Protective effect of curcumin on ochratoxin A—induced liver
oxidative injury in duck is mediated by modulating lipid
metabolism and the intestinal microbiota
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ABSTRACT Curcumin has antioxidant functions,
regulates the intestinal microbial composition, and alle-
viates mycotoxin toxicity. The present study aimed to
explore whether curcumin could alleviate ochratoxin A
(OTA)-induced liver injury via the intestinal micro-
biota. A total of 720 mixed-sex 1-day-old White Pekin
ducklings were randomly assigned into 4 groups: CON
(control group, without OTA), OTA (fed a diet with
2 mg/kg OTA), CUR (ducks fed a diet with 400 mg/kg
curcumin), and OTA + CUR (2 mg/kg OTA plus
400 mg/kg curcumin). Each treatment consisted of 6
replicates and 30 ducklings per replicate. Treatment
lasted for 21 D. Results were analyzed by a two-tailed
Student ¢ test between 2 groups. Our results demon-
strated that OTA treatment had the highest serum low-
density lipoprotein (LDL) level among 4 groups.
Compared with OTA group, OTA + CUR decreased
serum LDL level (P < 0.05). OTA decreased liver cata-
lase (CAT) activity in ducks (P < 0.05), while addition
of curcumin in OTA group increased liver CAT activity

(P < 0.05). 16S ribosomal RNA sequencing suggested
that curcumin increased the richness indices (ACE in-
dex) and diversity indices (Simpson index) compared
with OTA group (P < 0.05) and recovered the OTA-
induced alterations in composition of the intestinal
microbiota. Curcumin supplementation relieved the
decreased abundance of butyric acid producing bacteria,
including blautia, butyricicoccus, and butyricimonas,
induced by OTA (P < 0.05). OTA also significantly
influenced the metabolism of the intestinal microbiota,
such as tryptophan metabolism and glyceropholipid
metabolism. Curcumin could alleviate the upregulation
of oxidative stress pathways induced by OTA. OTA
treatment also increased SREBP-1c expression (P <
0.05). The curcumin group had the lowest expression of
FAS and PPARG mRNA (P < 0.05) and the highest
expression of NRF2 and HMOX1 mRNA. These results
indicated that curcumin could alleviate OTA-induced
oxidative injury and lipid metabolism disruption by
modulating the cecum microbiota.
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INTRODUCTION

Mycotoxins, which are secondary metabolites of fungi,
have significant human and animal health, economic,
and international trade implications (Malir et al., 2013;
Ostry et al., 2013; Luo et al., 2019). Ochratoxin A
(OTA) is the most prevalent and relevant fungal toxin
and is produced by Aspergillus species and Penicillium
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species (Liuzzi et al., 2017). OTA is one of the most com-
mon contaminants of food such as cereals, coffee, wine,
dried fruits and nuts (Fink-Gremmels, 2005), meat prod-
ucts (Altafini et al., 2017), eggs (Juszkiewicz et al.,
1982), herbal medicines (Shim et al., 2014), food coloring
agents (Solfrizzo et al., 2015), and even in bottled water
(Mataet al., 2015). The liver and kidney are key target or-
gans for OTA to exert its toxic effects because of its
metabolization and accumulation mainly occurred in the
liver and kidney (Vettorazzi et al., 2011). OTA has been
shown to be carcinogenic (Polovic et al., 2018), hepatotox-
ic (Sobral et al., 2018), nephrotoxic (Vettorazzi et al.,
2019), and immunotoxic (Hou et al., 2018); however, these
roles have now been assigned to reactive oxygen species
and oxidative stress induced by OTA (Cui et al., 2013;
El-Haleem et al., 2016; Periasamy et al., 2016;
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Abdel-Wahhab et al., 2017). It has been demonstrated
that antioxidants could protect cells against OTA-
induced cytotoxicity and genotoxicity (Ramyaa and
Padma, 2014; Costa et al., 2016). However, there is a
lack of antioxidants to alleviate the toxicity of OTA.

Curcumin is a polyphenolic compound isolated from
the rhizome of Curcuma longa Linn, which has a variety
of pharmacological activities, including antioxidative,
anti-inflammatory, antibacterial, and antifungal proper-
ties (Zorofchian Moghadamtousi et al., 2014). Previous
studies showed that curcumin could alleviate liver oxida-
tive stress in type 1 diabetic rats by activating the Kelch-
like ECH associated protein 1-nuclear factor, erythroid 2
like 2 (NRF2)-antioxidant response element (ARE)
signaling pathway (Xie et al., 2018). Gut microbiota
dysbiosis was partially caused by increased levels of
oxidative stress (Qiao et al., 2013, Borrelli et al., 2018).
OTA treatment could increase the relative abundance
of Lactobacillaceae while decreasing the relative
abundance of Bacteroidaceae in rats (Guo et al,
2014). OTA was given to mice by intragastric applica-
tion could decrease the relative abundance of Lactoba-
cillus spp. and Bifidotacterium spp. (Orsoli¢c et al.,
2017). Curcumin could modify the gut microbial bal-
ance. Study has suggested that curcumin could enrich
the key phylotype Lactobacillus that was previously
associated with alleviated liver weight and improved in-
testinal integrity (Feng et al., 2017). Curcumin could
decrease the relative abundance of Prevotella while
increasing the relative abundance of Alistipes (Shen
et al., 2017). Curcumin is effective against Aflatoxin
Bl-induced oxidative stress (El Bahr, 2015;
Muhammad et al., 2018) and could ameliorate the
toxic effect of OTA and Aflatoxin Bl in broiler
chickens (Chavez and Ledoux, 2008; Rangsaz and
Ahangaran, 2011; Zhang et al., 2016). Therefore,
curcumin treatment could be considered as a potential
strategy to modulate the intestinal bacterial
composition to ameliorate the toxicity of OTA.

Young animals are always more sensitive with regard
to their response to mycotoxin-contaminated feed
because of their incomplete organ development (Stoev,
2016; Adetunji et al., 2017). Broiler chicks are relatively
sensitive to the toxicity of T-2 toxin, especially in
gastrointestinal tissues (Osselaere et al, 2013; Luo
et al., 2019). Ducklings are particularly sensitive to
OTA delivered via oral gavage (Van der Merwe et al.,
1965; Purchase and Theron, 1968; Peckham et al., 1971;
Prior et al., 1976). Therefore, the present study aimed
to explore the underlying mechanism of liver oxidative
injury induced by OTA in ducklings and whether the
protective effects of curcumin act by regulating lipid
metabolism and intestinal microbiota.

MATERIALS AND METHODS

Preparation of an OTA-Contaminated Diet

The preparation of OTA-contaminated corn per-
formed was according to the study by Ruan et al.
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(2019). Briefly, corn meal was sterilized at 105°C, inocu-
lated with a suspension of Aspergillus ochraceus conidia,
and incubated for 7 D at 29 to 30°C. During the incuba-
tion, 3 L of autoclaved Czapek Dox Medium was added
twice daily and thoroughly mixed. The OTA level in the
moldy corn reached 12.7 mg/kg.

Animals and Treatment

The experimental period lasted for 3 wk. All practices
and procedures for this experiment were reviewed and
approved by the Animal Care and Use Committee of
South China Agricultural University (SCAU-10564).

A total of 720 mixed-sex 1-day-old White Pekin duck-
lings with an initial body weight of 43.4 = 0.1 g were
randomly assigned into 4 groups: CON (control group,
without OTA), OTA (a group fed 2 mg/kg OTA-
contaminated diet, birds were fed with 16% moldy
corn replacing fresh corn), CUR (ducks fed with
400 mg/kg curcumin in their diet), and OTA + CUR
(2 mg/kg OTA plus 400 mg/kg curcumin). Each treat-
ment consisted of 6 replicates, and each replicate con-
tained 30 ducklings. The diet formula is shown in
Supplementary Table 1. All diets were formulated to
meet or exceed the NRC (1994) for starter ducks. The
birds were provided with pelleted diets and ad libitum ac-
cess to feed and water. The temperature of the room was
maintained at 32 to 34°C for the first 3 D and then
reduced by 2 to 3°C per wk to a final temperature of
26°C, which was maintained for the remainder of the
experiment. Daylight was eliminated, but 18-h/D light-
ing was provided using incandescent bulbs.

Sample Procedures

Blood samples of approximately 10 mL, selected based
on the average weight of each treatment group, were
collected at 21 D of age from 6 ducks in each treatment
group. Serum was prepared by centrifuging the blood
3,000 rpm for 10 min at 4°C and stored at —30°C for
analysis. The sampled ducks were sacrificed, and parts
of their livers were snap-frozen in liquid nitrogen for
mRNA extraction for quantitation real-time reverse
transcription polymerase chain reaction. Cecum digests
were collected and stored at —80°C until further
analyses.

Serum Lipid Metabolism and Liver
Antioxidant Indices

Levels of serum lipid metabolites, including total
cholesterol (TC), triglyceride (T'G), high-density lipo-
protein (HDL), low-density lipoprotein (LDL); as well
as liver antioxidant indices including total antioxidation
capacity, superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase, and malondialdehyde
(MDA) were quantified using commercial diagnostic
kits for serum analysis (Jiancheng Bioengineering Insti-
tute, Nanjing, China).
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Analysis of the Cecal Microbiota
Community by 16S rRNA Analysis

DNA was extracted from the cecum digesta and liver
using an E.Z.N.A. soil DNA Kit (Omega Bio-tek, Nor-
cross, GA) according to the protocol for isolation of
DNA. 16S rRNA sequencing of digesta samples was per-
formed as previously described (Martin et al., 2019). llu-
mina MiSeq sequencing and general data analyses were
performed by a commercial company (Majorbio Bio-
Pharm Technology, Shanghai, China).

Metabolite Profiling Analysis

Metabolite concentrations in ducks’ cecum digests
were quantified using liquid chromatography/mass
spectrometry according to a previous study (Rojo
et al., 2015). A quality control sample was prepared
by mixing aliquots of the all samples as a pooled sam-
ple and then analyzed using the same method with
the analytic samples. The quality controls were
injected at regular intervals throughout the analytical
run to provide a set of data from which repeatability
could be assessed. Liquid chromatography/mass spec-
trometry and further data analysis were conducted
according to a previously published work (Rojo
et al., 2015).

Transcriptional Analysis

Total RN A was isolated from liquid nitrogen frozen liver
using a Quick-RNA MiniPrep Plus (Zymo, Irvine, CA) ac-
cording to the manufacturer’s instructions. Synthesis of
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the first strand (cDNA) was performed using oligo (dT)
20 and Superscript IT reverse transcriptase (Takara, Shiga,
Japan). The PCR reactions were conducted using the
following program: 3 s of denaturation at 95°C; 40 cycles
of 5 sat 95°C, 30 s for annealing at 60°C, and 30 s for elon-
gation at 72°C; and store at 4°C. Transcriptional analysis
were performed using the following primers: SREBP-1c
(sterol regulatory element binding transcription factor
1):5- GAGGCCAAGCTCAACAAGTC-3,5- ATCTC-
CATCACCTCCGCCTT-3'; FAS (fatty acid synthase):
5-CAATGGATCCTCAGCTTCGC-3, 5'- AGCTGTT-
CTGGATCTTGGCT-3'; PPARG (peroxisome prolifera-
tor activated receptor gamma): 5'- GGAGCCCAAGTT-
TGAGTTCG-3, 5'- GGTCCGTCATTTTCTGGAGC-
3; NRF2 (nuclear factor, erythroid 2 like 2): 5'-
GCTGGAGTTAGACGAGGAG-3,5- AGGGCTTGT-
GATTGTGCT-3'; HMOX! (Heme oxygennase-1): 5'-
ATGCCTACACTCGCTATCTG-3, 5'- GCAAGGTC-
CATCTCAAGG-3; ACTIN (B-actin): 5'- TACGCCAA-
CACGGTGCTG-3, 5'- GATTCATCATACTCCTGC-
TTG-3'.

Statistical Analysis

Data are expressed as the means and SEM. Using
GraphPad Prism 5.0 software, results were analyzed
by a two-tailed Student ¢ test between 2 groups. Signif-
icant differences were set at P < 0.05. Orthogonal par-
tial least squares discriminant analysis (OPLS-DA)
was undertaken for both positive and negative model
construction after log transformation and Pareto
scaling.
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Figure 1. Effect of ochratoxin A (OTA) and curcumin (CUR) on the serum liver function and lipid metabolism indices of 21 D ducks. (A) Aspar-
tate aminotransferase (AST) activity. (B) Alanine aminotransferase (ALT) activity. (C) Serum total cholesterol (T'C) content. (D) Serum triglycerid
(TG) content. (E) Serum high-density lipoprotein (HDL) content. (F) Serum low-density lipoprotein (LDL) content. Data are expressed as mean with

SEM (n = 6). * vs. CON group; * vs. OTA group; ° vs. CUR group.
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Figure 2. Effect of ochratoxin A (OTA) and curcumin (CUR) on liver antioxidative capacity of 21-day ducks. (A) Liver total antioxidation
capacity (T-AOC) activity. (B) Liver superoxide dismutase (SOD) activity. (C) Liver catalase (CAT) activity. (D) Liver glutathione peroxidase
(GSH-Px) activity. (E) Liver malondialdehyde (MDA) level. Data are expressed as mean with SEM (n = 6). * vs. CON group; # vs. OTA group;

®ys. CUR group.

RESULTS

Serum Liver Function and Lipid Metabolism
Indices

The serum liver function and lipid metabolism indices
in the different treatment groups are presented in
Figure 1. OTA treatment increased serum ALT activity,
the marker enzymes for liver function damage, when
compared with CON group (P < 0.01). Treatment of
ducks with both CUR and OTA + CUR reduced AST
activity (P < 0.01). Compared with the control group,
ducks fed with the OTA diet had significantly higher
LDL levels (P < 0.05). The addition of curcumin to
the OTA diet (OTA + CUR) partially ameliorated the
increase in LDL. The CUR group had the lowest LDL
level (P < 0.05). There were no differences in serum
AST activity and levels of TC, TG, and HDL among
the 4 dietary treatments (P > 0.05).

Curcumin Improved the Liver Antioxidant
Ability in OTA Treated Ducks

Figure 2 shows the effect of OT' A and curcumin on the
liver antioxidant capacity. Ducks fed with OTA had the
lowest SOD and CAT activities and the highest MDA
level (Figure 2). Compared with the OTA group,
OTA + CUR group significantly increased the CAT ac-
tivity (P < 0.05). Curcumin treatment had the highest
SOD and CAT activities and the lowest MDA level (P
< 0.05). No effects on total antioxidation capacity and
GPX-Px activities were noted in the ducks fed with
OTA and curcumin (P > 0.05).

Curcumin Recovered the Altered Cecum
a-Diversity and Composition Induced by OTA

The effects of OTA and curcumin on the cecum o-di-
versity and composition are shown in Figure 3.
Compared with the CON group, OTA treatment had
no significant effect on the cecum microbiota richness
and diversity (Figures 3A and 3B; P > 0.05). Adding
curcumin to the diet increased the ACE and Simpson
indexes compared with those in the OTA group (P
< 0.05). Overall, the microbiomes of the individual
ducks were dominated by the phyla Bacteroidetes
and Firmicutes. The other phyla present in low abun-
dance (less than 2.0%) were Actinobacteria, Proteo-
bacteria, Fusobacteria, and Tenericutes (Figure 3C).
At the genus level, ducks fed with OTA increased
the relative abundance of Bacteroides (Figure 3D).
The cecum microbiota composition in the
OTA + CUR group was similar to that of the CON
group. We further compared the relative abundance
of butyric acid—producing bacteria among the 4 groups
(Figure 3E). The result showed that the relative abun-
dance of butyric acid—producing bacteria was very
different in the duck fed with the different diets; how-
ever, the change in blautia was the same as those of the
butyricicoccus and butyricimonas in each group; how-
ever, their levels were significantly higher in the CON
and CUR groups than in the groups fed with diets con-
taining OTA (P < 0.05). Compared with the OTA
group, OTA + CUR increased the relative abundance
of butyricimonas (P < 0.05). These results indicated
that curcumin could recovery the micriobiota composi-
tion of ducks fed with OTA.
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Figure 3. The o-diversity and composition of the cecum microbiota in different groups. (A) ACE index. (B) Simpson index. (C) Relative abun-
dance of bacteria at the phylum level. Operational taxonomic units (OTUs) with an occurrence lower than 1% are not represented (n = 6). (D) Relative
abundance of top 10 genera in each group (n = 6). (E) Relative abundance of butyric acid producing bacteria at the genus level (n = 6). Abbreviations:
CUR, curcumin; OTA, ochratoxin A. Data are expressed as mean with SEM (n = 6). * vs. CON group; # vs. OTA group; ®ys. CUR group.

OTA and Curcumin Altered the Metabolism
of Intestinal Microbiota in Ducks

To further explore the influence of OT A supplementa-
tion on intestinal microbiota, we analyzed the contents of
metabolites in the fecal samples in the 4 groups
(Figure 4). An OPLS-DA was applied to better under-
stand the different metabolic patterns. In the OPLS-
DA score plot, the OTA-treated group and CON ducks
were separated from each other (Figure 4A). Similarly,
the OTA treated group and OTA + CUR ducks were
also separated from each other (Figure 4B). The qualities
of the resulting discriminant model are shown in
Figures 4C and 4D, suggesting that the model was robust
and had good fitness and prediction. Kyoto Encyclopedia
of Genes and Genomes analysis showed that OTA highly
altered microbial metabolism, including tryptophan
metabolism, glycerophospholipid metabolism, biosyn-
thesis of antibiotics, retrograde endocannabinoid
signaling, alpha-Linolenic acid metabolism, ABC trans-
porters, and choline metabolism in cancer and photosyn-
thesis (Figure 4E). We further collected the Kyoto
Encyclopedia of Genes and Genomes pathways

associated with oxidative stress (Table 1), including
the calcium signaling pathway, the nuclear factor kappa
b signaling pathway, Thl7 cell differentiation, the
mitogen activated protein kinase signaling pathway,
the Ras signaling pathway, the chemokine signaling
pathway, the T cell receptor signaling pathway, and he-
patocellular carcinoma. The result showed that OTA
could upregulate oxidative stress-related pathways,
and the level of the metabolite of these pathways diacyl-
glycerol was 9.6 times higher than that in the CON
group. We also compared OTA + CUR and CON
(OTA + CUR ws. CON) groups for these pathways
and found that they were not upregulated. Collectively,
curcumin supplementation significantly alters the meta-
bolism of intestinal microbiota in ducks fed with OTA.

Effect of OTA and Curcumin on Liver mRNA
Expression Related to Liver Lipid
Metabolism and Antioxidant Capacity

Compared with the CON group, OTA treatment
upregulated the relative mRNA expression of SREBP-1c
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Figure 4. The metabolism of intestinal microbiota in ducks of different groups. (A) Orthogonal partial least squares discriminant analysis
(OPLS-DA) and score plot derived from LC-MS analysis in the digesta after ochratoxin A (OTA) treatment (n = 6). (B) OPLS-DA and score
plot derived from LC-MS analysis in the cecum digesta after OTA and curcumin (CUR) treatment (OTA, n = 6; OTA + CUR, n = 7). (C) Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of different metabolites identified from LC-MS analysis in the cecum digesta after curcumin

supplementation (n = 6).
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Table 1. KEGG pathways associated with oxidative stress (OTA vs. CON).

Metabolites Regulate Fold change Pathway Pathway name
DG (18:0/16:0/0:0) Upregulated 9.563 ko04020 Calcium signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 ko04064 NF-kappa B signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 ko04659 Th17 cell differentiation

G (18:0/16:0/0:0) Upregulated 9.563 ko04010 MAPK signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 ko04014 Ras signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 ko04062 Chemokine signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 ko04660 T cell receptor signaling pathway
DG (18:0/16:0/0:0) Upregulated 9.563 k005225 Hepatocellular carcinoma

Abbreviations: DG, diacylglycerol; OTA, ochratoxin A.

(Figure 5A; P < 0.05) but had no significant effect on the
expression of FAS and PPARG mRNA (Figures 5B and
5C; P > 0.05). Compared with the OTA group,
OTA + CUR treatment decreased the expression of
FASmRNA (Figure 5B; P < 0.05). The curcumin group
had the lowest expression level of FAS and PPARG
mRNA (Figures 5B and 5C; P < 0.05). Figures 5D
and 5E shows the effect of OTA on liver antioxidant
gene expression. OTA presented the lowest expression
of NRF2and HMOX1 mRNA but showed no significant
decrease compared with that in the CON group (P >
0.05). By contrast, curcumin treatment had the highest
expression of NRF2and HMOX1 mRNA, but the differ-
ence was not significant (P > 0.05).

DISCUSSION

Numerous studies reported that OTA could induce
oxidative stress and lead to liver injury. Curcumin has
antioxidant functions, regulates the intestinal microbial

composition, and alleviates mycotoxin toxicity (Saint-

Cyr et al., 2013; Muhammad et al., 2018). In the
present study, our data showed that dietary
supplementation of curcumin reversed serum
biochemical changes, ameliorated liver oxidative

injury, and recovered composition and metabolism of
intestinal microbiota induced by OTA.

Activities of serum AST and ALT would be the reflec-
tion of hepatic functionality. In this experiment, OTA
could increase the serum ALT activity. Our previous
study has shown that ducks fed with the OTA diet
had lower 21-day BW, ADFI, and ADG and higher
absolute or relative liver weight. Addition of curcumin
to the OTA diet (CUR + OTA) improved growth per-
formance of the OTA group while partially ameliorated
the increase of relative liver weight (Ruan et al., 2019).
This indicated that curcumin could ameliorate the liver
damage induced by OTA. Serum TC, TG, LDL, and
HDL concentrations are regarded as diagnostic markers
in lipid metabolism. Most fatty acids are synthesized in
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the liver and are transported via LDL or chylomicrons
for storage in adipose tissue as TC. In contrast, HDL
promotes the uptake of cholesterol from peripheral tis-
sues and facilitates the transport of cholesterol to the
liver for catabolism (Hermier, 1997). In the present
study, OTA treatment increased the serum LDL-C level.
This indicated that body lipid metabolism of ducks was
disturbed by OTA. Curcumin supplementation
decreased the serum LDL level increased by OTA.
Consistent with our results, Yuan (2016) showed that
serum LDL level decreased after treatment with curcu-
min in hyperlipidemic rats. The susceptibility to stress
of ducks is a major problem in the modern intensive
poultry industry. Antioxidant ability is crucial for the
health and growth performance of ducks. Our results
showed that OTA largely decreased liver CAT activity,
and the addition of curcumin in OTA + CUR group was
significantly increased the CAT level in liver. SOD was
numerically decreased, and MDA was increased, but
not significantly, in the OTA group. The antioxidant en-
zymes CAT and SOD are considered the first line of
cellular defense against oxidative damage (Ferreccio
et al., 1998). It is reported that curcumin could increase
the CAT mRNA expression in rat via activation of
Keapl-Nrf2-ARE signaling pathway (Xie et al., 2018).
MDA is one of several low-molecular-weight end prod-
ucts formed via the decomposition of certain primary
and secondary lipid peroxidation products (Janero,
1990). MDA production alters membrane fluidity and
increases membrane fragility (Chen and Yu, 1994). In
our experiment, addition of curcumin was slightly
decreased the liver MDA in the OTA + CUR group,
even though there were no significant differences among
control, OTA, and OTA + CUR groups. Curcumin
could alleviate the reduction of antioxidant capacity
induced by OTA. This is consistent with previous
studies that reported that curcumin could alleviate the
Aflatoxin B1 and OTA toxin by increasing the antioxi-
dant capacity (El-Haleem et al., 2016; Muhammad
et al, 2018). Research has demonstrated that
abnormalities in lipid metabolism are associated with
oxidative stress and inflammation (Rizvi et al., 2003;
Chaudhari et al., 2012). It is reported that the serum
LDL level was positively correlated with liver MDA
levels and negatively correlated with liver glutathione
peroxidase and CAT (Zheng, 2018). The results of the
present study confirmed this result. These findings
showed that curcumin could alleviate the oxidative
injury induced by OTA.

In the present study, curcumin alleviated the
decreased cecum microbiota richness and diversity
induced by OTA. Its inferior systemic bioavailability
(Jiand Shen, 2014) means that curcumin has a high con-
centration in gastrointestinal tract after oral administra-
tion; therefore, it could interact with gut microbiota to
increase the bacterial diversity and richness (Zhang
et al., 2017). OTA treatment increased the relative
abundance of Bacteroidetes significantly, which was
similar to the results of a previous study in which rats
fed with deoxynivalenol had a significant increase of
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0.5 logl0 was observed for the Bacteroides/Prevotella
group during the first 3 wk of administration (Saint-
Cyr et al., 2013). Bacteroidetes, normal commensals of
the gastrointestinal tract, are thought to be generally
beneficial to human and animal health via their produc-
tion of polysaccharides, volatile fatty acids, and other
nutrients; however, when they escape this environment,
they can cause substantial inflammatory pathology with
significant morbidity and mortality (Lukiw, 2016). At
the genus level, the relative abundance of Bacteroides
in the OTA group was higher than that in other groups.
A certain number of Bacteroides in the gut is benefit for
the host, providing nutrients for intestinal bacterial by
fermenting carbohydrates (Hooper et al., 2002), and
has a role in preventing infection with Clostridium diffi-
cile (Hopkins and Macfarlane, 2002). However, Bacter-
oides also have negative effects sometimes if they
release higher than normal concentrations of LPS, which
has demonstrable toxicity (Delahooke et al., 1995). The
cecum microbiota composition in the OTA + CUR
group was similar to that of the CON and CUR groups,
which indicated that curcumin could partially recovery
the cecal microbiota disturbances caused by OTA.
OTA treatment decreased the relative abundance of
butyric acid—producing bacteria. Butyric acid could
minimize oxidative stress—induced diabetes in rat
(Kumar et al., 2010). Butyrate is known to decrease
the gut mucosal pH, thus creating an acidic environment
for the growth of normal commensals (Moquet et al.,
2016). Studies have shown that a diet with sodium buty-
rate could alleviate the decreased liver antioxidant ca-
pacity induced by LPS in broilers (Ju et al., 2015).
This may partially explain the decreased liver antioxi-
dant capacity and richness of cecum microbiota induced
by OTA. These results suggested that curcumin might
alleviate oxidative damage by regulating the intestinal
microbiota.

In addition to affecting the composition of the intesti-
nal microbiota, OTA and curcumin also altered the
metabolism of the intestinal microbiota. The intestinal
microbiota interacts with numerous physiological func-
tions and the pathogenesis of various diseases in the
host through its metabolic products (Lee and Hase,
2014; Tang et al., 2017). In this study, we found that
OTA altered the contents of intestinal metabolites and
upregulated signaling pathways associated with
oxidative stress and liver injury, including the calcium
signaling pathway, nuclear factor kappa b signaling
pathway, Thl7 cell differentiation, the mitogen-
activated protein kinase signaling pathway, the Ras
signaling pathway, the chemokine signaling pathway,
the T cell receptor signaling pathway, and hepatocellu-
lar carcinoma. This confirmed that OTA treatment
could lead to oxidative stress, and curcumin treatment
could alleviate this oxidative stress. Studies have shown
intestinal microbiota are closely related to oxidative
stress in host (Hollister et al., 2015; Shin et al., 2017).
Collectively, curcumin might decrease oxidative injury
by regulating the metabolism of the intestinal
microbiota.
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Sterol  regulatory  element-binding  proteins
(SREBPs) are key lipogenic transcription factors in
cellular lipid metabolism and homeostasis. Among the
isoforms of SREBPs, SREBP-1c is involved in fatty
acid synthesis and energy storage and is reported that
the mutual interaction between SREBP-1c activation
and endoplasmic reticulum stress and/or inflammation
is bidirectional (Shimano and Sato, 2017). Therefore,
SREBP-1c¢ activation could increase the production of
reactive oxygen species and lead to oxidative stress.
Studies have shown that SREBP-1c activation is usually
companied by an increase in LDL-C (Sharawy et al.,
2015; Zhang et al., 2018). In our results, addition of
curcumin decreased the SREBP-1¢ mRNA levels by
20% compared with the OTA group. Many studies
have suggested that curcumin could decrease SREBP-
Ic mRNA levels to protect the liver from lipid
metabolism disruption (Liu et al., 2017; Lu et al.,
2018). These studies remind us that curcumin could
decrease serum LDL-C by decrease the mRNA expres-
sion of SREBP-1c. FAS is known to be regulated by
SREBP-1. In this study, our data indicated that curcu-
min suppressed FAS mRNA expression, and this is
consistent with the previous study by Um et al. (2013).
Studies have shown that the liver lipid metabolism was
influenced when rats were given 210 pg/kg body weight
OTA (Qi et al., 2014) and decreased the expression of
PPARG in human embryonic kidney (HEK) 293 cells
treated with OTA (Yang et al., 2017). There was no dif-
ference of PPARG expression between CON and OTA
groups, which may be due to the animal species and
the OTA dosage. Research has demonstrated that
OTA downregulated NRF2 expression, thus decreased
the antioxidant capacity (Periasamy et al., 2014). Cur-
cumin could alleviate the Aflatoxin Bl-induced hepato-
toxicity involving the NRF2/HMOX1 signaling
pathway in chicken (Muhammad, 2018). In the present
study, OTA and curcumin had no effect on the liver
NRF2 and HMOX1 expression, which may be due to
the OTA dosage or the treatment period was insufficient
to activate these 2 genes expression. Further investiga-
tion would be focused on the hepatic lipid metabolism
signal pathway OTA and curcumin involved.

CONCLUSIONS

Collectively, the results of the present study showed
that dietary OTA negatively affected body lipid meta-
bolism, reduced the activities of liver anti-oxidative en-
zymes, disrupted the function of metabolites of the
cecum microbiota, increased liver SREBP-1c expression,
while dietary curcumin significantly reversed these
OTA-induced alterations in serum lipid metabolism pa-
rameters and enhanced liver antioxidant enzyme activ-
ities. Moreover, curcumin restored the cecum
microbiota composition that had been altered by OTA.
Therefore, we concluded that curcumin could alleviate
liver oxidative injury by modulating the disruption to
the cecum microbiota and lipid metabolism induced by

ZHAIET AL.

OTA. Curcumin is recommended as a prophylactic mea-
sure to prevent OTA-induced hepatic oxidative injury.
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