



Flow-cytometric analysis  

Isolation and separation of the stromal vascular fractions (SVF) of the eWAT and liver, and 

subsequent flow-cytometric analysis was performed as previously described (Fujisaka et al., 

2009) (Fujisaka et al., 2016). Live cells in the SVF were collected for further analysis after 

exclusion of dead cells by gating with 7AAD. M1 and M2 macrophages were identified as CD45-

positive/F4/80-positive/CD11c-positive/CD206-negative and CD45-positive/F4/80-

positive/CD11c-negative/CD206-positive cells, respectively. Macrophages in the liver were 

identified as CD45-positive/F4/80-positive cells. Flow-cytometric analysis was performed with the 

FACSDiva Version 6.1.2 automated cell analyzer, FACSCanto II (BD Biosciences, San Jose, CA). 

The data analyses were performed using the FlowJo software (Tree Star, Ashland, OR). 

Unstained specimens and a fluorescence minus one (FMO) control were used to justify the gating 

strategy. Antibody information is shown in KEY RESOURCE TABLE.  

 

FITC-dextran experiment 

The FITC-dextran experiments were performed as described previously (Fujisaka et al., 2016). 

FITC-dextran (Sigma-Aldrich. U.S.A.) was administered orally. Four hours after the gavage, blood 

samples were collected by cardiac puncture. The plasma was diluted 1:1 (vol/vol) in PBS and the 

fluorescence intensity of each sample was measured (excitation: 485 nm, emission: 528 nm) 

with a fluorescence spectrometer. The FITC-dextran concentrations were calculated from a 

standard curve. 

 

16S rRNA sequencing analysis 



DNA was extracted from the mouse cecal contents or feces using a QIAmp Powerfecal DNA kit 

(QIAGEN, CA). A multiplexed amplicon library converting the 16S rDNA gene V4 region was 

generated from the DNA samples and the sequencing was performed in Bioengineering Lab. Co., 

Ltd. (Kanagawa, Japan). Principal component analysis (PCA) was performed using the prcomp 

command of R version 3.2.1. The database was Greengene’s 97 OTU attached to the microbiota 

analysis pipeline, Qiime. 

 

Fecal microbiota transplantation (FMT) 

For the bacterial transfer experiment into GF mice, FMT was performed 3 times every other day 

by gastric gavage of 200 μl of filtered feces suspended in saline. The fecal samples were collected 

from groups of mice that had been fed the CS, Fru, BCAA, SO or Lard diet for 18 weeks. All the 

recipient mice were then kept on the CS diet after the transfer. 

For the bacterial transfer experiment into conventional SPF mice, 9-week-old mice were treated 

with a mixture of vancomycin (0.5g/L), metronidazole (1g/L), neomycin (1g/L) and ampicillin (1g/L) 

(Sigma-Aldrich, St. Louis, MO) in drinking water for 3 days prior to the transfer. Fecal microbiota 

transfer was performed by gastric gavage of 200 μl of filtered feces suspended in saline. The 

fecal samples were collected from groups of mice that had been fed the SO or Lard diet for 18 

weeks. The recipient mice were then kept on the Lard diet after the transfer. 

For colonization of GF mice for lipidomic study, fresh fecal samples, suspended in saline, were 

collected from purchased 5-week-old male C57BL/6J mice in a container that had been fed a 

standard diet. Then the fecal microbiota transfer was performed into 8-week-old GF mice 3 times 

every other day. The recipient mice were kept on the CS, Fru, BCAA, SO, or the Lard diet after 



the transfer. 

 

Lipidomic analysis  

Lipid extraction and non-targeted lipidomics were performed according to previously described 

methods (Ikeda, 2015) (Tsugawa et al., 2017), with a few modifications. In brief, total lipids from 

12 μl of plasma were extracted using EquiSPLASH (Avanti Polar Lipids, Inc., Alabaster, AL, 

U.S.A.) and palmitic acid-1,2-13C2-palmitic acid (Merck, Darmstadt, Germany) as internal 

standards. Samples were separated on an L-column3 C18 column (50 × 2.0 mm i.d., particle size 

2.0 μm, CERI; Saitama, Japan) at a flow rate of 300 μl min−1 at 45°C, using the ACQUITY 

UPLC system (Waters, Milford, MA, U.S.A.) equipped with a binary pump and automatic sample 

injector. Solvent A consisted of acetonitrile/methanol/water (1:1:3, v/v/v) and solvent B consisted 

of isopropanol, both containing 5 mM of ammonium acetate. The LC gradient conditions were as 

follows: 0–6.5 min, 0%–64.0% B; 6.5–13.5 min, 64.0%–76.5% B; 13.5–18.0 min, 76.5%–98% B; 

18.0–20.0 min, held at 98%. Then, the column was re-equilibrated with 100% A for 5 min. 

Qualitative and quantitative analyses of lipids were performed by MS and data-dependent MS/MS 

acquisition over a scan range of m/z 140–1700, using the Triple TOF 6600 System (AB SCIEX, 

Framingham, MA, U.S.A.) in the negative and positive ion modes. Raw data files from the TOF-

MS were converted to MGF files using the program AB SCIEX MS converter, for subsequent 

quantitative analysis with 2DICAL (Mitsui Knowledge Industry, Tokyo, Japan). Identification of the 

molecular species was accomplished by comparison with the retention times and MS/MS spectra 

of commercially available standards or reference samples. 

 



The heat maps were generated with the GraphPad Prism8 software (GraphPad Software, San 

Diego, CA, U.S.A.) using the mean fold changes in the sum of the ion peak heights of all the lipid 

molecules within each class calculated as the ratios in the Col to the GF mice. Statistical 

significances of the differences between the GF and Col mice were determined by Student’s t-

test (*p < 0.05, **p < 0.01, ***p < 0.001). 

 

Abbreviations 

FA, fatty acid; FA[aOH], alpha-hydroxy fatty acid; Car, acylcarnitine; MG, monoacylglycerol; DG, 

diacylglycerol; TG, triacyl glycerol; TG[e], ether-linked TG; ChE, cholesteryl ester; CmpE, 

campesteryl ester; StE, stigmasteryl ester; TCAE, taurocholic acid ester; Sterol Sul, sterol 

sulfates; BMP, bismonophosphotidate; LPC, lysophosphatidylcholine; LPC[e], ether-linked LPC; 

LPE, lysophosphatidylethanolamine; LPE[e], ether-linked LPE; LPE[p], vinyl ether-linked LPE; 

LPG, lysophosphatidylglycerol; LPI, lysophosphatidylinositol; LPS, lysophosphatidylserine; 

NALPE, N-acyl lysophosphatidylethanolamine; NAPE[e], N-acyl phosphatidylethanolamine with 

ether linkages; PC, phosphatidylcholine; PC[e], ether-linked PC; PE, phosphatidylethanolamine; 

PE[e], ether-linked PE; PE[p], vinyl ether-linked PE; PG, phosphatidylglycerol; PI, 

phosphatidylinositol; PS, phosphatidylserine; CDPDG, cytidine diphosphate-diacylglycerol; DLCL, 

dilysocardiolipin; Cer, ceramide; Cer[phyto], phytoceramide; CerPE, ceramide 

phosphatidylethanolamine; SM, sphingomyelin; SM[NAcylOH], SM with N-hydroxy fatty acyl 

residues ; 3-O-AcylSM, SM with N-3-acylated fatty acyl residues ; S1P, sphingosine-1-phosphate; 

G1Cer, monohexosylceramide; G1Cer[phyto_aOH], alpha-hydroxy monohexosylphytoceramide; 

G2Cer[O], oxidized dihexosylceramide; Gb5, globopentaose; GM2[NeuGc], ganglioside GM2 

containing N-glycolyl neuraminic acid; GM3, ganglioside GM3; GM3[NeuGc], ganglioside GM3 

containing N-glycolyl neuraminic acid; Su1G1Cer; cerebroside sulfate; Taurine, acyl-taurine 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 



All the values presented are the means ± SEM. Statistical significances of differences among 

groups were determined by the two-tailed unpaired Student’s t-test (two groups) or ANOVA 

followed by the Tukey-Kramer post hoc test or Dunnett post hoc test (three or more groups). The 

tests were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate, where 

appropriate. P <0.05 was considered as being indicative of statistical significance.  

 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

CD45 Antibody Thermo Fisher Scientific 25-0451-82 

APC/Cyanine7 anti-mouse F4/80 Thermo Fisher Scientific #123118 

PE Hamster Anti-Mouse CD11c Thermo Fisher Scientific #553802 

Rat anti Mouse CD206:Alexa Fluor® 647 BIO RAD MCA2235A647 

7-AAD Thermo Fisher Scientific #51-68981E 

Chemicals, peptides, and recombinant proteins 

Ampicillin Sigma-Aldrich #019M4771V 

Neomycin Sigma-Aldrich #SLBN5615V 

Metronidazole Sigma-Aldrich #MKCJ4156 

Vancomycin LKT LAB #V0252 

Critical commercial assays 

Rneasy Mini Kit (50) QIAGEN 74104 



5x Primescript RT Master MIX perfect Realtime Takara Bio RR036A 

PowerFecal DNA kit QIAGEN 12830-50 

Triglyceride Colorimetric Assay Cayman 10010303 

Insulin ELISA Kit Shibayagi MIT-769 

Mouse Ghrelin Enzyme Immunoassay Kit RayBio EIAM-GHR 

Morinaga Mouse/Rat Leptin ELISA Kit MIoBS M1305 

TB Green Fast qPCR Mix Takara Bio RR430A 

Fluorescein isothiocyanate–dextran Sigma-Aldrich 46944 

Experimental models: organisms/strains 

Mouse C57BL/6 Japan SLC, Inc. N/A 

Oligonucleotides 

Primer sequences used for RT-qPCR See Supplementaey Table  N/A 

Software and algorithms 

R 3.6.2 R Development Core Team N/A 

GraphPad Prism 9 GraphPad Prism N/A 

JMP15 SAS N/A 

FlowJo_v10.6.1 Becton, Dickinson and Company N/A 
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