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Curcumin alleviates LPS-induced intestinal
homeostatic imbalance through reshaping gut
microbiota structure and regulating group 3 innate
lymphoid cells in chickens¥

Dong Ruan, ©2 2 Shaowen Wu, (2 ® Ahmed Mohamed Fouad,® Yongwen Zhu, (2 ¢
Wenjie Huang,® Zhilong Chen,? Zhongyong Gou,? Yibing Wang, ©2@ Yongquan Han,®
Shijuan Yan, 2 ° Chuntian Zheng ¢ @ and Shouqun Jiang () *?

Gastrointestinal dysfunction is associated with a disturbance of immune homeostasis, changes in the
intestinal microbiome, alteration of the composition of the bile acid pool, and dynamic imbalance of
group 3 innate lymphoid cells (ILC3s). Curcumin (CUR), a polyphenolic compound isolated from turmeric,
has been known to attenuate intestinal inflammation in potential therapies for gastrointestinal diseases. It
was hypothesized that CUR could target the gut microbiome to modulate bile acid (BA) metabolism and
the function of ILC3s in ameliorating lipopolysaccharide (LPS)-induced imbalance of intestinal homeosta-
sis in chickens. Seven hundred and twenty 1-day-old crossbred chickens were randomly divided into four
treatments, namely CON_saline (basal diet + saline control), CUR_saline (basal diet + 300 mg kg™* curcu-
min + saline), CON_LPS (basal diet + LPS), and CUR_LPS (basal diet + 300 mg kg~ curcumin + LPS),
each consisting of 6 replicates of 30 birds. On days 14, 17, and 21, the chickens in the CON_LPS and
CUR_LPS treatments were intraperitoneally injected with LPS at 0.5 mg per kg BW. Dietary CUR sup-
plementation significantly decreased LPS-induced suppression of growth performance and injury to the
intestinal tight junctions and decreased the vulnerability to LPS-induced acute inflammatory response by
inhibiting pro-inflammatory (interleukin-1f and tumor necrosis factor-a) cytokines. CUR reshaped the
cecal microbial community and BA metabolism, contributing to regulation of the intestinal mucosal
immunity by promoting the anti-inflammatory (interleukin 10, IL-10) cytokines and enhancing the con-
centrations of primary and secondary BA metabolites (chenodexycholic acid, lithocholic acid). LPS
decreased farnesoid X receptor (FXR) and G protein-coupled receptor class C group 5 member A syn-
thesis, which was reversed by CUR administration, along with an increase in interleukin 22 (IL-22) pro-
duction from ILC3s. Dietary supplementation of CUR increased the prevalence of Butyricicoccus and
Enterococcus and enhanced the tricarboxylic acid cycle of intestinal epithelial cells. In addition, curcumin
supplementation significantly increased sirtuin 1 and sirtuin 5 transcription and protein expression, which
contributes to regulating mitochondrial metabolic and oxidative stress responses to alleviate LPS-induced
enteritis. Our findings demonstrated that curcumin played a pivotal role in regulating the structure of the
intestinal microbiome for health promotion and the treatment of intestinal dysbiosis. The beneficial
effects of CUR may be attributed to the modulation of the BA-FXR pathway and inhibition of inflammation
that induces IL-22 secretion by ILC3s in the intestinal lamina propria.
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Introduction

The intestine of newly hatched chickens is susceptible to exter-
nal stimuli, such as pathogenic bacterial infections, mycotox-
ins, and a hostile environment during their early growth
phase. The gut microbiome is regarded as a virtual organ of
the body, which protects the host against intestinal damage. It
is apparent that gut microbial communities and their
microbial metabolites substantially contribute to the inter-
action between the microbiota and mucosal immunity, leading
to involvement in inflammatory bowel disease initiation and
progression.”” Curcumin (CUR), an important natural poly-
phenol isolated from turmeric rhizomes (Curcuma longa), pos-
sesses immunomodulatory, anti-inflammatory, anti-bacterial,
and anti-oxidative characteristics.®> Numerous studies have
been conducted on the efficacy of CUR in poultry nutrition.
Dietary supplementation of CUR at 150-300 mg kg™ exhibited
enhanced antioxidant capacity and improved immune
responses in broiler chickens.*”® It is increasingly acknowl-
edged that curcumin’s therapeutic potential might not solely
depend on its bioavailability but that the beneficial effects
might be attributable to its positive impact on gut health and
barrier function.””® Interactions between CUR and microbiota
are potentially crucial for curcumin’s overall activity. The intes-
tinal flora plays an indispensable role in the metabolism of
bile acid (BA).'® In this regard, CUR and its metabolites have
been shown to induce alterations in the gut microbiome and
may influence BA pools, thus demonstrating therapeutic
potential in inflammatory enteritis.

Group 3 innate lymphoid cells (ILC3s) are tissue-resident
lymphocytes, associated with “barriers”, and exist predomi-
nantly in the gut lamina propria that are crucial in orchestrat-
ing immunity, inflammation, and microbiome equilibrium,
and maintaining tissue homeostasis.'" Activation of ILC3s
relies on glycolysis. Mitochondrial dysfunction and energy
metabolism disturbance are strongly associated with ILC3
function and play a prominent role in metabolic and immune
homeostasis.'*'* As a superfamily of nuclear receptors, the
farnesoid X receptor (FXR) is expressed mainly within the gas-
trointestinal tract and liver. Liganded FXR is involved in regu-
lating multiple genes participating in the metabolism of carbo-
hydrates, fat, and bile acid (BA), thus governing cellular and
systemic energy metabolism. The FXR mediates antioxidant
and cytoprotective effects, closely linked to the capacity of the
FXR system in improving mitochondrial function."* Previous
studies implicate FXR playing a role in gut barrier function
and antibacterial defenses, with FXR activation inhibiting
intestinal inflammation.

Sirtuins, which are essential metabolic sensors of energy
status, are one of the preserved family of NAD+-dependent dea-
cetylases. They can modulate the metabolic and inflammatory
challenges from intestinal diseases.'® G-protein-coupled recep-
tors (GPRs) contain a large number of various families of
membrane proteins that sense and transduce extracellular
signals into pivotal physiological effects.'® GPRs participate in
several gastrointestinal functions, such as tissue repair,

1812 | Food Funct, 2022,13, I81-11824

View Article Online

Food & Function

mucosal immunity, and nutrient digestion."” The anti-microbial
properties and aggregation of ILC3s in vivo are regulated by
GPR183."® GPRC6A deficiency reduced ILC3 generation and
IL-22 synthesis in ILC3s, thus leading to high colon damage vul-
nerability, pathogen infection, and impaired mucosal healing."
There is presently only a limited understanding of the regu-
lation of mitochondria by intestinal microorganisms and their
metabolites, the mechanism by which ILC3s modulate intesti-
nal mucosal immune homeostasis, and curcumin-related FXR
regulation and mechanisms of ILC3s.

Lipopolysaccharide (LPS), extracted from Gram-negative
bacteria, is an effective bio-stimulant for the immune system.
As a well-established mechanism, the LPS-induced intestinal
inflammatory stress model has been widely used in in vivo
studies.” Previous studies have shown that LPS increased pro-
inflammatory cytokine secretion and suppressed immunity,
which might be due to natural or innate immune responses.>’
Exploring the mechanisms of a series of bi-directional relation-
ships between the intestinal microbiome and mitochondria will
generate new theory regarding the protective response of CUR.
Therefore, we speculated that CUR may alleviate LPS-induced
inflammation via modulating the gut microbiota structure, and
subsequent altering of BA signaling and regulation of ILC3s in
the intestinal lamina propria. In the current study, crossbred
broiler chickens were fed a diet supplemented with CUR for 21
days after LPS challenge to test the research hypothesis.

Materials and methods
Animals, treatments, and ethics statement

In total, 720 one-day-old 817 crossbred broiler chickens with
similar hatchling weights were purchased from Guangdong
Wenshi Southern Poultry Breeding Co., Ltd (Yunfu, China) and
randomly divided into 4 dietary treatments with 6 replicates
each (30 birds per replicate). All birds were reared in floor pens
(length 3.5 m x width 1.5 m) with wood shaving litter (depth of
5 c¢m), given ad libitum access to feed and non-antibiotic tap
water, and housed in an environmentally controlled room. All
animal experimental procedures used in the research were per-
formed under the approval of the Animal Care and Ethics
Committee of the Institute of Animal Science, Guangdong
Academy of Agriculture Sciences (no. 2021039).

Chickens were randomly allocated as a 2 x 2 factorial
design; the main factors included diet [basal diet (control) or
diet containing 300 mg kg~' CUR] and challenge with LPS or
sterile saline as a control. The 4 experimental treatments were
(1) non-challenged chickens with no challenge, fed the basal
diet and intraperitoneally (i.p.) administered NaCl solution
(CON_saline); (2) non-challenged chickens fed the basal diet
supplemented with 300 mg kg™' CUR and i.p. administered
NaCl solution (CUR_saline); (3) LPS-challenged chickens fed
the basal diet and i.p. administered LPS (CON_LPS); and (4)
LPS-challenged chickens fed the basal diet supplemented with
300 mg kg~ CUR and i.p. administered LPS (CUR_LPS). The
basal diet was a corn-wheat-soybean meal-type feed satisfying
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the nutritional requirements of the chickens, as recommended
by Chinese standards (Table S1t). The optimum supplemen-
tation level of CUR was determined following the previous
literature.* ® LPS-challenged chickens received an i.p. injection
of 0.5 mg per kg BW Escherichia coli LPS at 8:00 am on days 14,
17, and 21, and the non-challenged birds were i.p. injected
with the same volume of sterile saline. The dose of injected
LPS was based on previous studies.>"** LPS from Escherichia
coli 055:B5 (CAS: L4005, >99% purity) was obtained from
Sigma-Aldrich Trading Co., Ltd (Shanghai, China). Curcumin,
from Curcuma longa, was kindly provided by Cohoo Biotech
Co., Ltd (Guangzhou, China) with a purity of more than 98%.
The dose of CUR was chosen in accordance with Li et al.®

Sample collection and preparation

Three hours following LPS challenge at 21 d of age, 2 chickens
per replicate (12 chickens per treatment) were randomly
selected, electrically stunned and subsequently euthanized by
exsanguination. Samples of the mid-portions of the jejunum
and ileum were harvested and stored at —80 °C for the deter-
mination of intestinal indices and measurement of cytokine
levels. Samples of the distal-third portions of the ileum
without the lymph gland were harvested as above for immedi-
ate measurement of the subpopulation of intestinal lamina
propria lymphocytes (LPL). Cecal digesta were collected in
sterile EP tubes and stored at —80 °C for further analysis.

Growth performance parameters

During the experimental period of 21 d, birds were weighed by
pen and feed consumption was recorded on a per replicate
basis. The average daily gain (ADG), average daily feed intake
(ADFI), and feed conversion ratio (FCR; feed : gain, g:g) were
determined accordingly. Mortality was recorded daily and the
mortality rate was calculated.

Flow cytometry analysis of lamina propria lymphocyte
subpopulations

The ileal LPLs were isolated and purified and lymphocyte sub-
populations were determined as described previously.>*?*
Briefly, the isolated lymphocytes were stained using anti-
chicken CD3-FITC, CD4-FITC, CD8a-PE, and BU-1-FITC from
Southern Biotech Associates (Birmingham, AL) and incubated
for 30 min at 37 °C, then washed with PBS twice. A FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ) was used
to measure the proportions of CD3", CD4', CD8" and B cells.
Gates were drawn around cells and a 2-parameter dot-plot histo-
gram was used to analyze the fluorescence data collected on at
least 50 000 lymphocytes. Cell phenotypic data are expressed as
a percentage of gated lymphocytes.

Quantitative real-time PCR

Total RNA extraction from the frozen jejunum and ileum fol-
lowed by reverse transcription and quantitative real-time PCR
was conducted according to previously described procedure.*
The used primers were synthesized and purchased from
Sangong Biological Engineering Co., Ltd (Guangzhou, China)
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and are listed in the ESI, Table S2.f The transcription levels of
the intestinal genes were calculated using the 2744 method.
B-Actin was used as an internal control for the normalization
of target gene expression.

Western blot analysis

Western blot analysis was performed as described previously.>®
The antibodies used included OCLN (1:1000, Bioss
Biotechnology, Beijing, China), FXR (1:1000, Cell Signaling
Technology, Danvers, MA), SIRT1 (1:1000, Cell Signaling
Technology), SIRT5 (1:800, Cell Signaling Technology), and
GAPDH (1:1000, Cell Signaling Technology). The immuno-
reactive bands were detected by the FluorChem M fluorescence
imaging system (ProteinSimple, Santa Clara, CA). The band
densities were normalized against GAPDH and quantified by
densitometry using the Image J software.

Enzyme-linked immunosorbent assay

Ileal concentrations of IL-1f, IL-6, TNF-a, IL-10, IL-22 and TGF-
p were detected using commercial chicken-specific ELISA kits
(Beijing Fangcheng Biotechnology Co., Ltd, Beijing, China) as
previously described by Fan et al.>* The intra-assay coefficient
of variation was below 8% and inter-assay coefficients of vari-
ation were below 10% for the above cytokines.

16S rRNA sequencing analysis

Total genomic DNA was harvested from each sample of cecal
digesta using the Mag-Bind Soil DNA kit (Omega, Norcross,
GA). The purity and concentration of all DNA samples were
assessed using a Nanodrop ND-2000 (Thermo Fisher
Scientific, Waltham, MA). Amplification of the bacterial 16S
rRNA gene covering the V3-V4 region was carried out using
the universal 338F-806R primers. The amplicons of PCR pro-
ducts were purified using the Qiagen gel extraction kit
(Qiagen, Santa Clarita, CA) and further sequenced on an
Ilumina MiSeq platform at Majorbio Bio-Pharm Technology
Co., Ltd (Shanghai, China). The bioinformatics analysis was
conducted as described previously.?’

GC-MS based metabolomics study

The metabolomes of dried cecal content samples were analyzed
with 6 biological replicates for each treatment. Each sample of
50 mg powdered cecal contents was extracted according to the
steps previously mentioned.”® The peak integration, alignment,
deconvolution, and raw GC-MS data processing were performed
according to the protocol.”® Multivariate statistical analyses includ-
ing unsupervised principal component analysis (PCA) and super-
vised orthogonal partial least-squares discriminant analysis
(OPLS-DA) were carried out using the SIMCA-P software (Version
13.0, Umetrics AB, Ume4, Sweden) after normalizing to an internal
standard. The discriminant metabolites between the two compari-
son treatments were defined as VIP > 0.5 and |p(corr)| > 0.5.

Quantification of bile acids by LC-MS/MS

Targeted LC-MS/MS profiling of bile acids in chicken cecal
digesta was conducted as previously described with some
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modifications.>® The concentrations of chenodexycholic acid
(CDCA), deoxycholic acid (DCA), lithocholic acid (LCA), and
cholic acid (CA) were determined in negative ion multiple reac-
tion monitoring (MRM) detection mode under the optimized
MS/MS conditions (Table S3+).

Statistical analysis

All data were statistically analyzed by ANOVA using the GLM pro-
cedures of SAS 9.4 (SAS Institute Inc., Cary, NC) with factors of
diet type and LPS challenge and their interaction. When the
interaction was observed to be significant, Duncan’s multiple
comparison tests were applied to evaluate the differences
among treatments. A probability value of P < 0.05 was con-
sidered statistically significant, and 0.05 < P < 0.10 was defined
as a tendency towards significance. Partial least squares discri-
minant analysis (PLS-DA) was carried out by the mixOmics R
package to reveal the microbiota variation among treatments.
The co-occurrence relationships between gut metabolites, gut
microbiota, inflammatory cytokines, and gene expression were
constructed based on Pearson’s correlation coefficients, and fea-
tures were considered significant at P < 0.05.

Results

Growth performance

As shown in Table 1, ADG and 21 d BW showed decreasing ten-
dencies on LPS treatment (P = 0.089 and P = 0.091), whereas CUR
significantly increased ADG and 21 d BW and decreased FCR (P <
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0.05), compared with the CON. A trend for CUR x LPS interaction
was observed for ADFI, with CUR increasing ADFI in the presence
of LPS challenge (P = 0.074). No significant differences in mor-
tality rates were observed among the treatments (P > 0.05).

T-Lymphocyte phenotypic and B cells analysis

The results of the flow cytometry analysis of lamina propria
lymphocyte subpopulations are shown in Table S4.1 A signifi-
cant interaction between CUR and LPS was observed for CD3",
CD4", CD8", and BU_1" proportions in the ileum (P < 0.05).
Chickens supplemented with CUR showed an increased CD3",
CD4", CD8" ratio compared to chickens fed with the CON diet
(P < 0.05); with LPS they showed a decreased CD3", CD4", CDS§"
ratio and increased BU_1" ratio (P < 0.05) (Table S47).

Ileal concentrations of inflammatory cytokines

In Table 2, LPS significantly increased ileal IL-1p and TNF-a
concentrations but decreased ileal concentrations of IL-10 and
IL-22 (P < 0.05). No significant interaction between diet and
LPS was detected for any variable in the ileum. CUR signifi-
cantly decreased ileal concentrations of IL-1p and TNF-a (P <
0.05). There was a trend for CUR x LPS interaction in ileal
TNF-a concentration (P = 0.061).

mRNA expression of tight junction and gut barrier-related
genes in jejunum and ileum

There were no significant CUR x LPS interactions on jejunal
and ileal transcripts of OCLN, CLDN1, ZO-1, and MUC2 (Fig. 1A
and B). LPS downregulated the jejunal and ileal transcript

Table 1 Effects of curcumin (CUR) supplementation on growth performance of LPS challenged chickens

Saline LPS P-Value
Items CON CUR CON CUR SEM CUR LPS CUR x LPS
1dBW (g) 39.49 39.45 39.55 39.39 0.049 0.153 1.000 0.194
21 d BW (g) 404.07 426.38 382.06 424.47 6.742 <0.001 0.091 0.152
ADFI (g) 27.74%° 27.99 26.37" 28.40° 0.472 0.025 0.319 0.074
ADG (g dfl) 17.36 18.43 16.31 18.34 0.321 <0.001 0.089 0.149
FCR (g:g) 1.60 1.52 1.62 1.55 0.024 0.039 0.314 0.892
Mortality (%) 2.00 0.67 4.00 1.33 1.238 0.292 0.298 0.599
Values are mean and pooled SEM, n = 6. Means with no common superscript in the same row are significantly different (P < 0.05).
Table 2 Effects of curcumin supplementation on concentrations of inflammatory cytokines in ileum of LPS challenged chickens

Saline LPS P-Value

Items CON CUR CON CUR SEM CUR LPS CUR x LPS
IL-1B pg mg~" prot 22.13 19.23 31.60 23.98 1.205 <0.001 <0.001 0.532
IL-6 pg mg " prot 22.4 22.2 25.2 22.3 1.344 0.256 0.266 0.320
IL-10 pg mg7l prot 42.79 41.81 33.33 39.89 2.285 0.234 0.021 0.115
IL-22 pg mg_1 prot 153.3 159.2 124.9 148.1 7.798 0.029 0.020 0.283
TNF-a pg mg™" prot 51.42° 46.73° 64.66° 55.34%P 3.697 0.026 0.026 0.061
TGF-p pg mg_1 prot 459.4 421.1 403.3 413.6 21.78 0.528 0.160 0.278

Values are mean and pooled SEM, n = 12. Means with no common superscript in the same row are significantly different (P < 0.05). IL,
interleukin; TNF-a, tumor necrosis factor-o; TGF-, transforming growth tactor-p.
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CURXLPS, P=0.822 (OCLN) CURXLPS, P=0.425 (ZO-1) CON_Saline
CUR_Saline
8 CON_LPS
CUR_LPS

=

Fig. 1 Effects of curcumin supplementation on the expression of tight junction protein genes in jejunum (A) and ileum (B) of chickens after LPS

challenge. Values are mean and SE, n = 6. Means with no common supers

cript in the same column are significantly different (P < 0.05). CON_saline,

chickens fed the control diet and injected with saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed

the control diet and challenged with LPS; CUR_LPS, chickens fed the cu
ZO-1, zona occludens 1; MUC2, mucin 2.

abundance of OCLN compared to CON (P < 0.05). CUR upregu-
lated the transcript abundance of OCLN and ZO-1 (P < 0.05).

Gut microbiome

In total, 11712 OTUs from 24 cecal samples (6 samples per
treatment) were identified and each sample had 488 OTUs on
average. Venn diagrams are shown in Fig. 2A. There were 40, 59,
29, and 39 unique OTUs identified in the CON_saline,
CUR_saline, CON_LPS, and CUR_LPS treatments, respectively,
and they shared 448 OTUs. Table 3 shows that supplementation
with CUR resulted in significant reduction in alpha diversity
indexes in the observed species and Shannon index (P < 0.05).
There were no significant differences in alpha diversity includ-
ing ACE, Chao, Simpson, and Good coverage among the four
treatments (P > 0.05). Distinct clustering of microbiota in each
treatment was exposed by PLS-DA (Fig. 2B). The relative abun-
dances of the top 5 major phyla (Firmicutes, Bacteroidota,
Proteobacteria, Actinobacteria, and others) are shown in Fig. 2C
and Table 3. At the phylum level, LPS decreased Firmicutes,
Proteobacteria, and Firmicutes/Bacteroidota (P < 0.05), but
tended to increase Bacteroidota (P = 0.053). Chickens fed diets
supplemented with CUR showed increased Firmicutes abun-
dance but decreased Bacteroidota abundance compared to the
CON (P < 0.05). There was a CUR x LPS interaction observed for
Proteobacteria (P < 0.05). The top 30 primary genera and their
relative abundance among treatments are shown in Fig. 2D.
There was a CUR x LPS interaction observed for Bacteroides (P <
0.05). Chickens after LPS administration showed reduced
Enterococcus and increased Bacteroides, Alistipes, and
unclassified_f Ruminococcaceae (P < 0.05) abundance. Chickens
fed the diet with CUR had lower unclassified f Ruminococcaceae,
Alistipes, and higher Butyricicoccus and Enterococcus compared
to chickens fed with the control diet (P < 0.05).

Primary and secondary bile acid and metabolite
concentrations in cecal digesta

The primary and secondary BA and metabolites related to
energy metabolism in cecal contents were quantified by

This journal is © The Royal Society of Chemistry 2022

rcumin diet and challenged with LPS. OCLN, occludin; CLDN1, claudin 1;

LC-MS/MS (Fig. 3 and 4). The primary BA cholic acid (CA), orig-
inating from conjugated endogenous BA by particular intesti-
nal microbiota, was not changed by the treatment, while chick-
ens challenged with LPS had significantly decreased concen-
trations of CDCA and LCA (P < 0.05), and dietary CUR sup-
plementation significantly increased their levels (P < 0.05).
Meanwhile, dietary supplementation of CUR led to higher
levels of butyric, 3-hydroxybutyric, malic, and succinic acids in
comparison with CON or LPS (P < 0.05).

FXR, GPR and sirtuin transcripts and protein expression in the
ileum

The transcript abundances of FXR and G protein-coupled
receptors (GPRC5A, GPRC5B, GPRC5C, and GPRC6A) in the
ileum were analyzed (Fig. 5 and 6). There were no significant
CUR x LPS interactions on ileal transcripts of FXR or GPRs. LPS
significantly decreased GPRC5A transcript abundance (P <
0.05). Dietary inclusion of CUR significantly increased
ileal FXR mRNA (98.1%) and protein expression (67.3%)
and GPRC5A and GPRC5B gene expression (150.3%, 42.2%; P <
0.05) in comparison with CON in the absence of the
LPS challenge. LPS decreased ileal SIRT1, SIRT5 gene and
protein expression (Fig. 7, P < 0.05). Diet supplemented
with CUR dramatically increased SIRT1, SIRT5 gene and
protein expression, compared to the CON diet (P < 0.05). There
was a CUR x LPS interaction observed for SIRT5 mRNA
expression (P < 0.05), and a trend for a CUR x LPS interaction
was observed for SIRT5 protein expression in the ileum (P =
0.065).

Correlation analyses between intestinal metabolites, microbial
communities, inflammatory cytokines, and intestinal gene
expression

As shown in Fig. 8, Pearson’s correlation test was then con-
ducted to examine the association between key gene expression,
inflammatory cytokine levels and the primary intestinal bac-
terial genera and metabolite abundances. Our findings indicate
that SIRT? transcript abundance was negatively correlated with

Food Funct., 2022,13, 1811-11824 | 11815
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Fig. 2 Effects of curcumin supplementation on the gut microbiota of chickens after LPS challenge. Values are mean and SE, n = 6. (A) Venn
diagram depicting unique and shared OTU dietary groups. (B) Partial least squares discriminant analysis (PLS-DA) at the OTU level. (C) Stacked bar
chart representing the relative abundance of colonic bacteria, at the phylum level (top 5) in the different dietary groups. (D) Stacked bar chart repre-
senting the relative abundance of colonic bacteria, at the genus level (top 30) in the different dietary groups. CON_saline, chickens fed the control
diet and injected with saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed the control diet and chal-
lenged with LPS; CUR_LPS, chickens fed the curcumin diet and challenged with LPS. OTU, operational taxonomic unit.
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Alistipes and unclassified_f Ruminococcaceae relative abundance
(P < 0.05), but positively correlated with concentrations of
CDCA, LCA, malic acid, and butyric acid (P < 0.01). In addition,
SIRT5 transcript abundance correlated negatively with
Bacteroides and Alistipes relative abundances (P < 0.05), but cor-
related positively with Butyricicoccus (P < 0.05). There was a posi-
tive correlation between the transcript abundance of FXR and
concentrations of 3-hydroxybutyric acid, and LCA, but there was

This journal is © The Royal Society of Chemistry 2022

CUR_LPS unclassified_f__Bacillaceae

I Bifidobacterium

a negative association between FXR transcript abundance and
alanine concentration (P < 0.05). TNF-a concentration showed
positive correlation with the relative abundances of Bacteroides
and unclassified_f Ruminococcaceae (P < 0.05). IL22 concen-
tration was negatively correlated with the relative abundance of
Alistipes and LCA concentration (P < 0.05). Moreover, ADG
showed a positive correlation with the relative abundance of
Enterococcus, LCA, and concentrations of malic and succinic
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Table 3 Effects of curcumin (CUR) supplementation on the «-diversity and relative abundance of intestinal bacteria in chickens after LPS challenge

Saline LPS P-Value
Variable CON CUR CON CUR SEM CUR LPS CUR x LPS
o-Diversity index
Species observed 388 339 395 347 22.3 0.043 0.733 0.991
Shannon 3.94 3.52 3.89 3.85 0.137 0.041 0.483 0.310
Simpson 0.05 0.08 0.05 0.05 0.007 0.324 0.243 0.318
Chao 453 383 407 411 24.3 0.122 0.988 0.232
ACE 442 379 406 411 23.5 0.164 0.716 0.307
Good’s coverage 0.99 0.99 0.99 0.99 <0.001 0.276 0.475 0.847
Relative abundance of total sequences at the phylum level
Firmicutes 67.59 76.48 62.25 66.06 2.781 <0.001 0.010 0.516
Bacteroidota 27.77 17.14 33.97 23.82 3.135 0.022 0.053 0.940
Firmicute/Bacteroidota 2.43 4.46 1.74 2.77 0.526 <0.001 0.015 0.282
Proteobacteria 8.39° 4.19%° 0.79° 2.27% 1.025 0.454 <0.001 0.041
Relative abundance of total sequences at the genus level
Bacteroides 8.41° 10.60° 17.93* 13.15% 2.508 0.949 0.016 0.039
Alistipes 6.66 3.97 12.56 4.02 1.514 0.006 0.011 0.128
Butyricicoccus 3.03 6.88 2.18 5.43 0.829 0.005 0.256 0.467
Enterococcus 3.29 6.85 0.93 4.20 1.607 0.019 0.011 0.629
Subdoligranulum 3.60 3.90 0.76 1.19 0.911 0.751 0.025 0.958
Unclassified_f Ruminococcaceae 0.85 0.46 1.87 1.23 0.303 0.029 0.022 0.517

Values are mean and pooled SEM, n = 6. Means with no common superscript in the same row are significantly different (P < 0.05). CON_saline,
chickens fed the control diet and injected with saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens
fed the control diet and challenged with LPS; CUR_LPS, chickens fed the curcumin diet and challenged with LPS.

CUR,P=0.043; LPS,P=0.035; CUR,P<0.001; LPS,P=0.002;

CURXLPS, P=0.897 (CDCA)

N
1

-
1
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CURXLPS, P=0.133 (LCA)
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Fig. 3 Effects of curcumin supplementation on bile acid concentrations in the cecum of chickens after LPS challenge. Values are mean and SE, n =
6. Means with different letters in the same column are significantly different (P < 0.05). CON_saline, chickens fed the control diet and injected with
saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed the control diet and challenged with LPS;
CURL_LPS, chickens fed the curcumin diet and challenged with LPS. CA, cholic acid; CDCA, chenodexycholic acid; DCA, deoxycholic acid; LCA, litho-

cholic acid.

acids (P < 0.01), and was negatively correlated with the relative
abundance of Alistipes (P < 0.05).

Discussion

LPS i.p. injection is extensively used to establish an animal
model of inflammation and bacterial infection.” Excessive LPS
can destroy the integrity of the intestinal mucosal barrier,
permit bacterial translocation, and activate an inflammatory

1818 | Food Funct, 2022, 13, 181111824

reaction, leading to a decrease in host growth and immune
function.?® In our experiment, there was a trend observed in
the CUR x LPS interaction for ADFI, with CUR increasing ADFI
in chickens challenged with LPS. Compared with the CON
diet, supplementation of CUR improved the growth perform-
ance of chickens and showed a greater ADG and 21d BW, and
more efficient FCR. Dietary CUR supplementation attenuated
the LPS-induced decrease in ADG. Previous studies using
various birds and strains have provided consistent results that
supplementation with curcumin enhances growth perform-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Relative contents of differential metabolites related to energy metabolism in cecal digesta of chickens. Values are mean and SE, n = 6. Means
with different letters in the same column are significantly different (P < 0.05). CON_saline, chickens fed the control diet and injected with saline;
CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed the control diet and challenged with LPS; CUR_LPS,
chickens fed the curcumin diet and challenged with LPS.
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Fig. 5 Effects of curcumin supplementation on the expression of SIRT1 to SIRT7 genes in ileum of chickens after LPS challenge. Values are mean
and SE, n = 6. Means with different letters in the same column are significantly different (P < 0.05). CON_saline, chickens fed the control diet and
injected with saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed the control diet and challenged
with LPS; CUR_LPS, chickens fed the curcumin diet and challenged with LPS. SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5,
sirtuin 5; SIRTS6, sirtuin 6; SIRT7, sirtuin 7.

ance, likely because of CUR’s promotion of nutrient utiliz-
ation, antioxidative function and the immune status of broiler
chickens.®® In addition, dietary supplementation with bisde-
methoxycurcumin mitigated the negative impact of LPS on
ADFI.’

Intestinal microbiota is a complex community of microor-
ganisms that colonizes the gastrointestinal tract and contrib-
utes to the host health. In the present study, chickens chal-
lenged with LPS showed decreased Firmicutes and
Proteobacteria  relative Firmicutes/

abundances and

This journal is © The Royal Society of Chemistry 2022

Bacteroidota ratio in cecal digesta, whereas CUR had the
reverse effects. As a predominant bacteria in the gut,
Firmicutes are more effective energetically than Bacteroidota
in promoting the more efficient absorption of calories.*!*?
Firmicutes are primary contributors to major short-chain fatty
acid generation. Therefore, an enhanced population of
Firmicutes results in improvement of the functions of the
intestinal ~ barrier and inhibition of inflammatory
3334 At the genus level, LPS decreased the relative
of Enterococcus and Subdoligranulum and

responses.
abundances

Food Funct., 2022,13, 1811-11824 | 11819
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Fig. 6 Effects of curcumin supplementation on the expression of FXR and GPRs genes in the ileum of chickens after LPS challenge. Values are
mean and SE, n = 6. Means with different letters in the same column are significantly different (P < 0.05). CON_saline, chickens fed the control diet
and injected with saline; CUR_saline, chickens fed the curcumin diet and injected with saline; CON_LPS, chickens fed the control diet and chal-
lenged with LPS; CUR_LPS, chickens fed the curcumin diet and challenged with LPS. FXR, farnesoid X receptor; GPRC6A, G protein-coupled recep-
tor class C group 6 member A; GPRC5A, G protein-coupled receptor class C group 5 member A; GPRC5B, G protein-coupled receptor class C
group 5 member B; GPRC5C, G protein-coupled receptor class C group 5 member C.
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Fig. 7 Effects of curcumin supplementation on protein expression of OCLN, FXR, SIRT1 and SIRT5. Values are mean and SE, n = 6. Means with no
common superscript in the same column are significantly different (P < 0.05). (A) Western blot analysis of OCLN, ZO-1, FXR, SIRT1, and SIRTS in
ileum of chickens after LPS challenge. GAPDH was used as the loading control. (B) Mean + SEM of immunoblotting bands of OCLN, FXR, SIRT1, and
SIRTS5 (n = 6). CON_saline, chickens fed the control diet and injected with saline; CUR_saline, chickens fed the curcumin diet and injected with
saline; CON_LPS, chickens fed the control diet and challenged with LPS; CUR_LPS, chickens fed the curcumin diet and challenged with LPS. FXR,
farnesoid X receptor; SIRTL, sirtuin 1; SIRTS, sirtuin 5.
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Fig. 8 Heatmap of Pearson correlation coefficients between cecal
metabolites, cecal microbiota, the relative abundance of genera, ADG,
inflammatory cytokines, and intestinal gene expression level affected by
CUR and LPS. *, ** *** Significant correlation: * P < 0.05, ** P < 0.01, ***
P < 0.001. Red shading with P < 0.05 represents a significant negative
correlation; blue shading with P < 0.05 represents a significant positive
correlation; white shading represents no correlation, n = 6. ADG,
average daily gain; CDCA, chenodexycholic acid; DCA, deoxycholic acid;
LCA, lithocholic acid; FXR, farnesoid X receptor; GPRC5A, G protein-
coupled receptor class C group 5 member A; SIRT1, sirtuin 1; SIRT3,
sirtuin 3; SIRT5, sirtuin 5; IL10, interleukin 10; IL22, interleukin 22; TNF-«,
tumor necrosis factor alpha.

increased those of  Bacteroides, Alistipes and
unclassified_f Ruminococcaceae, — while =~ CUR  increased
Enterococcus and decreased unclassified_f Ruminococcaceae and
Alistipes abundances. Alistipes, considered an opportunistic
pathogen, is observed in diarrhea and ulcerative colitis.”®>?
Enrichment of Bacteroides and unidentified-Ruminococcaceae is
involved in the inflammation of colonic mucosa, leading to
the destruction of the epithelial barrier function in the
colon.**?*” Moreover, CUR increased Butyricicoccus abundance,
in accordance with previous findings.*®*° Butyricicoccus, a
butyric acid-producing genus in the intestinal tract, decreases
intestinal epithelial permeability with anti-inflammatory
potential.*® These results suggest that CUR might alleviate
LPS-induced inflammatory enteritis by regulating the intesti-
nal microbiota.

ILC3s reside in intestinal lamina propria and are involved
in maintaining intestinal homeostasis by orchestrating immu-
nomodulation, tissue repair, and microorganisms balance."" A
limited encounter with a pathogen can promote durable phe-
notypic and functional changes in intestinal ILC3s, leading to
improvements in mucosal defense.*' IL-22 is predominantly
secreted by innate lymphoid cells, of which ILC3s are the
primary source. The regeneration and reconstruction of the

This journal is © The Royal Society of Chemistry 2022
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intestinal epithelium depend mainly on IL-22. In our experi-
ment, chickens administered LPS showed decreased concen-
trations of CDCA and LCA in cecal digesta and decreased IL-22
production, while CUR substantially enhanced their levels
after LPS challenge. Mice fed a diet that increased DCA in the
digesta showed damaged ILC3s and suppressed IL-22 pro-
duction in ileum.*” Inflammatory intestinal disease, involving
diarrhea and ulcerative colitis, leads to increasing disruption
of the mucosal barrier function, insulin resistance, altered BA
metabolism, and reduced IL-22 secretion.*® Dysmetabolism of
BA in inflaimmatory bowel diseases is characterized by the
enrichment of primary and conjugated BAs and the reduction
of secondary BAs such as DCA and LCA.** The previous study
showed that ILC3s in terminal ileal Peyer’s patches were nega-
tively  regulated by  microbiota-derived  butyrate.*’
C. tyrobutyricum alleviated LPS-induced inflammation and
colonic barrier malfunction through IL-22 signaling.*® In
addition, there were alterations in the levels of energy metab-
olism-related metabolites. CUR supplementation increased
butyric acid, 3-hydroxybutyric acid, malic acid, and succinic
acid concentrations and decreased alanine. As the tricarboxylic
acid cycle substrate, succinate generated by gut microorgan-
isms expanded the tuft cells and reduced the inflammatory
response in the ileum, increased IL22, IL25, and IL13 (cyto-
kines: type 2) but suppressed IL23 (cytokines: type 17), which
was linked to upregulating the expression of genes that control
the tricarboxylic acid cycle.*” Previous research demonstrated
that CUR could protect the mitochondrial membrane of
animal intestinal epithelial cells from oxidative stress and
mitochondrial dysfunction.”® It is worth noting that, in the
small intestine and cecum, most of the dietary CUR may be
hydrolyzed to generate acetate, butyrate, fumarate, lactate, pyr-
uvate, and succinate.*® The effects of CUR noted here are
perhaps related to its capacity to influence energy homeostasis
and further influence the function of ILC3s.

FXR regulates multiple gene expression participating in
carbohydrate, fat, and bile acid (BA) metabolism, thus govern-
ing cellular and systemic energy metabolism. FXR mediates
antioxidant and cytoprotective effects, closely linked to the
capacity of the FXR system to improve mitochondrial func-
tion."* A growing number of studies demonstrate that FXR has
essential roles in intestinal inflammation and the immune
response.”® In the current study, our data showed that CUR
supplementation increased the ileal gene and protein
expression of FXR. GPRs participate in several gastrointestinal
functions, such as tissue repair, mucosal immunity, and nutri-
ent digestion."” Secondary BAs can interact with mitochondria
via FXR and GPRCS5 to regulate lipid and carbohydrate metab-
olism.”® In vivo, deficiency of GPR183 resulted in an imbalance
in the mesenteric lymph nodes due to the redistribution of
ILC3s combined with a reduction in ILC3s in the intestine.'®
GPR43 regulates colonic ILC3 proliferation and function.”
Also, GPRC6A deficiency reduced ILC3 proliferation and IL-22
secretion by ILC3s, thus leading to high colon damage vulner-
ability, pathogen infection, and impaired mucosal healing."’
Interestingly, CUR increased the expression of the ileal

Food Funct, 2022,13, 1811-11824 | 11821
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GPRC5A and GPRC5B genes, but not that of GPRC6A. DCA and
LCA are the two most potent ligands for GPR5, and a previous
study revealed that CUR depends on GPR5 and gut microbiota
to increase energy consumption.’® This may be related to the
spatial structure difference of the GPRs.

Sirtuins, which are essential sensors of energy status, are
one of the preserved family of NAD+-dependent deacetylases.
SIRT3, SIRT4, and SIRT5 are mitochondrial sirtuins that
control energy expenditure through regulation of mitochon-
drial enzyme activities.”® SIRT5 deficiency increases BA-
induced immunosuppressive microenvironments in the
liver.>* The present study demonstrated that LPS challenge
reduced the expression of the ileal SIRT5 gene and protein,
whereas CUR had the reverse effects. Previous research also
demonstrated that CUR activated mitochondrial biogenesis to
counteract LPS-induced mitochondrial dysfunction.”> Above
all, it can be speculated that SIRT5 may also mediate the FXR
signaling pathway to maintain energy homeostasis, in part
through BAs. The correlation analysis showed that SIRT5 was
significantly positively related to cecal Butyricicoccus abun-
dance and succinic acid level, with a significant negative
relationship with alanine. IL-22 concentrations were negatively
correlated with Alistipes abundance and LCA level. In
summary, the study demonstrates that giving chickens dietary
CUR could effectively suppress inflammation and preserve the
immune homeostasis of intestinal mucosa, partly through
modulation of the BA-FXR pathway and the function of ILC3s.

Conclusions

In conclusion, the present results indicate that CUR could be
used as a modulator of gut microbiota for intestinal health
improvement and immunity homeostasis. The beneficial
effects of CUR may be involved in the modulation of the
BA-FXR pathway and inhibition of inflammation that induces
IL-22 secretion by ILC3s in the intestinal lamina propria.
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