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ABSTRACT

Unraveling the role of dietary lipids is beneficial to treat obesity and metabolic
dysfunction. Nonetheless, how dietary lipids affect existing obesity remains
unknown. Arachidonic acid (AA), a derivative of linoleic acid, is one of the crucial n-6
fatty acids. The aim of this study was to investigate whether AA affects obesity
through associating microbiota-driven inflammation with
hypothalamus-adipose-liver axis. Four-week old C57BL/6) mice were fed with a
high-fat diet (HFD, 45% fat) for 10 weeks to induce obesity, and then fed a HFD
enriched with 10 g/kg of AA or a continuous HFD in the following 15 weeks. Systemic
adiposity and inflammation, metabolic profiles, gut microbiota composition,
short-chain fatty acids production, hypothalamic feeding regulators, browning
process of adipocytes, hepatosteatosis, and insulin resistance in adipose were
investigated. The results indicated that AA aggravates obesity for both genders
whereas sex-dependently affects gut microbiota composition. Also, AA favors
pro-inflammatory microbiota and reduces butyrate production and circulating
serotonin, which augments global inflammation and triggers hypothalamic leptin
resistance via microglia accumulation in male. AA exacerbates non-alcoholic
steatohepatitis along with amplified inflammation through TLR4-NF-kB pathway and
induces insulin resistance. Reversely, AA alleviates obesity-related disorders via
rescuing anti-inflammatory and butyrate-producing microbiota, up-regulating GPR41
and GPR109A and controlling hypothalamic inflammation in female. Nevertheless,
AA modifies adipocyte browning and promotes lipid mobilization for both genders.
We show that AA affects obesity likely through a gut-hypothalamus-adipose-liver axis.
Our findings formulate recommendations of n-6 fatty acids like AA from dietary

intake for obese subjects preferably in a sexually dimorphic way.

Keywords: arachidonic acid; obesity; sexual dimorphism; gut microbiota; butyrate;

hypothalamus-adipose-liver axis



1. Introduction

Obesity is a major risk factor for a cluster of systemic and chronic disorders, including
type 2 diabetes (T2D) [1] and non-alcoholic fatty liver disease (NAFLD) [2]. Whilst
high-fat diet (HFD) is generally considered obesogenic, the profile of dietary fatty
acids becomes a critical factor concerning diet-induced obesity (DIO). However, what
less well understood is the effect of lipids on developed obesity. Given the increasing
consumption of n-6 polyunsaturated fatty acids (PUFA) especially in Western
countries, it is important to assess potential impact of dietary n-6 PUFA on obese
subjects.

Elevated markers of inflammation are interrelated with an increased risk of
obesity-related metabolic diseases including T2D [3,4]. DIO causes metabolic
inflammation in the mediobasal hypothalamus critical for energy homeostasis [5].
This process is mediated by microglia accumulation and activation, which leads to
leptin resistance and consequently promotes appetite and food intake [6].
Meanwhile, the development of obesity-associated metabolic complications is
sexually dimorphic. Premenopausal women are protected from the detrimental
effects of obesity due to 17B-estradiol and estrogen receptor a (ERa) [7,8]. HFD is
usually proposed to promote inflammation via hypothalamic regulation of PGCla
and ERa in a sex-specific way [9]. However, it is unknown whether n-6 PUFA intake
sex-dependently affects inflammation and obesity-related disease.

Alterations of gut microbial composition are linked with obesity and related
metabolic syndromes [10]. Obesity-induced gut dysbiosis impairs intestinal integrity,
which releases the endotoxin lipopolysaccaride (LPS) from gut microbiota into the
bloodstream [11]. This influx of LPS, in turn, activates TLR4-dependent signaling,
leading to inflammation and insulin resistance (IR) [12]. In addition, the microbial
metabolic byproducts short-chain fatty acids (SCFA) are recognized as essential
sources of host energy and benefit the energy metabolism, which act as signaling
molecules via G-protein coupled receptors (GPR) [13]. SCFA and other microbial

metabolites also affect the production of serotonin (5-HT), which prolongs satiety
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and regulates various physiological functions [14]. Collectively, gut microbiota may
play a critical role in regulating host metabolism via the interplays among gut, brain,
adipose and liver [15,16]. Dietary n-6 PUFA induce bacterial overgrowth by
increasing intestinal Proteobacteria and dysbiosis. Nonetheless, since researches on
microbial shifts by n-6 PUFA mainly focus on linoleic acid (LA) rather than
arachidonic acid (AA), the impact of the latter still remains unknown.

AA, a derivative of LA, is one of the crucial n-6 fatty acids. The metabolites of AA
include series of prostaglandins and leukotrienes, which are highly-active
inflammatory mediators [17]. Herein, we explored the systemic effect of a long-term
AA treatment on gut microbiota composition, inflammation, lipid, glucose and

energy homeostasis in DIO mice, and importantly, the sexual dimorphisms.

2. Materials and methods

2.1. Animals

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Zhejiang University School of Medicine. Four-week old C57BL/6J mice
(18+1 g, SPF, Laboratory Animal Research Center, Zhejiang Chinese Medical University,
Hangzhou, China) were kept in 12-h day/night cycles with free access to water and
fed with a high-fat diet (HFD, 45% fat) (Medicience Ltd., Yangzhou, Jiangsu, China) for
10 weeks to induce obesity and a low-fat diet (LFD, 10% fat) (Medicience) was used
as a control diet (Supplementary Table 1). The HFD fed mice were then divided into
two groups according to body weights and serum parameters, and fed a HFD
enriched with 10 g/kg of arachidonic acid (AA, Nu-Chek Prep, Inc., Elysian, MN, USA)
or a HFD in the following 15 weeks to investigate the effect of AA on exsiting obesity
and related disorders. At the end of the dietary intervention, fasted mice were
anaesthetized and killed by cervical dislocation, and blood samples were then
collected. Tissues were harvested and weighed, and then snap-frozen in liquid
nitrogen and stored at -80°C until further use. Caecal content was also collected for

gut microbiota and SCFA analysis by the aseptic technique. Oral glucose tolerance
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test (OGTT) and insulin tolerance test (ITT) were measured prior to sacrifice and

described in details in Supplementary Methods.

2.2. Indirect Calorimetry and Micro-Positron Emission Tomography/Computed
Tomography (Micro-PET/CT)

Metabolic parameters were measured at week 24 by an 8-cage animal monitoring
system (TSE PhenoMaster/LabMaster, Bad Homburg, Germany). Brown adipose
tissue (BAT) imaging was conducted using a small animal-dedicated micro-PET/CT
system (Siemens Preclinical Solutions, Knoxville, TN, USA). Detailed procedures are

described in Supplementary Methods.

2.3. Biochemical Analyses

A 7020 automatic biochemistry analyzer (Hitachi Ltd., Tokyo, Japan) was used to
determine serum concentrations of glucose, triglyceride (TG), total cholesterol (TC),
high density lipoprotein cholesterol (HDL-C) and low density lipoprotein cholesterol
(LDL-C). Glycosylated hemoglobin in whole blood was determined by routine ionic
exchange high performance liquid chromatography (HPLC) method. Serum levels of
adiponectin, leptin, insulin, serotonin, lipopolysaccaride (LPS), interleukin-6 (IL6) and
tumor necrosis factor a (TNFa) were detected with commercial enzyme linked
immunosorbent assay (ELISA) kits (Cusabio Biotech Co. Ltd., Wuhan, Hubei, China).
Liver TG were isolated and quantified using a colorimetric assay kit (Applygen, Beijing,
China) according to the manufacturer’s instructions. Cholesterols including HDL-C,
LDL-C and very low density lipoprotein cholesterol (VLDL-C) were assessed using

commercial ELISA kits (Cusabio Biotech).

2.4. Real-Time PCR
Gene expression analysis by RT-PCR was performed in adipose tissues, liver and
hypothalamus. Hepatic miRNA expression was also analyzed. Methodologies are

detailed in Supplementary Methods.



2.5. Western Blot Analysis

Total cellular protein from liver, hypothalamus and adipose tissues was extracted
and analyzed using SDS-PAGE and immunoblots. Mitochondrial proteins were
extracted from white adipose tissue (WAT) and also analyzed by Western blot.
Detailed protocols and antibodies used are described in Supplementary Methods.

Quantitative results of Western blot analysis were shown in Supplementary Fig. 1.

2.6. Morphometric Analysis and Immunohistochemistry

Freshly isolated tissues were fixed overnight in 4% formaldehyde, then dehydrated
and embedded in paraffin. Portions of 3-um tissue sections were stained with
haematoxylin and eosin (H-E) following standard protocols and adipose tissue
sections were stained with UCP1. Images were analyzed using the Image J software

(U.S. National Institutes of Health, Bethesda, MD, USA).

2.7. Immunofluorescence

Brains and adipose tissues were embedded in optimal cutting temperature and then
cut into sections. Brains were stained for Ibal and WAT were double-stained for
F4/80 and CD11c. Staining protocols and image analysis are detailed in

Supplementary Methods.

2.8. Gut Microbiota and SCFA Concentration Analysis

DNA was extracted from caecal content samples followed by PCR amplification and
16S rDNA sequencing. SCFA was also extracted from caecal content and quantified
by gas chromatography (GC) analysis. Detailed procedures for gut microbiota and

SCFA anaylses are shown in Supplementary Methods.

2.9. Statistical Analysis

Data were represented as mean + SEM. Differences between two groups were



analyzed by two-tailed Student’s t test. One-way analysis of variance (ANOVA) was
applied to assess the statistical significance of more than two groups and two-way
ANOVA was used for data from indirect calorimetry experiments. P<0.05 was

considered statistically significant.
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Fig. 1. AA aggravates obesity in DIO mice. (n=6)
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body weight. (f) Serum levels of adiponectin and leptin. *P<0.05, **P<0.01,
***¥P<0.001, two-way ANOVA (a,b); Student’s t-test (d); one-way ANOVA (e,f).

Graph bars with different superscript letters appear significantly different (P<0.05).

3. Results

3.1. AA aggravates obesity in HFD-fed obese mice
To assess the effect of AA on DIO, we fed mice with a 10-week HFD to introduce
obesity (Supplementary Fig. 2). HFD supplemented with AA (HFD+AA; 10 g/kg AA)
was then served during the following 15 weeks. Finally, body weight of AA-receiving
mice increased by 10.8% for male and 20.6% for female, respectively (Fig. 1a).
Additionally, HFD+AA fed mice had significantly higher body fat index with increased
gonadal and inguinal fat accumulation than HFD-fed mice (Fig. 1c,e).

Circulating leptin level was significantly reduced and a trend towards decreased
serum adiponectin level was detected in AA-fed DIO mice (Fig. 1f). Although
supplementation with AA elevated liver weight by 43.2% and food intake in male

mice, such effects were not observed in female (Fig. 1b,d).

3.2. AA alters gut microbiota composition

Profiles of the gut microbiota composition in HFD+AA fed mice measured by
high-throughput sequencing showed dramatic changes in a sex-specific manner.
Principal coordinate analysis (PCoA) of the unweighted UniFrac demonstrated a
distinct clustering of samples according to treatment (Fig. 2a,3a). As expected,
microbial community diversity indicated by chaol decreased in samples from
HFD-fed mice compared with LFD-fed mice, while AA-fed DIO mice also showed a
significant decrease in microbial richness (Fig. 2b,3b). Comparison of proportional
abundance in phylum level showed that treatment with AA reduced the
Firmicutes/Bacteroidetes ratio (Fig. 2c,3c). Notably, we observed significantly
increased and decreased levels of Proteobacteria and Verrucomicrobia phylum only

in HFD+AA fed female mice (Fig. 3c). These results suggest that AA exacerbates the
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dysbiosis of intestinal flora in HFD-fed mice.
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Fig. 2. AA alters gut microbiota composition in male mice (n=5). (a) PCoA analysis
(unweighted UniFrac). (b) Rarefaction curves for Chaol (1-58001 sequences per
sample). (c) Pie charts of intestinal microbial composition at the phylum level. (d)

Heatmaps based on RDA.
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Fig. 3. AA alters gut microbiota composition in female mice (n=5). (a) PCoA analysis
(unweighted UniFrac). (b) Rarefaction curves for Chaol. (c) Pie charts of intestinal

microbial composition at the phylum level. (d) Heatmaps based on RDA.

AA exacerbates the dysbiosis of intestinal flora in HFD-fed mice. We further
applied redundancy analysis (RDA) to distinguish the significantly altered bacterial
phylotypes among the detected 2163 operational taxonomic units (OTUs). Compared
with HFD fed mice, HFD supplemented with AA significantly altered 78 OTUs (55
decreased and 23 increased within 17 families) and 76 OTUs (50 decreased and 26
increased within 16 families) in male and female mice, respectively (Fig. 2d,3d). As
opposed to HFD-fed mice, HFD+AA fed male mice had less abundant bacterial
species from genera Allobaculum, Oscillibacter, Bacteroides, Lactobacillus,
Bifidobacterium, which were initially found to be reduced by HFD and negatively
associated with obesity, and more abundant species Ruminococcus gnavus,
Mucispirillum schaedleri and genera Coprococcus, Alistipes, which were enhanced by
HFD and positively associated with obesity (Fig. 2d). Moreover, AA also decreased
the growth of Oscillospira and Clostridium XIVa and IV negatively related to obesity in
male mice. Notably, Akkermansia muciniphila associated with inflammation and IR
was found to be the most enriched bacteria in HFD+AA fed male mice. However, in
female, despite similar decrease in Allobaculum, Oscillibacter, Bacteroides
acidifaciens, Oscillospira and Clostridium 1V, we observed increase in Barnesiella,
which was initially reduced by HFD and recognized as anti-inflammatory properties,
and decrease in Alistipes and Ruminococcus gnavus, which was enriched by HFD and
positively correlated with inflammation. Additionally, Pseudomonas veronii
associated with intestinal inflammatory pseudotumors and Akkermansia muciniphila
were also reduced by AA in female mice. Taken together, AA treatment exerts a
profound sex-dependent effect on gut microbiota composition in DIO mice. The
shifts of inflammation/obesity-correlated microbiota seem negative for male mice. In

contrast, AA protected several anti-inflammatory bacteria and reversed
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pro-inflammatory microbiota initially altered by HFD in female mice which may help
counteract inflammation.

HFD feeding increased circulating level of LPS and decreased villus and crypts
length along with thinning of mucosal thickness depicted in cecum sections.
Supplementation of AA augmented these changes in both genders (Supplementary
Fig. 3a,b). To further investigate whether AA also affects gut microbial metabolites
production, we next analyzed the concentration of SCFA in caecal contents using gas
chromatography. Although total SCFA levels were not affected, we observed
elevated acetate and reduced butyrate levels in HFD+AA fed male mice but opposite
results in female mice (Supplementary Fig. 3d). This was correlated with the increase
in butyrate-producing bacteria (Butyricimonas synergistica and Ruminococcus) in
AA-treated female mice (Fig. 3d). SCFA have been identified as endogenous ligands
for GPR, specifically GPR43 showing the highest affinity for acetate while GPR41 and
GPR109A exhibiting the affinity for butyrate. In line with the changes in SCFA, we
observed increased mRNA expression of GPR43 in adipose tissue and liver of
AA-treated male mice, and induction of GPR41 expression in the two tissues and
GRP109A expression in hypothalamus in female (Supplementary Fig. 3e). Also
interestingly, serum serotonin level increased by HFD was reduced by AA in male but

was promoted in female (Supplementary Fig. 3c).
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3.3. AA dffects inflammation in the hypothalamus

Accumulating evidence has uncovered the compelling crosstalk between gut and
brain [15]. Thus, we next investigate whether AA also impacts neuroinflammation in
the hypothalamus. As expected, hypothalamic mRNA levels of TNF-a, IL6 and CCI2
were significantly increased, which were also co-localized with the accumulation of
microglia indicated by increased Aif1/Ibal mRNA expression via immunostaining in
the arcuate nucleus (ARC) of AA-treated male mice. However, we did not
significantly detect any change in female (Fig. 4a,b). Furthermore, we found that
supplementation with AA elevated mRNA expression of agouti-related peptide

(AGRP) and neuropeptide Y (NPY) whereas reduced expression of
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pro-opiomelanocortin (POMC) and leptin receptor (LEPR) in male mice (Fig. 4c),
which agree with the hyperphagia phenotype (Fig. 1b). However, decreased AGRP
mMRNA level and no significant alterations in expression of NPY and POMC were
observed while the expression of LEPR and GRP109A was significantly up-regulated
in AA-treated female mice (Fig. 4c; Supplementary Fig. 3e). Additionally, AA
enhanced activation of phosphorylated JNK and inhibited production of IkB-a,
leading to elevated NF-kB phosphorylation in DIO male mice, but reversely
functioned in female (Fig. 4d). These results indicated that AA may reduce leptin
sensitivity and impair leptin signaling in central melanocortin system via NF-kB

signaling pathway in DIO male rather than female mice.

3.4. AA modifies browning process of adipocytes

Gut interacts with adipose to orchestrate energy homeostasis [18]. To investigate
whether the thermogenesis of BAT was affected, we performed micro-PET/CT to
assess [18F]fluorodeoxyglucose (FDG) uptake of interscapular BAT (iBAT). As shown in
Supplementary Fig. 4a, FDG uptake was lower in HFD group compared with LFD
group and AA further significantly lowered FDG uptake in both HFD+AA fed male and
female mice. In accordance with decreased metabolic activity of iBAT, AA treatment
reduced UCP1 level as revealed by immunohistochemistry (Supplementary Fig. 4b).
In addition, we detected suppressions of the browning programme markers (UCP1,
PRDM16, BMP7, CEBPB and PGCla) in interscapular WAT (iWAT) of AA-treated DIO
mice (Supplementary Fig. 4b,c,d). However, these markers and CIDEA in gonadal WAT
(gWAT) were significantly up-regulated by AA (Supplementary Fig. 4b,c,d). Notably,
expressions of CPT1b and COX8b were consistently enhanced in both gWAT and iWAT
(Supplementary Fig. 4c,d), suggesting promoted B-oxidation of fatty acids by AA.
Importantly, morphological imaging of the adipose tissues (Supplementary Fig. 4b)
showed that AA treatment enlarged size of adipocytes in iBAT, iWAT and gWAT along
with marked elevation of PPARy expression (Supplementary Fig. 4c).

We next analyzed the metabolic profiles using indirect calorimetry
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measurements at the end of AA treatment. During the three-day period of
measurements, AA-treated DIO mice exhibited significantly lower levels of oxygen
consumption and carbon dioxide production in both dark and light cycles compared
to HFD fed mice (Supplementary Fig. 5a,b). Nonetheless, respiratory exchange ratio
(RER) revealed a pronounced decrease in mice supplemented with AA
(Supplementary Fig. 5c). This result indicated that AA-treated mice consumed more
fat as an energy source, which was in line with up-regulated expressions of COX8b
and CPT1b in WAT (Supplementary Fig. 5c,d). Furthermore, these changes occurred
with decreased water intake, movement and speed in AA-fed mice (Supplementary

Fig. 5d,e,f).

Male Female

Relative expression
Relative expression

LFD HFD HFD+AA

80

)
o
TGlliver (umol/g)

LFD HFD HFD+AA LFD HFD HFD+AA

Fig. 5. AA sex-dependently modifies lipid homeostasis (n=6). (a,b) mMRNA expression
of genes participating hepatic TG metabolism. (c,d) Representative

photomicrographs of liver sections using H-E staining. Scale bar, 100 um. (e,f)
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Hepatic TG levels. Graph bars with different superscript letters appear significantly

different (P<0.05). **P<0.01, ***P<0.001.

3.5. AA impacts obesity-induced non-alcoholic steatohepatitis (NASH) in a
sex-specific manner

To investigate the possible obesity-induced NASH, we then assessed whether AA
impacts hepatic lipid metabolism. Interestingly, AA markedly exacerbated hepatic TG
deposition in male mice (P<0.001) but conversely attenuated TG contents
significantly in female mice (P<0.01) (Fig. 5e,f). In addition, circulating TG level was
increased by AA in male mice but was not significantly affected in female
(Supplementary Fig. 6a,b). Moreover, circulating cholesterol levels were elevated for
both genders treated with AA (Supplementary Fig. 6c,d). Nonetheless,
supplementation with AA significantly reduced hepatic cholesterol contents in all
DIO mice, including TC, HDL-C, LDL-C and VLDL-C (Supplementary Fig. 6e,f).
Subsequently, we assessed hepatic lipogenic and oxidative gene expression and
documented that the DIO male mice served with AA significantly showed
upregulated expression of ACC and FASN, key genes associated with lipogenesis,
along with increased mRNA levels of SREBP-1c, PPARy and PPARa, and enhanced
expression of B-oxidation related genes ACOX1 and CPT1a (Fig. 5a), which may result
from a regulatory feedback mechanism. Reversely, we observed decreased
expression of ACC, FASN, SREBP-1c, PPARy and PPARa though the expression of
ACOX1 and CPT1a was not altered in female (Fig. 5b). Notably, hepatic expression of
fatty acid-binding protein 1 (FABP1) was elevated in AA-treated DIO male mice but
reduced in female mice (Fig. 5b). Furthermore, we investigated hepatic levels of
miR-122 and miR-33, which regulate hepatic lipid and cholesterol homeostasis, and
documented that AA suppressed levels of miR-122 and miR-33 in liver of DIO female
mice while no apparent alteration was found in male (Supplementary Fig. 7a,b).
Finally, we observed that the liver sections of DIO mice had extensive vacuolization,

which was further augmented by AA in male but attenuated in female (Fig. 5c,d).
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We then investigated whether AA affected the HFD-induced liver inflammation.
Hepatic mRNA levels of TNF-a, IL6, CCL2 and TLR4 were significantly increased in
AA-treated male mice but reduced in female mice (Fig. 6a,b). Additionally, IkB-a
degradation and phosphorylation of NF-kB and JNK were enhanced in HFD+AA fed
male mice whereas inhibited in female mice (Fig. 6g,h).

Overall, these findings suggest that AA exacerbate NASH along with amplified
inflammation via TLR4-NF-kB pathway in DIO male mice, but attenuate in female and

thus lead to reduced hepatic inflammation and ameliorated NASH.
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expression. (e,f) Representative images of gWAT stained with F4/80 and CD11c and
the percentage of positive cells. (g,h) Representative liver and adipose immunoblots.
The corresponding densitometry measurements were shown in Supplemental Fig. 1.

Graph bars with different superscript letters appear significantly different (P<0.05).

3.6. AA dffects glucose homeostasis in DIO mice

We next investigated whether AA also affected the glucose homeostasis. The AA-fed
male mice showed higher glucose levels while female mice exhibited lower insulin
levels significantly when comparing with those in DIO mice (Fig. 7a,b). Moreover, we
observed an ascending trend of hemoglobin Alc levels in HFD+AA fed male mice (Fig.
7a). We also performed both OGTT and ITT and documented that AA-fed male mice
were even less glucose tolerant and more insulin resistant than the HFD group while
AA-fed female mice exhibited improved IR (Fig. 7c,d,e,f). To further investigate the
molecular mechanism, we then assessed the protein expression of
glucose transporter 4 (GLUT4) in iWAT and gWAT critical for glucose metabolism. As
anticipated, GLUT4 expression was suppressed in male and enhanced in female with
AA treatment (Fig. 7g,h). Together, these data indicate that AA aggravates IR for

male but oppositely rescues insulin sensitivity for female in DIO mice.
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Obesity-related inflammation resulting from adipose macrophage infiltration
plays a critical role in the pathogenesis of IR [19]. Therefore, we measured
proinflammatory cytokines and showed increased circulating levels of TNF-a and IL6
in AA-treated male mice while no apparent alterations were detected in female (Fig.
6a,b). Similarly, we observed increased mRNA levels of TNF-a, IL6 and CCL2 and
decreased expression of /L10 in both iWAT and gWAT in AA-treated male but not
female mice (Fig. 6¢,d). We further assessed macrophages infiltration in gWAT and
iWAT through F4/80" and CD11c" staining. In consistent with the shifts of
inflammatory cytokines, F4/80- and CD11c-positive cells were increased in HFD+AA
fed male but not female mice (Fig. 6e,f, Supplementary Fig. 8a,b).

Obese adipose tissue is characterized by hypoxic conditions in adipocytes and
linked to the progression of IR [20]. Thus we analyzed hypoxia-related gene
expression of HIF1a and observed an increased protein level of HIF1a in both gWAT
and iWAT in HFD+AA male but not female mice (Supplementary Fig. 8c). Finally, we
also observed promoted expressions of TLR4 (mRNA), phosphorylated NF-kB and JNK,

and suppressed IkB-a production in AA-treated DIO male mice but not female mice

(Fig. 6g,h).

4. Discussion

Here we demonstrated that long-term intake of AA (1% w/w, corresponding to 417
mg/day for human) aggravates obesity and affects gut microbiota composition,
multi-organ inflammation, hepatic lipid metabolism and glucose homeostasis in a
sex-dependent way (Supplementary Fig. 9). To our knowledge, we are the first to
investigate the gut microbiota alteration by AA and discover the sexual dimorphisms
especially in glucose and hepatic lipid homeostasis.

Diet interacts with gut microbiota to modulate human metabolism [21]. In
current model of milk fat based DIO mice, the ratio of Firmicutes/Bacteroidetes
declined. Importantly, we observed the dysbiosis of intestinal microbiota and

increased serum LPS levels, which triggers a global inflammatory internal
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environment [11]. Our results showed that AA further reduced the ratio of
Firmicutes/Bacteroidetes and impaired intestinal barrier, leading to aggravated
metabolic endotoxemia.

AA administration altered series of obesity-associated bacterial species from
Allobaculum [22], Oscillibacter [23], Oscillospira [24], Clostridium IV and Bacteroides
[25]. Additionally, we believe that intestinal microbial shifts can be the driver of
inflammation. The alterations of inflammation-correlated microbiota, including the
increase in Mucispirillum schaedleri [26], Akkermansia muciniphila [22, 27, 28],
Alistipes [29] and Ruminococcus gnavus [30, 31], and the decrease in Oscillibacter
[32], Barnesiella [33], Lactobacillus, Bifidobacterium [34] and Clostridium XIVa and IV
[35], may partially account for the pro-inflammatory effect of AA on HFD-fed male
mice (Fig. 2d). Likewise, enhancement in Barnesiella and reductions in Alistipes,
Ruminococcus gnavus, Pseudomonas veronii [36] and Akkermansia muciniphila may
partially elucidate the alleviation of inflammation in female.

A previous study showed that fucosyllactose supplementation enriched
Barnesiella genus in mice and consequently increased the resistance of colitis [33].
Instead, bacteria belonging to Alistipes were found to induce colitis and
tumorigenesis when transferred into IL107" mice [29]. In addition, Ruminococcus
gnavus, an unusual pathogen, was reported to be implicated in cases of diverticular
disease [37]. In our study, AA reversed the presence of Barnesiella, Alistipes and
Ruminococcus gnavus initially changed by HFD in female but not male mice,
indicating that the sex-specific changes of inflammation-correlated microbiota may
elucidate the sexual dimorphisms in inflammation.

Butyrate, a SCFA, exerts beneficial effects on various metabolic disorders.
B-Hydroxybutyric acid inhibited microglial activation via GPR1I09A and NF-kB
signaling in Parkinson’s disease models [38]. Butyrate supplementation also
attenuated hepatic inflammation and ameliorated NAFLD in rodents [39]. Moreover,
butyrate alleviated inflammation by interacting with adipocytes and macrophages in

3T3-L1 adipocytes via GPR41 [40] and improved IR in mice [41]. Here we observed
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the sex-dependent production of butyrate by AA along with no augmented
inflammation in hypothalamus and adipose, alleviated hepatic inflammation and
steatosis, and improved IR in female mice. Oppositely, butyrate level was reduced in
male mice with exacerbated obesity-induced complications. Therefore, it is likely
that butyrate plays a critical role in protecting female mice against inflammation
aggravation and related metabolic disorders via GPRs binding with butyrate. These
also, in turn, highlight that original changes of caecal microbiota may be the key
reason accounting for the metabolic alterations. Recently, butyrate has also been
shown to increase energy expenditure and ameliorate obesity in mice [42, 43].
Unfortunatey, butyrate could not resist the AA-induced lipogenesis and impaired
adipose tissue browning in female mice in our study. We also demonstrated that
supplementation with AA reduced and elevated circulating serotonin, in male and
female mice, respectively. Peripheral serotonin released by enterochromaffin cells
serves as a signaling molecule to modulate biological functions. HFD-fed mice
intraperitoneally injected with serotonin relieved obesity and IR by shifting muscle
type from glycolytic to oxidative type [44].

Here we showed that AA exacerbated hypothalamic inflammation and
decreased leptin sensitivity, which resulted in hyperphagia in DIO male mice. AA
further augmented the accumulation of microglia along with elevated expression of
pro-inflammatory cytokines and activated NF-kB signaling, suggesting that microglia
may also mediate the impact of AA on leptin sensitivity and food intake [45]. In
addition, we observed a decreased circulating leptin level accompanying with
increased adipose tissue mass in both genders of obese mice. A previous study
demonstrated the inhibitory effect of AA on leptin secretion and expression in
isolated adipocytes, which might be related to the alterations in the metabolic
utilization of glucose [46]. Here we also show a significant inhibitory effect of AA on
leptin, which may be an important contributor to aggravated obesity.

Importantly, AA administration is able to prevent HFD induced IR by maintaining

membrane integrity and normal intercellular signaling [47]. AA could also stimulate
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glucose uptake by increasing the expression of GLUT1 and GLUT4 in 3T3-L1
adipocytes [48]. Here we found that AA decreased insulin sensitivity in male mice
due to aggravated inflammation and its interplay with reduced GLUT4 content. Also,
hypoxia and activated NF-kB signaling induced by AA contributed to WAT
microphages infiltration and thus augmented adipose inflammation in male mice.
Interestingly, the selected dosage of AA here was efficient to promote GLUT4
expression in adipose without inducing adipose inflammation in female. This
indicates a gender- and dose-dependent manner of AA in regulating glucose
homeostasis.

NAFLD is also an obesity-induced health problem ranking from simple steatosis
to NASH differentiated by inflammatory cell infiltration. In our model, AA-fed male
mice showed similar increases in serum TC, TG and LDL-C as well as aggravated
hepatic expansion and steatohepatitis. Oppositely, AA ameliorated steatohepatitis
with attenuated hepatic inflammation in female. Thus, we propose that
AA-modulated inflammation be the key reason for elucidating gender-dependent
performance of liver pathology in DIO mice. Growing evidence has revealed that
miR-122 and miR-33 play a predominant role in liver disorders. Therapeutic silencing
of miR-33 in mice promotes fatty acid [B-oxidation [49]. Similarly, miR-122
participates in the accumulation of hepatic triglycerides by promoting lipogenesis
and inhibiting fatty acid oxidation [50]. Here we proved that AA reduced hepatic
expression of miR-122 and miR-33 in female mice. Moreover, their targeted gene
SREBP-1c and downstream genes FAS and ACC were also down-regulated. Therefore,
AA-mediated miR-122 and miR-33 suppression is likely another mechanism of action
of improving NAFLD in female mice.

In view of multi-organ response to AA supplementation, the gut interplays with
brain, adipose and liver in DIO mice. We suggest that AA modulate gut microbiota to
affect the production of cytokines (e.g. TNFa and IL6) in intestinal immune cells, the
release of LPS, and the generation of SCFA and serotonin. These signaling molecules

impact the inflammation response, in hypothalamus, adipose and liver, and regulate
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lipid and glucose homeostasis. Besides, anti-adipogenic molecules including insulin,
adipokine leptin and adiponectin exert anorexigenic effect in hypothalamus while
orexigenic brain peptide AGRP and NPY favor lipogenesis in adipose tissue [51].
Moreover, the inflammatory etiology of hypothalamus and adipose contributes to
pathogenesis of NAFLD [52]. Collectively, the role of AA in DIO mice involves
complicated interactions among gut, brain, adipose and liver.

It has been documented that the diet-sex interaction controls host microbiota
composition possibly due to sex hormones and sex differences in immune function
[53]. At first glance, sex hormones could modulate microbiota composition and thus
generate systematic gut microbial differences between male and female mice in our
study. Furthermore, the sex-diet ' interaction appears possible if sex
hormone-dependent microbes are also affected by host diet [53]. In the present case,
the sex hormone-dependent microbes may also be affected by AA, resulting in a
sex-AA interaction. In addition, we propose that AA sex-dependently modulates
microbiota composition which is in favor or disfavor of inflammation/obesity-
correlated species. This two-directional outcome led to sexual dimorphisms in
inflammation, which manifests as the underlined mechanism explaining the sexually
dimorphic phenotype of metabolic disorders. In addition, subsequent alterations of
SCFA, serotonin and cytokines (e.g. TNFa and /L6) production as well as microRNA

expression are also involved.

5. Conclusion

In conclusion, our results show that long-term supplementation with AA
aggravates existing obesity in HFD-fed mice. Notably, obese male mice are subject to
the adverse effect of AA on obesity-induced complications whereas female NAFLD
and IR are improved. AA may mediate these sex-dependent effects via
gut-brain/adipose/liver axis. Importantly, the alteration of gut microbiota-driven
inflammation may at least partially contribute to AA-induced metabolic regulations.

Collectively, these results highlight the need for further clinical studies to preferably
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formulate recommendations of n-6 PUFA intakes for obese male and female

separately.
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Highlights

1. AA aggravates existing obesity and modifies adipocyte browning.

2. AA may sex-dependently affect obesity-driven inflammation by altering

microbiota.

3. AA exacerbates male inflammation and obesity-induced complications.

4. AA ameliorates female fatty liver and insulin resistance with GPR41

up-regulation.
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