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Scope: Gut microbiome-derived metabolites are the major mediators of diet-induced

host-microbial interactions. Aryl hydrocarbon receptor (AHR) plays a crucial role in

glucose, lipid, and cholesterol metabolism in the liver. In this study, we aimed to

investigate the role of indole-3-acetic acid (IAA) and AHR in sulforaphane (SFN) alleviates

hepatic steatosis in mice fed on a high-fat diet (HFD).

Methods and Results: The HFD-fed male C57BL/6 mice were intervened with

SFN for 6 weeks. HFD-mice showed classical pathophysiological characteristics of

hepatic steatosis. The results showed that SFN significantly reduced body weight, liver

inflammation and hepatic steatosis in HFD-fed mice. SFN reduced hepatic lipogenesis by

activating AHR/SREBP-1C pathway, which was confirmed in HepG2 cell experiments.

Moreover, SFN increased hepatic antioxidant activity by modulating Nrf-2/NQO1

expression. SFN increased serum and liver IAA level in HFD mice. Notably, SFN

manipulated the gut microbiota, resulting in reducing Deferribacteres and proportions of

the phylum Firmicutes/Bacteroidetes and increasing the abundance of specific bacteria

that produce IAA. Furthermore, SFN upregulated Ahr expression and decreased the

expression of inflammatory cytokines in Raw264.7 cells.

Conclusions: SFN ameliorated hepatic steatosis not only by modulating lipid

metabolism via AHR/SREBP-1C pathway but regulating IAA and gut microbiota in

HFD-induced NAFLD mice.
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FIGURE 3 | SFN attenuates the expression of genes related to the de novo lipogenesis in HepG2 cells. (A–C) SFN decreased the mRNA expression of SREBP-1C,

ACC1, and FAS in HepG2 cells exposed to PA. (D–F) SFN decreased the protein expression of SREBP-1C, FAS, and ACC1 in HepG2 cells exposed to PA. (G,H)

Immunoblots showing NRF2 and AHR content in the nuclear fractions. (I,J) Antioxidant stress relative gene expression in HepG2 cells. Quantitation of results of

Western blot using Image J software. Data are presented as mean ± SD. ns means not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. HFD group.

mice but increased significantly by SFN (P < 0.05, P < 0.0001)
(Figures 5A,B).

To further explore the relationship between metabolite IAA
and gut microbiota, as shown in the Sperman heatmap
(Figure 5C), the abscissa is the differential metabolite,
and the ordinate is the different species. Red represents
positive correlation, blue represents negative correlation,
and the darker the color, the stronger the correlation.

Bacteroides, Alistipes and Prevotellaceae_UCG.001 were

positively correlated with serum IAA and negatively correlated

with serum total cholesterol (TC). However, Romboutsia,

Streptococcus, Lactococcus and Faecalibaculum were positively

correlated with serum TC and negatively correlated with
serum IAA.

Sulforaphane Attenuates the Expression of
Proinflammatory Cytokines in
Macrophages
The mRNA expression of F4/80 (macrophage surface marker)
was inhibited by SFN in the liver of HFD mice (Figure 6A),
and IHC showed similar results (Figure 6B). These results
demonstrated that SFN reduced the number of macrophages in
the liver and inhibited liver inflammation.

Furthermore, we treated Raw264.7 cells with PA and LPS to
simulate the two key factors affecting the development of NAFLD
to non-alcoholic steatohepatitis (NASH). Then, the expression
of Il-6, Il-1β , Mcp-1, Tnf-a, and Mir-155 increased significantly
after PA, LPS, and PA+LPS-treatment, whereas these mRNA
expression were suppressed by SFN (Figures 6C–G). Conversely,
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FIGURE 4 | SFN intervention manipulated the gut microbiota composition in HFD-fed mices, five animals from each group were analyzed. (A) At phylum level. (B) At

genus level. (C) Venn diagram representation of the number of OTUs at the genus level from the NCD, HFD, and HFD+SFN group. (D) The rarefaction curves, (E)

Species accumulation curves, (F) Chao1, Observed_species, PD_whole_tree, Shannon. (G) PCA based on the relative abundance of OTUs. (H) PCoA score plot

based on Unifrac and Bray–Curtis. (I) Taxonomic cladogram derived from LEfSe analysis. (J) The species with LDA scores higher than the set value 3.
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FIGURE 5 | IAA concentrations in the liver (A) and serum (B) from mice of different groups. (C) Heatmap of the Spearman r correlations between the gut microbial

species and biomarkers. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. HFD group.

the mRNA expression of Ahr was clearly increased by SFN
treatment (Figure 6H), while the results of AHR in RNA-ISH
showed that the AHR expression in the macrophages of the liver
was also upregulated under SFN administration. Similarly, RNA-
ISH combined with F4/80 IF staining for macrophages of mouse
liver sections showed that the expression of F4/80 decreased in
the HFD+SFN group, which was consistent with the results of
IHC (Figure 6I).

DISCUSSION

Gut microbiota plays pivotal roles in the onset and progression
of NAFLD and exert a marked impact on host metabolism (30,
31). Gut microbial tryptophan metabolites have been confirmed
as ligands of AHR and influence the progression of obesity,
type 2 diabetes (T2D), hypertension, inflammatory bowel disease
(IBD), multiple sclerosis (MS), and Huntington’s disease (HD)
(16). However, HFD alters the structure and metabolic ability
of intestinal microflora in mice, which further decreases the
level of gut microbiome-derived tryptophan metabolites (3,
32, 33). In addition, AHR contributes to the establishment
of intestinal microbiota in mice, and the cecal microbiota
of Ahr−/+ and Ahr−/− mice show different macrogenomic
metabolic pathways (34). In summary, the interaction among
gut microbiota, tryptophan catabolites, and AHR may plays an
essential role in the development of NAFLD. However, whether
metabolite IAA levels are correlated with the efficacy of drug
interventions is yet to be elucidated. Herein, we investigated the
diet-related AHR agonists that improved NAFLD by regulating
gut microbiome-derived metabolites.

In the present study, we find the therapeutic capacity
and improvement activity of sulforaphane against
NAFLD can be mediated by metabolic and immune
pathways (Figure 7).

Previous studies reported that SFN regulates lipid metabolism
(35). The current data demonstrated that SFN significantly
decreased the levels of serum TC and TG. In addition, SFN
inhibited the de novo lipogenesis in both mouse and HepG2 cell
experiments. These results further confirmed that SFN improves
lipid metabolism.

Reportedly, AHR is distributed in various tissues and cell
types, such as macrophages, Treg cells, dendritic cells (DCs),
and innate lymphoid cells (ILC). However, AHR exerts different
effects when activated by various ligands in different cell types,
which leads to differences in the data (18). In addition, the
activation of AHR/CD36 pathway promotes hepatic steatosis in
mice (36), while inhibiting the activity of AHR and altering the
expression levels of CYP1B1, PPARα, and SCD-1 that attenuate
the diet-induced obesity and hepatic steatosis in mice (37).
On the contrary, the activation of AHR by IAA negatively
regulates SREBP-1C and FAS, which in turn, improves NAFLD
(3). These findings implied that AHR might have a dual role
in regulating liver lipid metabolism. However, we demonstrated
that SFN negatively modulates the expression of lipogenesis
genes, SREBP-1C, FAS, and ACC1 via AHR activation, which
was consistent with the results of the IAA treatment group. As
shown in previous studies, SFN activated NRF2, indicating tight
bidirectional crosstalk between AHR and NRF2 (38, 39). These
results suggested that SFN improves NAFLD by activating AHR
to regulate lipid metabolism.

Targeted metabolomics profiles uncovered a prominent
decrease in the levels of IAA in HFD mouse serum and
liver tissues, which was consistent with previous results (3).
Importantly, IAA not only delays NAFLD progression by
activating AHR as an endogenous ligand but also alleviates
it by reducing liver lipid production, oxidative stress, and
inflammation (15). Nevertheless, SFN increased the level of
IAA in this study. Accumulating evidence clarified that IAA
is one of the foremost tryptophan metabolites produced
by intestinal bacteria, such as Clostridium, Bacteroides,
Bifidobacterium, Eubacterium hallii, Peptostreptococcus,
Asscharolyticus, Lactobacillus reuteri, and E. coli (14, 40).
Our data demonstrated that HFD decreased the abundance of
Bifidobacterium, Bacteroides, Eubacterium_fissicatena_group,
and Erysipelatoclostridium. However, the relative abundance of
Bifidobacterium and Bacteroideswas increased by SFN treatment.
Additional studies have shown that Gammaproteobacteria and
Prevotella are related to endogenous ethanol production (41).
The intrahepatic Proteobacteria was associated with NASH,
ballooning degeneration, lobular and portal inflammation,
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FIGURE 6 | SFN inhibited the liver inflammation effects and attenuated the expression of proinflammatory cytokines in macrophages. (A) The mRNA expression of

F4/80 in the liver tissue. (B) IHC staining displayed the expression of F4/80 (brown particles), in the livers of different groups. (C–F) Changes in the expression of Il-6,

Il-1β, Mcp-1and Tnf-a. (G) Mir-155 expression in Raw264.7 cells. (H) mRNA expression of Ahr. (I) AHR RNA-ISH combined with F4/80 IF staining for macrophages of

mouse liver sections. Arrows indicate AHR RNA and F4/80, respectively. Original magnification, 200×. Data are presented as mean ± SD. ns, not significant, *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the Control group or PA+LPS group or HFD group.

and liver fibrosis (42). Correlation analysis revealed that
Cyanobacteria and Bacteroides were positively correlated
with IL-10 and Ferribacteres, Tenericutes, Mucispirillum, and
Ruminiclostridi_6 were correlated with proinflammatory
reactions (43). The present study showed that SFN adjusted
the comparative abundance of the related microbiota described
above. Accumulating evidence showed that the abundance of
gut microbiota is elevated as a result of hepatic TG production
(44). Therefore, SFN could not only adjust the structure
and diversity of gut microbiota but also indirectly improve
NAFLD by modulating the content of gut microbiome-derived
metabolite IAA.

IL-1β produced by macrophages recruit the inflammatory
factors to the liver and activate hepatic stellate cells, thereby
developing liver fibrosis. IL-1β also promotes adipogenesis and

TG accumulation in hepatocytes by regulating the expression
of Srebp-1c, which together with TNF-α triggers hepatocyte
necrosis (45–47). In this study, SFN treatment reduced the
mRNA expression of proinflammatory cytokines as well as
upregulated the mRNA expression of Ahr in Raw264.7 cells.
Another recent study identified that AHR negatively regulates
the expression of LPS-induced inflammatory cytokines (48).
In addition, the mRNA expression level of Ahr in peritoneal
macrophages increased at 1h post-LPS treatment, reached a peak
at 2 h, and then declined gradually (49). Therefore, the mRNA
expression of Ahr in macrophages decreased after PA+LPS
stimulation for 24 h, and increased in the liver tissue of HFD
mice, which might be related to time.

In conclusion, the current findings demonstrated that SFN
altered the gut microbiota and microbiome-derived metabolite
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FIGURE 7 | SFN altered the gut microbiota of mice and microbiome-derived metabolite IAA. Additionally, SFN regulated liver lipid metabolism by activating AHR and

inhibited chronic low-grade inflammation.

IAA of mice and regulated the liver lipid metabolism by
activating AHR. These results may have important implications
for unraveling the metabolic basis of the disease and provides
evidence that modification of the intestinal microbiota could
be therapeutic for the amelioration of hepatic steatosis in
obese individuals.
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