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Dietary bisdemethoxycurcumin supplementation attenuates
lipopolysaccharide-induced damages on intestinal redox

potential and redox status of broilers
Jingfei Zhang, Hongli Han, Lili Zhang, and Tian Wang1

College of Animal Science and Technology, Nanjing Agricultural University, Nanjing 210095, China
ABSTRACT This study was conducted to investigate
the beneficial effects of bisdemethoxycurcumin (BDC)
on growth performance, glutathione (GSH) redox po-
tential, antioxidant enzyme defense, and gene expression
in lipopolysaccharide (LPS)-challenged broilers. A total
of 320, male, 1-day-old broilers were randomly assigned
to 4 treatment groups including 8 replicates with 10 birds
per cage in a 2 ! 2 factorial arrangement: BDC sup-
plementation (a basal diet with 0 or 150 mg/kg BDC)
and LPS challenge (intraperitoneal injection of 1 mg/kg
body weight saline or LPS at 16, 18, and 20 d of age).
Results showed that dietary BDC supplementation pre-
vented the LPS-induced decrease in ADG of broilers
(P , 0.05). Compared to the saline-challenged group,
LPS-challenged broilers showed higher jejunal and ileal
malondialdehyde (MDA), protein carbonyl (PC), and 8-
hydroxy-20-deoxyguanosine (8-OHdG) contents
(P , 0.05). Dietary BDC supplementation alleviated
LPS-induced increases in jejunal 8-OHdG, ileal MDA,
and PC contents (P, 0.05). LPS challenge impaired the
small intestinal antioxidant system, as evident by the
decreases of GSH and total thiol contents, as well as
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superoxide dismutase (SOD), glutathione peroxidase,
glutathione reductase (GR), and glutathione S-trans-
ferase (GST) activities. On the other hand, LPS chal-
lenge also increased GSH redox potential and oxidized
glutathione (GSSG) contents (P , 0.05). Dietary BDC
supplementation increased jejunal and ileal GSH con-
tents, SOD activities, jejunal GR activity, and ileal GST
activity, while it decreased jejunal and ileal redox po-
tential, and jejunal GSSG contents (P , 0.05). Dietary
BDC supplementation significantly alleviated the
downregulation ofmRNA expression levels of jejunal and
ileal copper and zinc superoxide dismutase, catalytic
subunit of g-glutamylcysteine ligase, nuclear factor
erythroid-2-related factor 2, heme oxygenase 1, NAD(P)
H quinone oxidoreductase 1, and jejunal catalase andGR
induced by LPS challenge (P , 0.05). In conclusion,
BDC demonstrated favorable protection against LPS-
induced small intestinal oxidative damages, as indi-
cated by the improved growth performance, decreased
GSH redox potential, enhanced antioxidant enzyme ac-
tivities, and upregulated antioxidant-related gene
expression.
Key words: bisdemethoxycurcumin, intestinal oxida
tive damage, antioxidant, lipopolysaccharide, broiler
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INTRODUCTION

In the last few decades, the incidence of oxidative
stress has been increasing due to the demand for inten-
sive production and economic interests in poultry.
Oxidative stress originates from an imbalance of the
excessive free radical production and limited redox
buffer capacity, which leads to tissue and cellular
damage. Oxidative stress can be induced by many fac-
tors, such as high temperature, feed contamination,
parasitic infection, and xenobiotic exposure
(Lauridsen, 2019). Lipopolysaccharide (LPS) is the
outer membrane of most Gram-negative bacteria and
used as a well-recognized inducer of oxidative stress in
animal models (Hong et al., 2018). Broilers experimen-
tally challenged with LPS displayed obvious symptoms
of oxidative damages, such as morphological alterna-
tions of organs, reduction of antioxidant enzymatic ac-
tivities, and dysregulation of intracellular redox status
(Zheng et al., 2016; Lv et al., 2020). More importantly,
LPS-induced, reactive oxygen species (ROS)-mediated
small intestinal damages result in impaired digestion
and absorption of nutrients, the loss of antioxidant de-
fense, and the progressive disruption of mucosal redox
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homeostasis (Garrett et al., 2010; Mishra and Jha, 2019).
Dietary antioxidant additives have great application in
the poultry industry since improvement of antioxidant
defense function is involved in the modulation of growth
performance, health care, and stress responses (Kurutas,
2016). However, results from previous studies of synthe-
sized antioxidants are often conflicting and even nega-
tive in long-term or high-dose regimes (Kahl and
Kappus, 1993; Saito et al., 2003). There is increasing
public interest in natural antioxidants that are present
in herbs and plants, which might help in preventing
oxidative damage without toxic or side effects.

The perennial herb Curcuma longa, commonly known
as the golden spice turmeric, has been extensively used as
a dietary spice and traditional medicine against a variety
of diseases for centuries (Kunnumakkara et al., 2017;
Soleimani et al., 2018). Commercial curcumin or curcu-
minoids often contain 60 to 70% curcumin, 20 to 25%
demethoxycurcumin, and 10 to 15% bisdemethoxycur-
cumin (BDC, Goel et al., 2008). Curcuminoids demon-
strate a wide range of biological activities, including
antioxidant, anti-inflammatory, and free radical scav-
enging effects (Teymouri et al., 2018; Li et al., 2019a).
Among the 3 curcuminoids, controversy remains
regarding their antioxidant efficiencies both in vitro
and in vivo (Ahsan et al., 1999; Somparn et al., 2007;
Zhang et al., 2010).

Bisdemethoxycurcumin is a demethoxy derivative of
curcumin and much more stable than curcumin in phys-
iological media (Luo et al., 2015). BDC can scavenge free
radicals and regulate cellular redox balance as a result of
its antioxidant property. A study conducted on C57BL/
6 mice showed that dietary BDC administration coun-
teracted oxidative stress by increasing superoxide dis-
mutase (SOD) activity and glutathione (GSH) content
(Xu et al., 2020). Pei et al. (2016) reported that supple-
mentation with BDC prevented the overproduction of
ROS. BDC could upregulate the expression of nuclear
factor erythroid-2-related factor 2 (Nrf2) (Jin et al.,
2020). Nrf2 responds to oxidative stress and is a master
regulator of the transcription of many antioxidant en-
zymes such as SOD, catalase (CAT), glutathione perox-
idase (GSH-Px), g-glutamylcysteine ligase (g-GCL),
glutathione reductase (GR), and phase II enzymes
including heme oxygenase-1 (HO-1), and NAD(P)H
quinone oxidoreductase 1 (NQO1) (Klaassen and
Reisman, 2010). Furthermore, studies have suggested
that BDC can improve mitochondrial function by inhib-
iting ROS accumulation and the collapse of mitochon-
drial membrane potential, showing promising potential
for the treatment of intestinal oxidative injury under
adverse conditions.

Recently, a comparative study from our laboratory
found that BDC is more potent than curcumin in allevi-
ating circulating lipid peroxidation and facilitating the
antioxidant gene expression of the liver and small intes-
tine in broilers (Zhang et al., 2019). Based on the above
results, it is necessary to further investigate the possible
antioxidant potential of BDC to alleviate intestinal
oxidant injury in broiler chickens. However, little is
known about the effects of dietary BDC supplementa-
tion on the redox potential and redox status in response
to LPS challenge in broilers. Thus, the present study was
conducted to determine the possible antioxidant protec-
tion of BDC against LPS-induced intestinal oxidative
injury in broiler chickens and highlight the application
of BDC as a dietary antioxidant intervention in animals.
MATERIALS AND METHODS

Ethics Statement

The experimental protocol in the present study was
approved by the Nanjing Agricultural University Insti-
tutional Animal Care and Use Committee, China, and
conducted in accordance with the Guidelines for Exper-
imental Animals of the Ministry of Science and Technol-
ogy (Beijing, China).
Experimental Animals and Diets

A total of 320, male, 1-day-old Arbor Acres broilers
were randomly assigned to 4 treatment groups contain-
ing 8 replicates with 10 birds per replicate. The experi-
ment was designed to have a 2 ! 2 factorial
arrangement with BDC treatment (supplementation
with 0 or 150 mg/kg BDC) and LPS treatment (injection
of sterile saline or 1 mg/kg body weight LPS). The sup-
plemental level of 150 mg/kg BDC was determined
based on our previous report (Zhang et al., 2019). LPS
(serotype O55.B5; Sigma-Aldrich, St. Louis, MO) was
dissolved in 0.86% (w/v) sterile saline solution and intra-
peritoneally injected at a dosage of 1 mg/kg of body
weight, according to previous studies (Gonzalez et al.,
2011; Chen et al., 2018). At 16, 18, and 20 d of age,
broilers were intraperitoneally injected with LPS or an
equal amount of 0.86% sterile saline solution. The whole
experiment lasted for 20 d. During the whole rearing
period, broilers were housed in wire-floored battery cages
with a 3-level battery and they had free access to water
and mash feed. The ingredient composition and nutrient
content of the basal diet were formulated to meet
nutrient requirements of broilers (NRC, 1994;
Table 1). Broilers were subjected to a 12-hour light–
dark cycle and kept in a temperature- and humidity-
controlled room (Zhang et al., 2015). The contents of
BDC in the diet were determined by an improved
HPLC method according to Jayaprakasha et al.
(2002). The analyzed value was 0.016% in the diet
with BDC treatment alone and 0.015% with BDC and
LPS treatments.
Sample Collection

At 20 d of age, 1 bird (8 birds per replicate), close to
the average body weight, was selected and euthanized
by exsanguination within 2 h after LPS or sterile saline
injection. The jejunum (from the end of the duodenum
to the Meckel’s diverticulum) and ileum (from Meckel’s
diverticulum to 5 cm above the ileo-cecal junction)



Table 1. Formulation and calculated composition of the basal diet.

Period 1–20 d

Ingredient (%)
Corn 57.00
Soybean meal (44.2%, crude protein) 31.30
Corn gluten meal (60%, crude protein) 3.90
Soybean oil 3.10
Dicalcium phosphate 1.80
Limestone 1.30
L-Lysine 0.15
DL-Methionine 0.15
Premix1 1.00
Salt 0.30
Total 100.00

Calculation of nutrients
Metabolizable energy, kcal/kg 3,033
Crude protein, % 21.52
L-Lysine, % 1.14
Methionine, % 0.50
Calcium, % 1.00
Total phosphorus, % 0.65
Available phosphorus, % 0.46
Arginine, % 1.36
Methionine 1 cystine, % 0.85

Analyzed composition
Crude protein, % 21.38
Calcium, % 1.06
Total phosphorus, % 0.68

1Provided per kg of diet: vitamin A (trans-retinyl acetate), 10,000 IU;
vitamin D3 (cholecalciferol), 3,000 IU; vitamin E (all-rac-a-tocopherol
acetate), 30 IU; menadione, 1.3 mg; thiamin, 2.2 mg; riboflavin, 8 mg;
nicotinamide, 40 mg; choline chloride, 600 mg; calcium pantothenate,
10 mg; pyridoxine$HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B12
(cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper
sulfate), 8 mg; Mn (frommanganese sulfate), 110 mg; Zn (from zinc oxide),
65 mg; I (from calcium iodate), 1.1 mg; and Se (from sodium selenite),
0.3 mg.
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samples were collected and gently rinsed with 0.86% sa-
line to remove the contents. The mucosa of mid-jejunum
and mid-ileum was scraped off by using a glass slide ac-
cording to the method described by Chen et al. (2018),
and stored in liquid nitrogen for further analysis.

Growth Performance

The body weight and feed intake of the birds in each
replicate were recorded at 1, 15, and 20 d of age. The
ADG, ADFI, and feed conversion rate (FCR) were
calculated and adjusted by mortality.

Preparation of Small Intestinal Mucosa
Homogenates

The small intestinal mucosa (jejunum and ileum) sam-
ples were homogenized with an ice-cold buffer containing
0.86% sodium chloride buffer (w/v 1:9). The superna-
tant was collected by centrifugation at 3,500 ! g for
10 min at 4�C and stored for further analysis. The pro-
tein contents of the intestinal homogenates were deter-
mined by using a bicinchoninic acid assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Assay of Lipid, Protein, and DNA Oxidation

Lipid peroxidation, protein, and DNA oxidation were
expressed as malondialdehyde (MDA), protein carbonyl
(PC), and 8-hydroxy-20-deoxyguanosine (8-OHdG) con-
tents, respectively. The MDA and PC contents were
determined using commercial kits purchased from Nanj-
ing Jiancheng Bioengineering Institute. The 8-OHdG
contents were measured by ELISA with a commercial
kit purchased from Nanjing Jiancheng Bioengineering
Institute. The MDA and PC contents were expressed
as nanomole per milligram (nmol/mg) protein; the 8-
OHdG content was expressed as nanogram per milli-
gram (ng/mg) protein.

Determination of GSH Redox Potential

The reduced GSH and oxidized glutathione (GSSG)
contents were spectrophotometrically determined with
commercial kits purchased from Nanjing Jiancheng
Bioengineering Institute. The GSH redox potential was
determined using the method of Nkabyo et al. (2006).
Briefly, the GSH redox potential (Eh) values were calcu-
lated by using appropriate forms of the Nernst equation
(mV) for the respective GSH/GSSG and pools:
Eh 5 264 1 30 log ([GSSG]/[GSH]2) for pH 7.4.

Determination of Total Thiol (T-SH)
Contents andAntioxidant EnzymeActivities

The T-SH contents, and the activities of SOD, GSH-
Px, GR, and glutathione S-transferase (GST) were
determined spectrophotometrically with commercial
kits purchased from Nanjing Jiancheng Bioengineering
Institute. The T-SH content was expressed as
micromole/milligram (mmol/mg) protein. The results
of SOD, GSH-Px, GR, and GST activities were
expressed as unit/milligram (U/mg) protein.
Real-Time PCR Analysis

Trizol reagent (Takara, Dalian, China) was adminis-
tered to extract total RNA from the jejunum and ileum
samples. cDNAwas acquired by reverse transcription us-
ing the PrimeScript RT Reagent kit (Takara). Total
cDNA was amplified by quantitative real-time PCR in
an ABI 7300 Fast Real-Time PCR detection system
(Applied Biosystems, Foster City, CA) and using the
SYBR Premix Ex Taq II kit (Takara). The primer se-
quences for the target and housekeeping genes (CAT,
copper and zinc superoxide dismutase [CuZnSOD], cat-
alytic subunit of g-glutamylcysteine ligase [g-GCLc],
modified subunit of g-glutamylcysteine ligase [g-
GCLm],GSH-Px,GR,Nrf2,HO-1,NQO1, and b-actin)
are provided in Table 2. b-Actin was used as an internal
reference.
Statistical Analysis

Data were analyzed by two-way ANOVA using the
general linear model procedure of SPSS 17.0 (SPSS
Inc., Chicago, IL) with dietary BDC and LPS challenge
as the main effects. The significant differences among



Table 2. Sequences for real-time PCR primers.1

Gene GeneBank ID Primer sequence (50/30) Product size (bp)

b-Actin NM_205518.1 TGCTGTGTTCCCATCTATCG 150
TTGGTGACAATACCGTGTTCA

CAT NM_001031215.1 GGTTCGGTGGGGTTGTCTTT 211
CACCAGTGGTCAAGGCATCT

CuZnSOD NM_205064.1 CCGGCTTGTCTGATGGAGAT 124
TGCATCTTTTGGTCCACCGT

g-GCLc XM_419910.3 TGCGGTTCTGCACAAAATGG 272
TGCTGTGCGATGAATTCCCT

g-GCLm NM_001007953.1 CCAGAACGTCAAAGCACACG 187
TCCTCCCATCCCCCAGAAAT

GSH-Px NM_001277853.1 GACCAACCCGCAGTACATCA 205
GAGGTGCGGGCTTTCCTTTA

GR XM 004943130.1 ACGGCTCCTCACATCCTCATT 109
CCAGGTCGAAGAACCCATCAC

Nrf2 NM_205117.1 GATGTCACCCTGCCCTTAG 215
CTGCCACCATGTTATTCC

HO-1 HM237181.1 GGTCCCGAATGAATGCCCTTG 138
ACCGTTCTCCTGGCTCTTGG

NQO1 NM_001277621.1 CCTCTACGCCATAGGGTTCA 165
TCAGCCGCTTCAATCTTCTT

1Catalase (CAT), copper and zinc superoxide dismutase (CuZnSOD), catalytic subunit of g-glu-
tamylcysteine ligase (g-GCLc), modified subunit of g-glutamylcysteine ligase (g-GCLm), gluta-
thione peroxidase (GSH-Px), glutathione reductase (GR), nuclear factor erythroid-2-related factor 2
(Nrf2), heme oxygenase 1 (HO-1), and NAD(P)H quinone oxidoreductase 1 (NQO1).
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groups were determined using Tukey’s multiple-range
tests. A P-value of less than 0.05 was considered statisti-
cally significant. Results are presented as means with
their pooled standard errors.
RESULTS

Growth Performance

In the present study, mortality was about 1.03% and
not related to treatments (data not shown). The results
of the growth performance are shown in Table 3. Before
LPS challenge, dietary BDC supplementation had no ef-
fect on the growth performance of broilers from 1 to 15 d
of age (P. 0.05). From 16 to 20 d of age, LPS challenge
significantly decreased the ADG compared with the
saline-challenged group (P , 0.05). Dietary BDC sup-
plementation significantly increased ADG compared
with the unsupplemented group (P , 0.05). There was
a significant BDC–LPS interaction on ADG
(P , 0.05), but no significant interaction was observed
for ADFI and FCR (P. 0.05). When broilers were chal-
lenged with LPS, dietary BDC supplementation
Table 3. Effects of bisdemethoxycurcumin on growth p

Items

Basal diet BD

Saline LPS Saline

1–15 d ADG (g/bird/day) 24.83 26.39 25.40
ADFI (g/bird/day) 33.73 36.13 34.62
FCR 1.36 1.37 1.36

16–20 d ADG (g/bird/day) 55.16a 44.41c 57.99a

ADFI (g/bird/day) 78.83 70.24 82.08
FCR 1.43 1.58 1.42

a–cMeans with no common superscript within each row are
Abbreviation: FCR, feed conversion rate.
1BDC, basal diet fed with 150mg/kg bisdemethoxycurcumi

weight.
significantly increased the ADG by 14.95% compared
to those in the unsupplemented group (P , 0.05).
Lipid, Protein, and DNA Oxidation

On day 20, the LPS-challenged groups had higher
(P , 0.05) MDA, PC, and 8-OHdG contents in the
jejunum and ileum than the saline-challenged groups
(Figure 1). Dietary BDC supplementation significantly
decreased jejunal 8-OHdG, ileal MDA, and PC contents
as compared to those fed a basal diet (P , 0.05). The
interaction between LPS challenge and dietary BDC
supplementation significantly influenced the 8-OHdG
contents in jejunum, and MDA contents in jejunum
and ileum (P , 0.05). When broilers were challenged
with LPS, dietary BDC supplementation significantly
decreased the jejunal 8-OHdG contents by 18.60%
compared with those in the unsupplemented group
(P , 0.05). The ileal MDA content was 21.08% lower
in broilers that received both BDC supplementation
and LPS challenge than those that received the LPS
challenge alone (P , 0.05).
erformance in LPS-challenged broilers.1

C diet

SEM

P-value

LPS BDC LPS Interaction

25.84 0.456 0.992 0.284 0.545
35.80 0.684 0.843 0.200 0.658
1.39 0.008 0.483 0.238 0.661
51.05b 0.409 ,0.001 ,0.001 0.027
75.63 2.098 0.312 0.084 0.799
1.48 0.038 0.457 0.182 0.568

significantly (P , 0.05) different.

n; LPS, lipopolysaccharide with a dose of 1 mg/kg of body



Figure 1. Effects of bisdemethoxycurcumin on the MDA, PC, and 8-OHdG contents of jejunum (A, B, C) and ileum (D, E, F) in LPS-challenged
broilers. Values are means (n 5 8), with their standard errors represented by vertical bars. Bars with unlike letters (a–c) are significantly different
according to Tukey’s multiple comparison test at P , 0.05. BDC, basal diet fed with 150 mg/kg bisdemethoxycurcumin; LPS, lipopolysaccharide
with a dose of 1 mg/kg of body weight. Abbreviations: 8-OHdG, 8-hydroxy-20-deoxyguanosine; MDA, malondialdehyde; PC, protein carbonyl.
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GSH Redox Potential, GSH, and GSSG
Contents

As shown in Figure 2, LPS challenge significantly
decreased the GSH contents but increased the Eh and
GSSG contents in jejunum and ileum compared with
the saline-challenged groups (P , 0.05). Dietary BDC
supplementation significantly decreased jejunal and ileal
Eh, and jejunal GSSG contents while it increased jejunal
and ileal GSH contents compared with the unsupple-
mented group (P , 0.05). There was a significant inter-
action between dietary BDC supplementation and LPS
challenge on the Eh and GSH contents in jejunum and
ileum, and GSSG contents in jejunum (P , 0.05).
When broilers were challenged with LPS, dietary BDC
supplementation significantly decreased jejunal and ileal
Eh by 5.90 and 4.22% compared with those in the unsup-
plemented group (P , 0.05), respectively. The jejunal
and ileal GSH contents were 58.89 and 51.89% higher
in broilers that received both BDC supplementation
and LPS challenge than those that received LPS chal-
lenge alone (P , 0.05), respectively. When broilers
were challenged with LPS, dietary BDC supplementa-
tion significantly decreased jejunal GSSG content by
53.28% compared with those in the unsupplemented
group (P , 0.05).

T-SH Contents and Antioxidant Enzyme
Activities

The small intestinal T-SH contents and antioxidant
enzyme activities of broilers are shown in Table 4.
Compared with the saline-challenged broilers, the
LPS-challenged groups showed significantly decreased
T-SH contents and GSH-Px, GR, and GST activities
in both the jejunum and ileum, and SOD activities in
the ileum (P , 0.05). Dietary BDC supplementation
significantly increased jejunal and ileal SOD activities,
jejunal GR activities, and ileal GST activities
(P, 0.05) as compared to those fed the basal diet. Sig-
nificant interaction between dietary BDC supplemen-
tation and LPS challenge was observed for jejunal and
ileal GSH-Px activities, jejunal GST activities, and
ileal SOD activities (P , 0.05). When broilers were
challenged with LPS, dietary BDC supplementation
significantly increased jejunal GST activity by
30.86% and ileal GSH-Px activity by 34.21%
compared with those in the unsupplemented group
(P , 0.05).
Expression of Antioxidant-Related Genes

As shown in Tables 5 and 6, the LPS challenge signif-
icantly downregulated the mRNA expression levels of
CAT, CuZnSOD, g-GCLc, g-GCLm, GSH-Px, GR,
Nrf2, HO-1, and NQO1 in jejunum and ileum
(P , 0.05). Dietary BDC supplementation signifi-
cantly upregulated the mRNA expression levels of jeju-
nal and ileal CuZnSOD, g-GCLc, Nrf2, HO-1, NQO1,
and jejunal CAT and GR as compared to the unsupple-
mented groups (P , 0.05). Significant interactions be-
tween dietary BDC supplementation and LPS
challenge were observed for the mRNA expression
levels of jejunal and ileal g-GCLc, Nrf2, HO-1, and
NQO1, jejunal CAT, and ileal CuZnSOD (P , 0.05).
The mRNA expression levels of jejunal CAT,



Figure 2. Effects of bisdemethoxycurcumin on the glutathione redox potential, GSH, and GSSG contents of jejunum (A, B, C) and ileum (D, E, F)
in LPS-challenged broilers. Values are means (n5 8), with their standard errors represented by vertical bars. Bars with unlike letters (a, b) are signif-
icantly different according to Tukey’s multiple comparison test at P, 0.05. BDC, basal diet fed with 150 mg/kg bisdemethoxycurcumin; LPS, lipo-
polysaccharide with a dose of 1 mg/kg of body weight. Abbreviations: GSH, reduced glutathione; GSSG, oxidized glutathione.
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g-GCLc, Nrf2, HO-1, and NQO1 were 21.26, 35.26,
16.30, 28.07, and 31.84% higher in broilers that
received both BDC supplementation and LPS chal-
lenge than those that received the LPS challenge alone
(P , 0.05), respectively. When broilers were chal-
lenged with LPS, dietary BDC supplementation signif-
icantly increased the mRNA expression levels of ileal
g-GCLc, Nrf2, and CuZnSOD by 20.76, 13.49, and
16.71% compared with those in the unsupplemented
group (P , 0.05), respectively.
Table 4. Effects of bisdemethoxycurcumin on the T-S
jejunum and ileum in LPS-challenged broilers.1

Item

Basal diet BD

Saline LPS Saline

Jejunum
T-SH (mmol/mg protein) 9.85 6.64 9.51
SOD (U/mg protein) 162.37 100.62 177.67
GSH-Px (U/mg protein) 56.55a 22.30b 52.56a

GR (U/mg protein) 17.65 14.34 18.05
GST (U/mg protein) 7.61a 5.25b 7.07a

Ileum
T-SH (mmol/mgprot) 12.42 9.77 12.26
SOD (U/mg protein) 178.64a 156.61b 179.86a

GSH-Px (U/mg protein) 45.70a 26.95c 44.11a,b

GR (U/mg protein) 15.81 13.59 16.36
GST (U/mg protein) 8.85 5.35 12.90

a–cMeans with no common superscript within each row are
Abbreviations: GR, glutathione reductase; GSH-Px, gluta

superoxide dismutase; T-SH, total thiol.
1BDC, basal diet fed with 150 mg/kg bisdemethoxycurcumi

weight.
DISCUSSION

LPS is the major cell wall component derived from
Gram-negative bacteria, and routinely used to induce
immune and oxidative stress models in rodents and ani-
mals (Hong et al., 2018). In the present study, LPS
caused severe oxidative injury in the small intestine
and decreased growth performance in broilers. Also,
other beneficial effects were observed in the modulation
of the redox potential, redox status, and antioxidant
H contents and antioxidant enzymes activities of

C diet

SEM

P-value

LPS BDC LPS Interaction

8.61 0.483 0.404 0.042 0.242
173.75 8.891 0.019 0.075 0.115
39.13a,b 2.447 0.200 ,0.001 0.042
17.06 0.310 0.018 0.002 0.071
6.87a 0.203 0.192 0.004 0.013

10.05 0.399 0.936 0.005 0.780
167.71b 1.184 0.015 ,0.001 0.046
36.17b 1.060 0.083 ,0.001 0.017
13.61 0.562 0.802 0.036 0.815
8.97 0.488 0.001 0.001 0.827

significantly (P , 0.05) different.
thione peroxidase; GST, glutathione S-transferase; SOD,

n; LPS, lipopolysaccharide with a dose of 1 mg/kg of body
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Table 5.Effects of bisdemethoxycurcumin on the expression of antioxidant genes of jejunum
in LPS-challenged broilers.1

Items2
Basal diet BDC diet

SEM

P-value

Saline LPS Saline LPS BDC LPS Interaction

CAT 100.00b 67.67d 108.44a 82.06c 0.662 ,0.001 ,0.001 0.033
CuZnSOD 100.00 66.66 105.07 77.86 1.801 0.032 ,0.001 0.402
g-GCLc 100.00a 65.48c 100.74a 80.10b 1.703 0.032 ,0.001 0.051
g-GCLm 100.00 68.93 99.15 71.46 0.995 0.677 ,0.001 0.402
GSH-Px 100.00 66.42 98.16 70.02 1.304 0.738 ,0.001 0.306
GR 100.00 61.92 100.66 68.30 0.799 0.036 ,0.001 0.084
Nrf2 100.00a 65.076c 101.83a 75.69b 0.841 0.001 ,0.001 0.014
HO-1 100.00b 66.36d 110.05a 84.99c 1.044 ,0.001 ,0.001 0.049
NQO1 100.00a 58.32c 101.67a 76.89b 1.041 ,0.001 ,0.001 0.000

a–dMeans with no common superscript within each row are significantly (P , 0.05) different.
1BDC, basal diet fed with 150mg/kg bisdemethoxycurcumin; LPS, lipopolysaccharide with a dose of

1 mg/kg of body weight.
2Catalase (CAT), copper and zinc superoxide dismutase (CuZnSOD), catalytic subunit of g-gluta-

mylcysteine ligase (g-GCLc), modified subunit of g-glutamylcysteine ligase (g-GCLm), glutathione
peroxidase (GSH-Px), glutathione reductase (GR), nuclear factor erythroid-2-related factor 2 (Nrf2),
heme oxygenase 1 (HO-1), and NAD(P)H quinone oxidoreductase 1 (NQO1).
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defense in the jejunum and ileum in LPS-challenged
broilers, which were probably attributed to the known
antioxidant property of BDC and supported its protec-
tive role for antioxidant defense activation against
stress-induced oxidative damage.
After LPS challenge, dietary BDC supplementation

significantly increased the ADG in broilers. To the best
of our knowledge, little information is available about
the effect of BDC on growth performance in LPS-
challenged broilers. It has been reported that dietary
curcumin supplementation (500 mg/kg) elicits no effect
in broilers under normal healthy circumstances (Xie
et al., 2019). Our previous study has reported that die-
tary BDC administration induces a numerical increase
in the ADG of broilers during 1 to 21 d of age, without
reaching a statistically significant level (Zhang et al.,
2019). Since no LPS challenge was included in these
studies, the potential benefits of BDC in stressed broilers
cannot be ruled out. In the present study, we observed
an increased ADG and unchanged ADFI and FCR
following BDC treatment, which indicated a possible
Table 6. Effects of bisdemethoxycurcumin on t
in LPS-challenged broilers.1

Items2
Basal diet BDC diet

Saline LPS Saline LPS

CAT 100.00 73.27 110.11 93.63
CuZnSOD 100.00a 73.01c 104.05a 85.30
g-GCLc 100.00b 74.94d 109.30a 90.50
g-GCLm 100.00 77.05 98.63 80.36
GSH-Px 100.00a 70.62b 97.35a 76.85
GR 100.00 70.16 99.76 69.04
Nrf2 100.00b 74.08d 117.40a 84.07
HO-1 100.00 76.11 111.66 84.13
NQO1 100.00 74.86 110.17 87.81

a–dMeans with no common superscript within eac
1BDC, basal diet fed with 150 mg/kg bisdemethox

of 1 mg/kg of body weight.
2Catalase (CAT), copper and zinc superoxide dis

tamylcysteine ligase (g-GCLc), modified subunit of g
peroxidase (GSH-Px), glutathione reductase (GR), n
heme oxygenase 1 (HO-1), and NAD(P)H quinone o
beneficial effect of BDC on growth performance in
broilers.

Most studies of antioxidant effects have focused on
determining the severity of lipid peroxidation, but there
is strong evidence that 8-OHdG offers a specific
biomarker of the oxidative injury in humans and animals
(Patel et al., 2007). DNA bases are prone to be oxida-
tively modified, and 8-OHdG is one of the common prod-
ucts by ROS attack (Kasai, 1997). 8-OHdG
accumulation has been linked to many cellular metabolic
disorders including small intestinal injury, and therefore
the maintenance of DNA integrity following oxidative
damage is vital. In the present study, the 8-OHdG con-
tents of jejunum were significantly decreased by dietary
BDC supplementation in LPS-challenged broilers.
Obaidi et al. (2018) investigated the potential of curcu-
min as an alternative chemopreventive agent to prevent
oxidant stress and discovered that curcumin treatment
reduced the 8-OHdG levels. Kim et al. (2019) reported
that coadministration of curcumin (200 mg/kg) with
benzo[a]pyrene significantly reduced the formation of
he expression of antioxidant genes of ileum

SEM

P-value

BDC LPS Interaction

6.082 0.221 0.087 0.677
b 0.937 ,0.001 ,0.001 0.036
c 0.660 ,0.001 ,0.001 0.025

0.715 0.502 ,0.001 0.112
b 1.015 0.386 ,0.001 0.037

0.758 0.659 ,0.001 0.775
c 0.905 ,0.001 ,0.001 0.050

0.697 ,0.001 ,0.001 0.201
0.850 ,0.001 ,0.001 0.420

h row are significantly (P , 0.05) different.
ycurcumin; LPS, lipopolysaccharide with a dose

mutase (CuZnSOD), catalytic subunit of g-glu-
-glutamylcysteine ligase (g-GCLm), glutathione
uclear factor erythroid-2-related factor 2 (Nrf2),
xidoreductase 1 (NQO1).
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8-OHdG adducts in liver, kidney, and stomach tissues.
Biswas et al. (2019) found that diabetic mice supple-
mented with curcumin and curcumin analogs exhibited
decreased 8-OHdG levels. It was believed that the anti-
oxidant property of curcumin against oxidant-induced
DNA damage was attributed to its structure, in which
the b-diketone and phenolic hydroxyl groups possessed
radical trapping activities (Masuda et al., 2001). Thus,
we speculated that BDC, which shares the same chemi-
cal structure of b-diketone and phenolic hydroxyl groups
of curcumin, exerts antioxidant effects by modulating
the biomacromolecule DNA implicated in the oxidation
process.

Recently, the GSH redox potential has begun gaining
increasing importance and has been characterized in
monitoring the abnormal fluctuation as a redox-
sensitive indicator (Wu et al., 2004). In animal cells,
redox potential is typically more negative than the sur-
rounding environment, which is essential for the mainte-
nance of tissue redox homeostasis, metabolic functions,
and cellular integrity (Dooley et al., 2004; Mallikarjun
et al., 2012). Intracellular redox potential is highly regu-
lated by several redox couples including GSH/GSSG,
cysteine/cystine (Cys/CySS), and thioredoxin/thiore-
doxin disulfide (Trx/TrxSS) (Circu and Aw, 2011).
Among these, GSH/GSSG is easily detectable and flex-
ible in response to electrophilic substances, oxidative
stress, and various pathological conditions. GSH is the
most abundant low molecular weight thiol, and readily
oxidized to GSSG (Mirzahosseini and Nosz�al, 2016).
Therefore, we determined the GSH redox potential of
jejunum and ileum through the GSH/GSSG redox
couple in the present study. Our results suggested that
broilers fed a BDC-supplemented diet had higher GSH
contents in the jejunum and ileum than those fed a basal
diet after LPS challenge. Xu et al. (2020) showed that
BDC intervention (5 mg/kg/day) reduces oxidative
stress in APP/PS1 mice by increasing GSH contents.
The GSSG contents of jejunum were decreased in
BDC-supplemented and LPS-challenged broilers, which
was in agreement with the results of Zhang et al. (2019).
Of note, there was a parallel drop of GSH redox potential
with the changed GSH and GSSG contents in our study,
suggesting a shift of redox balance toward the reduction
of cellular microenvironment after LPS challenge. Bray
(2000) and Salami et al. (2015) revealed that there is a
significant correlation between dietary antioxidant
administration and the improvement of GSH redox po-
tential. Thus, dietary BDC treatment may be directly
responsible for the improved redox status including the
decreased GSH redox potential, GSSG contents, and
the increased GSH contents. These overall further veri-
fied the antioxidant protection of BDC against LPS-
induced oxidant injury and supported the role of BDC
as a promising dietary antioxidant.

Inefficient removal of intracellular ROS is a debili-
tating feature of the antioxidant system in the small in-
testine. Pei et al. (2016) have found that BDC reduces
cellular superoxide in a dose-dependent manner, con-
firming an obvious antioxidant property of BDC.
Although BDC is proven to be a strong free radical
quencher in vitro, it is not clear whether the decreased
ROS levels after BDC treatment were attributed to
the direct scavenging ability of ROS in vivo
(Jayaprakasha et al., 2006). The antioxidant defense
system that consists of enzymatic and nonenzymatic an-
tioxidants plays a key role in the elimination of the extra
ROS. Numerous studies have identified the inhibitory ef-
fect of curcumin on ROS levels by enhancing enzymatic
antioxidant enzymes, such as SOD, GSH-Px, GST, and
GR (Molina-Jij�on et al., 2011; Sahin et al., 2012). How-
ever, there is little evidence in the literature for the po-
tential effects of BDC on the enzymatic and
nonenzymatic antioxidants. Our results showed that
BDC significantly increased the SOD activities of
jejunum and ileum, GR activities of jejunum, and GST
activities of ileum, regardless of the LPS challenge.
Consistent with our findings, Xu et al. (2020) demon-
strated a similar increase of SOD activity after BDC
treatment in mice. In the present study, BDC supple-
mentation significantly increased the GST activities of
jejunum and GSH-Px activities of ileum in LPS-
challenged broilers. The induction of GST and GSH-
Px activities by BDC was similar to the findings of the
curcumin research, which demonstrated that increased
GST and GSH-Px activities were crucial in cell antioxi-
dant protection following dietary curcumin administra-
tion (Zhang et al., 2018; Uzunhisarcikli and Aslanturk,
2019). GST and GSH-Px belong to members of the
GSH-related antioxidant enzymes and are involved in
the detoxification of xenobiotics and peroxides by
reducing GSH as substrate (Lapenna et al., 2018). The
increased GSH-Px and GST activities following BDC
treatment suggested that there was an intensive interac-
tion between GSH and the electrophilic substance with
the increasing depletion of intracellular GSH, leading
to the alleviated oxidant damage. Meanwhile, significant
elevation in jejunal and ileal GSH contents was observed
by BDC administration in our study. Based on these re-
sults, we speculated that the increased GSH content
induced by BDC was partly derived from the increased
GSH-related metabolic enzyme activities. This positive
feedback loop involved in the induction of GSH-related
antioxidant enzymes was a possible candidate for the
antioxidant mechanism of BDC in broilers.
Antioxidant protection of BDC is also manifested by

the higher expression of antioxidant-related genes
following LPS challenge. Nrf2 is a key nuclear transcrip-
tion factor and serves as a master regulator of phase II
detoxification and antioxidant genes (Tonelli et al.,
2018). BDC, like curcumin, is a novel Nrf2 activator
with a cytoprotective potential for oxidative damages
in animals (Kim et al., 2010). In the present study, we
identified the induction of BDC on these antioxidant
genes of the small intestine combined with LPS chal-
lenge. Li et al. (2019b) reported that BDC attenuated
the decline of nuclear Nrf2 level and HO-1 expression
in the cardiomyocyte injury model. A possible mecha-
nism may be medicated through the induction of Nrf2
and its downtown genes by BDC to suppress oxidative
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stress, just like curcumin. g-GCL is a key rate-limiting
enzyme in de novo synthesis cascade of GSH (Ferguson
and Bridge, 2016). g-GCL consists of a catalytic subunit
g-GCLc, and a modulatory subunit g-GCLm. Our re-
sults showed that BDC significantly increased the
mRNA expression levels of its catalytic subunit g-
GCLc in both the jejunum and ileum in LPS-
challenged broilers. A study reported that the g-GCLc
subunit played a more important role in the regulation
of g-GCL activity since the g-GCLc subunit still showed
catalytic activity in the absence of g-GCLm. Moreover,
the activity of the g-GCLc subunit was found to increase
substantially by covalent interactions with g-GCLm
(Orr et al., 2005). Thus, BDC, acting as a potential regu-
lator of GSH, not only increased the intracellular GSH
contents but also improved the de novo synthesis of
GSH. It was suggested that induction of BDC on GSH-
related gene expression contributed to the antioxidant
effect of BDC to some extent.
CONCLUSION

Our results demonstrate that BDC exerts antioxidant
protection on LPS-induced small intestine injury and its
potential mechanismmay be associated with the reduced
GSH redox potential, enhanced antioxidant system, and
upregulated mRNA expression levels of Nrf2 and
antioxidant-related genes. Moreover, the increase of
growth performance might be attributed to the
improved redox homeostasis by dietary BDC supple-
mentation following LPS challenge. BDC can be a prom-
ising candidate for dietary antioxidant intervention in
the poultry industry.
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