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A B S T R A C T

In our study, the ameliorative effect of salidroside (SAL) from Rhodiola Rosea L. on the intestinal microflora
subject to furan-induced liver injury in a mouse model was investigated by 16 S rDNA, oxidative indexes, LPS
and cytokine levels. The results demonstrated that SAL alleviated hepatic oxidative injury by inhibiting the
activities of AST, ALT and the content of MDA, and promoting the activities of SOD, GSH and GST, compared to
the furan-treated group. SAL significantly modified the intestinal microbial diversity and downregulated the
circulating levels of serum LPS, IL-6, and TNF-α, as well as enhanced the content of IL-10. Importantly, SAL
dramatically increased LPS-suppressing bacteria genera Akkermansia, and decreased LPS-producing bacteria
phyla Proteobacteria. Our results indicate that SAL supplement restrains intestinal microbial dysbiosis and sys-
temic low-grade inflammation induced by furan. Hopefully, SAL is a potential therapeutical and prophylactic
compound in medicament for hepatic diseases.

1. Introduction

Furan has been considered as a possible human carcinogen (Group
2B) by the International Agency for Research on Cancer (IARC)
(Zuckerman, 1995). With thermal food processing, the Maillard reac-
tion (Condurso et al., 2018), lipid oxidation, thermal degradation of
sugars (Crews and Castle, 2007) and mutual reactions between de-
gradation products result in the formation of furan (Maga, 1979). Furan
has been detected in different types of food, including coffee, baby food
and soups (Crews and Castle, 2007). Mainstream cigarette smoke con-
tains up to 65mg furan per cigarette (Smith et al., 2000). Some novel
food processing technologies are likely to induce the formation of furan
as well. Up to 23.6 ng/mL and 60 ng/mL furan were detected in UV-
treated apple cider and orange juice (Hu et al., 2016), respectively. In
vitro and in vivo toxicity of furan has been investigated. A 3-month re-
search investigating the impact of intragastrically administered furan
on liver and kidney in rats by biochemical, morphological, histo-
pathological and histomorphometrical inspections revealed that furan
exerted adverse influences on the two organs (Selmanoğlu et al., 2012).
As a typical food contaminant and even a cancerogen, furan primarily
targets liver. Based on previous achievements, more efforts are needed
to investigate furan formation and its toxicity mechanism.

Salidroside (SAL) is a phenolic glycoside compound in Rhodiola
plants, and has long been utilized as an important ingredient in

functional foods. Its anti-inflammatory, anti-aging, antioxidant and
hepatoprotective effects have been firmly confirmed (Endale et al.,
2013; X et al., 2013). The neuroprotective effect of SAL against ß-
amyloid-induced oxidative stress in SH-SY5Y human neuroblastoma
cells was explored (Zhang et al., 2010). SAL has been demonstrated to
function in alleviating liver injury (Yang et al., 2016; Zou et al., 2015),
which encouraged our interest in the current study.

Recent studies revealed the roles of the gut-liver axis in liver injury.
Gut microbiota acts a vital part in the mechanism of liver injury, as has
been elucidated. Gut microbiota is closely related to the pathogenesis
and progression of fatty liver, non-alcoholic steatohepatitis (NASH),
fibrosis, and cirrhosis (De et al., 2014). Gut microbiota affects immunity
in intestine (Walker et al., 2011), and leads to inflammation of in-
testinal surrounding tissues as well.

16 S rDNA sequencing has been extensively used to uncover the
evolving influence of gut microbiota. Multiple paragenetic intestinal
bacteria have a lasting impact on immunity and metabolism through
interactions of microbial cell components with gene products including
lipopolysaccharides (LPS), peptidoglycan, and flagellin (Clemente
et al., 2012). Studies revealed that intestinal microbiota dysbiosis sig-
nificantly influenced liver metabolism, probably owing to the incre-
mental metabolism of toxic bacteria, and biggish gut permeability. The
dysbiosis could bring about higher levels of LPS in systemic revolution,
and ultimately a low-grade systemic inflammatory status (Chang et al.,

https://doi.org/10.1016/j.fct.2019.01.007
Received 22 September 2018; Received in revised form 8 January 2019; Accepted 10 January 2019

∗ Corresponding author. College of Food Science and Engineering, Jilin University, Changchun, 130062, China.
E-mail address: yanhyjlu@163.com (H. Yan).

Food and Chemical Toxicology 125 (2019) 333–340

Available online 14 January 2019
0278-6915/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02786915
https://www.elsevier.com/locate/foodchemtox
https://doi.org/10.1016/j.fct.2019.01.007
https://doi.org/10.1016/j.fct.2019.01.007
mailto:yanhyjlu@163.com
https://doi.org/10.1016/j.fct.2019.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fct.2019.01.007&domain=pdf


2015).
Our previous studies proved the ameliorative influences of SAL

settlement against furan-induced liver injury by determining the cor-
responding biochemical indexes (Yuan et al., 2013). The achievements
stimulated our interest in investigating the influence of SAL on the in-
testinal microflora subject to liver injury induced by furan. However,
limited studies have been found on the effect of SAL on the intestinal
microflora subject to furan-induced liver in mouse models. Hopefully,
SAL might contribute to alleviating liver injury by irritating the abun-
dance and activity of particular gut bacteria. In the current study, we
pioneeringly investigated how SAL regulated the community structure,
composition, and metabolites of gut microbiota by 16 S rDNA sequen-
cing, as well as its therapeutic effects on systemic low-grade in-
flammation in furan-induced mice.

2. Materials and methods

2.1. Materials

Furan (CAS: 110-00-9, 99.5%) was purchased from Chem Service
(Pennsylvania, USA) and SAL (CAS: 10338-51-9, 98%) was obtained
from Shanghai Yuanye Bio-Technology Co., LTD (Shanghai, China).
Male Balb/c mice were purchased from Liaoning ChangSheng
Biotechnology Co. LTD (Benxi, China). ALT, AST, GSH, GST, SOD and
MDA were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). IL-6, IL-10, as well as TNF-α Elisa kit were purchased
from ThermoFisher Scientific (Shanghai, China). ELISA Kit for LPS was
purchased from GenScript USA Inc. (Nanjing, China). DNA extraction
kit was purchased from Omega Bio-tek USA, Inc. All other chemicals
and reagents were of analytical grade.

2.2. Experimental animals

The experiments were implemented in conformity to the Guideline
for Animal Experimentation of Jilin University (Changchun, China).
The protocol for animals involved in our research was granted by the
Ethical Welfare Committee of Jilin University (No. 20171010). Specific
pathogen-free male Balb/c mice weighing 20–22 g were maintained in
an air-conditioned room at 20–24 °C and 20–40% relative moisture
capacity with independent access to food and water. After a one-week
acclimatization period, mice were separated into five groups (5–6 mice
per cage). Furan was dissolved in corn oil to the concentration of
0.8 mg/mL. SAL was diluted in normal saline to reach the final con-
centration of 1, 2 and 4mg/mL, respectively. The dose volume was
dependent on the BW of each mouse. One group was conventionally
oral gavage with corn oil as the control group (marked as CON group),
and the other four groups were gavaged with furan for 30 days (marked
as FUR 8 and SAL group). From day 16, SAL (10, 20, and 40mg/kg/
day) was daily intragastrically administered, marked as SAL 10, SAL 20
and SAL 40, respectively.

Mice were fasted for 12 h and anesthetized with 10% chloral hy-
drate prior to sampling. Blood was sampled from the eyes and stored at
22 ± 2 °C for 4 h; serum was separated by centrifugation at 1259×g at
4 °C for 10min. Livers were removed and washed entirely with ice-cold
normal saline. The tissues were homogenized with 0.9% normal saline
using a tissue homogenizer and centrifuged at 1259×g at 4 °C for
10min. The supernatant was applied to biochemical analysis. The
cecum of the mice was immediately excised and the contents were
collected for DNA extraction.

2.3. Biochemical analyses

Activities of AST, ALT, GSH, GST, SOD and MDA content were de-
termined using commercial kits on the basis of the manufacturer's in-
structions. TNF-α, IL-10 and IL-6 were detected by commercial ELISA
kits in accordance with the user guide. The LPS level was examined by

Chromogenic LAL Endotoxin Assay Kit, based on the user guide.

2.4. DNA extraction and PCR amplification

DNA from the content of cecum was obtained by the E.Z.N.A.®Stool
DNA Kit on the basis of the user guide. The entire DNA was eluted in
50 μL of Elution buffer and deposited at −80 °C before PCR by LC-Bio
Technology Co., Ltd (Hang Zhou, China). The V4 region of the pro-
caryotic small-subunit (16 S) rDNA gene was magnified with slightly
modified versions of primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Walters et al., 2016).
The 5′ ends of the primers were labeled with particular barcods per
sample and sequencing general duty primers. PCR amplification was
carried out in a cumulative volume of 25 μL reaction mixture. The PCR
products were purified by AMPure XT beads (Beckman Coulter Geno-
mics, Danvers, MA, USA) and quantified by Qubit (Invitrogen, USA).
The libraries were sequenced on 250 PE MiSeq runs and one library was
sequenced with both protocols using the standard Illumina sequencing
primers.

2.5. Intestinal microbiota analysis

Samples were sequenced on an Illumina MiSeq platform on the basis
of user guide, supplied by LC-Bio Technology Co., Ltd (Hang Zhou,
China). The diversities of the predominant species in different groups
and Multiple Sequence Alignment were implemented by the PyNAST
software to analyze phylogenetic connection of diverse OTUs. Alpha
diversity was used to analyze species complexity according to 4 indices,
including Chao1, Shannon, Simpson and Observed species. Each indice
was computed with QIIME (Version 1.8.0). Beta diversity was com-
puted by principle co-ordinates analysis (PCoA) and cluster analysis by
the QIIME software (Version 1.8.0). The linear discriminant analysis
(LDA) effect size (LEfSe) method was employed to identify the bio-
marker discovery, which highlights statistical significance as well as
biological relevance.

2.6. Statistical analysis

All statistical analyses were implemented through the SPSS 19.0.0
software (IBM Corporation, Somers, NY, USA) and R 3.3.2 software.
The significance of difference was computed by one-way ANOVA test,
and the results with p < 0.05 were regarded as statistically significant.
Other quantitative data were reported using the mean ± standard
deviation. The graphs were described through the OriginPro 8.5 soft-
ware (OriginLab Corporation, Northampton, MA, USA).

3. Results

3.1. SAL alleviates liver injury induced by furan

In order to investigate the effect of SAL on liver injury induced by
furan, the levels of biochemical indexes in serum and liver tissue
homogenates were tested. AST and ALT levels in FUR 8 were apparently
higher than those of the CON group (p < 0.05; Table 1). With SAL
concentration increasing, AST and ALT activities gradually decreased.
The activities of AST and ALT were reduced by 48.03%, and 58.90% in
the SAL 40 group, respectively. Furan caused a marked decline in GSH
and GST activities compared to the CON group (p < 0.05; Table 1).
GSH and GST activities, however, were found significantly enhanced in
the groups treated with SAL, compared to the FUR 8 group (p < 0.05).
GST activity was significantly improved by 94.39% after SAL treatment
at 40 mg/kg/day. The changes of SOD, MDA in the liver of furan-in-
duced mice were showed in Table 1. SOD activity of furan-induced mice
significantly decreased by 64.45%, compared to the CON group. SOD
activity in mice livers was higher with increasing SAL at all con-
centrations. The same tendency of MDA was observed.
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Similarly, compared with the CON group (Fig. 1A), hematoxylin-
eosin staining (HE) results revealed the liver of the FUR 8 group
(Fig. 1B) had significant hepatic necrosis accompanied by nuclear iso-
types, which were relieved with supplemented of SAL (Fig. 1C–E). No
significant difference was detected between SAL 40 and CON. These
results demonstrated that SAL supplementation alleviated furan-in-
duced local inflammation.

3.2. SAL regulates the composition of gut microbiota induced by furan

The effect of the gut microbiota composition on mice after SAL
treatment was explored with 16 S rDNA sequencing using Miseq as a
sequencing platform in the current study. In order to facilitate the study
concerning species compositional diversity information, we clustered
the valid sequences of all the above samples into OTUs on the basis of
97% sequence similarity. The rank abundance graph (Fig. 2A) proved
that the majority of OTUs were displayed in low abundance in the gut
microbiota. The chao1 index and observed species index mainly re-
flected the OTU species number, while the Shannon (Fig. 2B) and
Simpson indices (Fig. 2C) were relative to the average and homo-
geneity. The FUR 8 group had a lower abundance and evenness index
(Chao 1, 980.87; observed_species, 791.8; Shannon, 6.67; and Simpson,
0.96) than CON (Chao 1, 1028.97; observed_species, 833.17; Shannon,
6.75; and Simpson, 0.97). After the intake of SAL, the chao 1 index and
other observed species indexes were increased, positively correlated
with the concentration of SAL. To evaluate the degree of the compar-
ability in terms of microbial communities among 5 groups, the beta
diversity and principal co-ordinates analysis (PCoA) were performed on
the basis of the unweighted UniFrac distances. PCoA displayed sig-
nificant separation between the furan-treated group and the CON group
(Fig. 2D), indicating a large difference in microbial composition. De-
spite remarkable inter-individual alterations, the microbiota from the
furan-treated mouse model treated with SAL at different concentrations

was obviously divided by PCoA. The value on the axis records the
percentage of results interpreted by each dimension. This figure showed
that PCo1 and PCo2 accounted for 14.65% and 12.40% of the overall
analysis results.

At the phylum level, 10 main phyla composited the gut microbiota:
Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, Actinobacteria,
Candidatus, Saccharibacteria, Cyanobacteria, Candidatus_Melainabacteria,
Acidobacteria, and Tenericutes (Fig. 3A). SAL treatment could decrease
the relative abundance of Proteobacteria, Candidatus Saccharibacteria
and increased Verrucomicrobia, Candidatus_Melainabacteria. Compared
with the CON group, the augment with significance in the species
quantity of Cyanobacteria was found in the furan-treated group. How-
ever, no significant difference was detected between SAL-related con-
centration groups and FUR 8 (p > 0.05). It indicated that the intake of
SAL could not inhibit the growth of Cyanobacteria. Surprisingly, com-
pared with FUR 8, only Bacteroidetes were increased in SAL 10 and SAL
40.

In FUR 8, the most plentiful order authenticated in the gut micro-
biota community was Clostridiales (Fig. 3B). Bacteroidales, Desulfovi-
brionales, Lactobacillales and Coriobacteriales were of relatively low
abundance. Rhodospirillales was the incremental bacteria at the order
level after furan settlement alone, with the relative content increasing
from 0.00 ± 0.02 to 0.05 ± 0.02 (p < 0.05). And the content of
Rhodospirillales displayed a degressive trend, especially after 40mg/kg/
day treatment with SAL. Compared with the CON group, the relative
abundance of Pseudomonadales was reduced and Verrucomicrobiales
displayed an increasing tendency, but they were not significantly
changed in the FUR 8 group (p > 0.05).

The results at the family level of the gut microbiota were achieved.
Christensenellaceae and Rhodospirillaceae were significantly enhanced
after furan treatment (Fig. 3C). Christensenellaceae was the re-
presentative species at each concentration of SAL and its abundance
apparently decreased from 0.06 ± 0.02 to 0.03 ± 0.03 (p < 0.05)

Table 1
Effects of SAL on the activities of ALT, AST in the serum and GSH, GST, SOD, MDA in the liver of furan-treated mice.a.

AST (U/L) ALT (U/L) GSH (nmol/mg) GST (U/mgprot) SOD (U/mgprot) MDA (nnol/mgprot)

CON group 12.66 ± 0.56a 9.68 ± 1.18a 21.11 ± 0.84a 65.4 ± 0.36a 355.5 ± 5.54a 0.30 ± 0.16a
FUR 8 group 31.46 ± 4.03b 28.32 ± 0.46b 11.92 ± 2.73b 26.03 ± 2.77b 126.4 ± 6.67b 0.70 ± 0.28b
SAL 10 group 25.38 ± 2.23c 25.13 ± 2.03b 11.97 ± 1.67b 46.02 ± 1.21b 211.8 ± 7.85c 0.60 ± 0.01c
SAL 20 group 18.76 ± 1.62c 18.60 ± 3.67b 13.52 ± 0.77b 52.18 ± 0.61a 237.7 ± 6.45a 0.53 ± 0.16c
SAL 40 group 16.35 ± 0.78a 11.64 ± 1.02a 15.50 ± 1.69b 50.60 ± 1.07c 297.9 ± 4.11a 0.33 ± 0.07a

a Data are presented as the mean ± SD (n=5–6). Values in the same column that do not share the same lowercase letter are significantly different (p < 0.05).

Fig. 1. Effects of SAL on the hepatic HE results of furan-treated mice. (Scale bar, 1:200, 1:400, respectively) (A) Representative HE image of CON group. (B)
Representative HE image of FUR 8 group. (C–E) Representative HE image of SAL 10, 20, 40 group.
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after 20mg/kg/day treatment. Interestingly, compared with the FUR 8
group, the mice administered with SAL didn't result in the abundance of
Rhodospirillaceae, which was not consistent to the microbial changes in
the order.

The heat map performed genera were displayed at different levels in
each sample. More Olsenella, Sporobacter, Anaerovorax, Insolitispirillum
and Blautia were observed clearly but the abundance of Eisenbergiella
declined significantly after furan treatment (p < 0.05) from the genus-
level analysis (Fig. 3D). SAL treatment led to the decline in the number
of Sporobacter, Blautia, Desulfovibrio, Anaerofustis and Olsenella. The
relative abundance of Blautia in SAL 10 declined significantly, while
Bifidobacterium and Vasilyevaea showed a tendency of decline in SAL 40
(p < 0.05). For SAL 20, the relative abundance of Akkermansia and
Roseburia was significantly enhanced over the treatment (p < 0.05),
while these changes were not detected in other groups (p > 0.05).

To identify specific bacteria related to SAL supplement, we in-
vestigated the gut microbiota in the furan-induced mouse model by
LEfSe. The significant discrepancies in taxa between per concentration
and the identified pivotal phylotypes as microbiological markers at
miscellaneous phylogenetic levels were presented in Fig. 4. The
screening conditions for this analysis were p < 0.05 and LDA>2.0. At
the phylum level, Candidatus_Melainabacteria presented significant dif-
ferences in SAL 20, while Candidatus Saccharibacteria were found
markedly different in SAL 40. Verrucomicrobia were promoted after the
supplement of 20mg/kg/day of SAL, and Actinobacteria were markedly
plentiful in SAL 10.

3.3. SAL decreases systemic low-grade inflammation and serum LPS
induced by furan

The ameliorative effect of SAL on the systemic inflammation

induced by furan is elucidated by the levels of cytokines in the serum.
As shown in Fig. 5A and B, SAL supplementation significantly decreased
the furan-induced high levels of IL-6 and TNF-α. Concomitantly, IL-10
level was significantly enhanced compared with FUR 8 (Fig. 5C). Ad-
ministration of furan induced a markedly higher levels of IL-6 and TNF-
α, and remarkable decline of IL-10 level compared to the CON group
(p < 0.05). As a metabolite of bacteria in gut, LPS promoted the ac-
cumulation of toxic substances, and SAL treatment decreased LPS levels
in serum, compared with the FUR 8 group (p < 0.05; Fig. 5D).

4. Discussion

Exposure to high levels of furan could induce liver injury (Bakhiya
and Appel, 2010). According to our previous studies, the ameliorative
effects of SAL are attributed to the competence of scavenging free ra-
dicals and improving antioxidative system (Yuan et al., 2013). And the
effects were correlated with the concentrations of SAL ranging from 10
to 40mg/kg/day. For a deeper insight into the gut-liver axis, the un-
derlying mechanisms of the mutual effect between gut flora and liver,
as well as the protective effects, deserve to be further investigated.
Herein, the effects of SAL on the intestinal microflora in mice of liver
injury induced by furan were investigated for the first time.

In our research, furan toxicity was presented by AST, ALT, GSH, GST
and SOD activities as well as MDA content (Table 1). ALT and AST were
featured in the biomarkers for early liver injury. Their increased ac-
tivities in plasm showed increased permeability and necrosis of hepa-
tocytes. GST serves as a crucial phase II enzyme and obliterates elec-
trophilic oxidants through consuming GSH (Pabst et al., 1974). We
observed a dramatic decline in GST and GSH activities in furan-induced
mice, which implied that furan remarkably undermined hepatic tissue.
SOD acts on evaluating the oxidative stress of an organism. Treatment

Fig. 2. Effects of SAL on the composition of gut microbiota. (A) Rank abundance curve of bacterial OTUs derived from each sample. The Shannon (B) and Simpson
(C) indices were used to estimate the diversity of the gut microbiota. (D) PCoA diagram illustrating the difference in microbial composition among the samples.
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with 8mg/kg/day furan for 30 days dramatically reduced the activities
of SOD in liver, indicating that furan induced oxidative damage. Some
peroxidation researches manifested MDA worked as a biomarker of free
radical-mediated lipid peroxidation injury (Cordelli et al., 2010). Re-
levant results showed that furan led to a conspicuous augment in MDA
contents. Our results clearly confirmed that SAL was able to improve
oxidative stress and repair liver injury in the furan-induced mouse
model, as obvious from the variations in GST, GSH and SOD activities,
and the contents of MDA. Overall, the furan-induced liver injury was
alleviated by SAL.

More studies have concentrated on illuminating the relationship
between intestinal microbiota and low-grade inflammation involved in
metabolic diseases. Disorder of intestinal microbiota results in the
modification of immune response and is concerned with various liver
diseases including liver fibrosis, non-alcoholic fatty liver disease
(NAFLD) (Henaomejia et al., 2012), alcoholic liver disease and hepa-
tocellular carcinoma (HCC) (Qin et al., 2014). Accompanied with he-
patic repair in furan-treated mice, supplement with SAL for 15 days
caused an altered intestinal bacteria composition, which was distinct
from the CON group. Consistently, PCoA plot proved the samples in
FUR 8 and CON were obviously different (p < 0.05). Simultaneously,
the samples in SAL 20 were gathering consumingly and gradually far
from FUR 8, indicating that SAL regulated the communities of gut mi-
crobiota towards a representative orientation (Fig. 2D). 16 S rDNA was
employed in sequencing 6 samples in each group. A remarkable in-
crease was detected in the abundance of the Cyanobacteria phylum after
furan administration compared with the CON group (Fig. 3A). Cyano-
bacteria produce Microcystins-LR (MC-LR), which can disorder lung and
liver actions and deteriorate redox balance (Bittencourtoliveira et al.,

2014; Li et al., 2017). It is generally accepted that exposure to MC-LR
results in liver damage, followed by detriment to other organs such as
lung, kidney and gut (Ito et al., 2001). Our results showed that furan
promoted the growth of Cyanobacteria in gut, and the increased lipid
peroxidation in mice liver resulted from the exposure to MC-LR (Jayaraj
et al., 2006). Although the treatment with SAL can not significantly
inhibit its growth, the proliferation of Cyanobacteria may serve as a
potential marker for liver injury, which provides new ideas for the
follow-up research. It is notable that the LPS-suppressing phyla Verru-
comicrobia in SAL 20 was remarkably enhanced, and the LPS-producing
phyla Proteobacteria was distinctly reduced with respect to the CON
group (Fig. 3A). Coincidentally, prevenient researches also demon-
strated that the overgrowth of Proteobacteria was related with colitis
(Carvalho et al., 2012). However, some found that Proteobacteria could
be enhanced along with the improvement of inflammation (Caesar
et al., 2015). We infer that Cyanobacteria and Proteobacteria have as yet
undisclosed effects in liver injury, so more explorations on them are
needed.

SAL supplementation enhanced the abundance of Olsenella,
Sporobacter, Anaerovorax, Ruminococcaceae, Insolitispirillum, Blautia,
Christensenellaceae and Desulfovibrionales. Besides, we detected a sig-
nificant increase in the abundance of Roseburia, Akkermansia in SAL 20
alone (Fig. 3D). Previous studies have revealed that LPS-producing fa-
milies/genera are limited to several families/genera (Enterobacteriaceae,
Clostridium cluster XI, Prevotella, and SFB), while Lactobacillus, Bifido-
bacterium, Enterococcus faecium, Clostridium cluster XIVa, Clostridium
cluster IV, and Akkermansia are basically LPS-suppressing genera (Louis
et al., 2010), which are associated with weakening the intestinal per-
meability and inflammatory (Martín et al., 2014), implementing the

Fig. 3. Effects of SAL on the diversity of gut microbiota. The bar graph of the top phyla (A), relative abundance of the top orders (B) and the top families (C), as well
as heat map of the genera with the highest frequency and relative abundance (D) from each sample.

Y. Yuan et al. Food and Chemical Toxicology 125 (2019) 333–340

337



Fig. 4. LEfSe identified the most distinguishingly abundance of taxa in the gut microbiota from the furan-induced mouse model. Taxonomic cladogram obtained from
LEfSe analysis of 16 S rDNA sequencing. (Red) SAL 10 enriched taxa; (Blue) SAL 20 enriched taxa; (Black) SAL 40 enriched taxa. The brightness of each dot is positive
correlated with its effect size. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Effects of SAL on the levels of IL-6, IL-10, TNF-α, and LPS content in the serum of furan-treated mice. (A) IL-6; (B) IL-10; (C) TNF-α; (D) LPS. All values are
expressed as means ± standard deviation. The same superscript upper case letters indicates that there is no significant differences in data between the groups which
have the same superscript letters (p > 0.05). Different superscript letters indicates statistically significant differences between the groups whose superscript letters
are different (p < 0.05).
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anti-obesity effects (Shen et al., 2017), and interfering immunologic
and metabolic function (Dao et al., 2016), and their levels corresponded
with serum LPS contents. Roseburia, known as a butyric acid producer,
have a strong xylanase activity (Chassard et al., 2010). Thus, gut mi-
crobiota was more inclined to SAL 20 than the other groups, which may
be conductive to stimulate the growth of gut bacteria Akkermansia and
Roseburia. At the same time, when mice were supplied with SAL, the
growth of pathogenic bacteria such as Blautia, Desulfovibrio and Spor-
obacter were significantly suppressed. And Blautia could exist ex-
tensively in NAFLD patients (Qin et al., 2014). Our results clearly de-
monstrated that SAL supplementation played an ameliorative role in
liver injury partially through modulating gut microbiota.

Cytokines are associated with immune response, inflammation, and
tissue damage or repair. Intestinal bacteria contribute to activating
relevant mechanisms and subsequently triggering an inflammatory
adaptive immune response that involves several cytokines, such as IL-1,
IL-2, IL-6, IL-10, IL-22, and TNF-α (Decicco et al., 1998). The generated
immune response also has direct impact on intrahepatic immune re-
sponses. For example, IL-6 is an effective activator of hepatic signal
transducers and activators of transcription 3 (STAT3) pathway and is
diffusely featured as a participator in different facets of liver patho-
physiology, including hepatic regeneration (Sakamoto et al., 1999),
induction of the acute phase response (Hirano, 1998) and bile tract
diseases and wound healing (Demetris et al., 2006). It also generally
acts as a proinflammatory cytokine for the reason that it is heightened
together with other proinflammatory cytokines such as TNF-α and IL-1
in the course of early phases of inflammatory responses (Xing et al.,
1998). Expression of TNF-α can stimulate NFκB pathways and cause
damage to cells (Bian et al., 2017). It has been presumed that anti-
inflammatory cytokines such as TGF-β and IL-10 are crucial inhibitors
of liver DC maturation (Crispe et al., 2010). Our data about IL-6, IL-10
and TNF-α demonstrated that furan activated inflammatory cells and
magnified the inflammatory response by releasing various cytokines.
However, SAL replenishment prominently reduced the contents of pro-
inflammatory cytokines including TNF-α and IL-6 and enhanced the
content of anti-inflammatory cytokine IL-10 in the systematic circula-
tion.

Systemic low-grade inflammation is mainly attributed to the incre-
ment of plasma endotoxins, particularly LPS. For instance, gut micro-
biota-derived LPS is considered as a crucial factor in liver disease by
activating IL-6/STAT3 signaling. Because of activated liver IL-6/STAT3
signaling, hepatic DCs need a higher threshold to maturation-inducing
stimuli (Lunz et al., 2007). Simultaneously, LPS activates innate im-
mune cells, such as macrophages, by acting as a ligand for toll-like
receptor 4 and triggers the inflammatory response (Zhou et al., 2018).
Treatment with SAL at 10, 20 and 40mg/kg/day could suppress the
enhancement of LPS level contrasted with the furan-treated group
(Fig. 5D), implying that LPS acted a pivotal role between intestinal
microbiota and host inflammation, and SAL prevented intestinal LPS-
relative microbiota dysbiosis by reducing LPS content and further in-
hibited systemic low-grade inflammation. Importantly, the content of
LPS in SAL 20 was significantly decreased compared to the FUR 8
group, in conformity to the decline in LPS-producing genera and the
increase in LPS-suppressing genera, which indicated that SAL reduced
the serum LPS level not in a dose-dependent manner. Related research
showed SAL could directly restrain the survival and proliferation of
intestinal epithelial cells in a dose and time-dependent manner, low
doses of SAL performed lower cytotoxicity (Wang et al., 2019). Con-
sidering the dose of SAL intake, there is evidence that SAL 20 can set up
a structurally balanced conformation of the gut microbiota that may
unleash a health benefit to the host by reducing the level of LPS. Thus, a
better comprehension of the effects of SAL on modulating gut micro-
biota would be significant.

For further investigation of the effects of SAL on the regulation of
gut microbiota, we discerned the specific bacterial taxa related with the
treatment of SAL by LEfSe. Specific and significant enhancement of

Verrucomicrobia mainly depends on the growth of Akkermansia, which
plays a role during liver injury progressions (Shen et al., 2017). Ak-
kermansia was crucial for decreasing systemic low-grade inflammation,
and SAL obviously increased Akkermansia, which reduced LPS contents
and pro-inflammatory cytokines, and ultimately prevented inflamma-
tion. In view of previous studies, the results showed that SAL treatment
could alleviate liver diseases by changing the composition of gut mi-
crobiota, and certain genera attached to 2 primary phyla, Verrucomi-
crobia and Actinobacteria, which act as biomarkers.

In summary, we pioneeringly revealed that the administration of
SAL alleviated liver injury induced by furan, as well as maintained the
balance of gut microbiota. Studies performed with 16 S rDNA have
proved that SAL could upregulate LPS-suppressing genera and down-
regulate LPS-producing genera, both of which interacted with signaling
pathways involved in the progress of liver injury. Exploring these sig-
naling pathways helps further elucidate the medicinal value of SAL in
the prevention of furan toxicity. Relevant metabonomics methods will
be applied to explore how specific metabolic pathways are modified.
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