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Abstract

Background: A 2 x 4 factorial arrangement of treatments was used to investigate the protective effect of procyani-
din (PCA) against lipopolysaccharide (LPS)-induced acute gut injury by the regulations of oxidative state for a 21-days
feeding trial.

Methods: A total of 384 1-days-old broiler chicks were assigned to 8 treatments with 8 replicate of 6 broiler chickens
per pen. Broiler chickens fed diets based on 4 levels of dietary PCA (0, 0.05, 0.075 and 0.1 % of the requirements). Half

injection administered) at 16, 18 and 21 days of age.

dant enzymes and scavenging free radical activity.

Broiler

of the birds from each treatment group were challenged with 0.9 % NaCl solution or LPS (250 pg/kg body weight,

Results: The results indicated that, prior to LPS challenge, there was no dietary effect on bird growth performance

(P > 0.05). The injection of LPS were also not associated with any significant changes in poultry performance

(P> 0.05). But LPS injection increased serum diamine oxidase (DAO) level and the malondialdehyde (MDA) content of
intestinal mucosa (P < 0.05), cause adverse effects to the morphology of the small intestine (P < 0.05), decreased the
glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) activity of intestinal mucosa (P < 0.05). When LPS-
challenged birds were pretreated with PCA, serum DAO concentration and MDA activity in jejunal and ileal mucosa
were dramatically attenuated, and improved the morphology of the small intestine as well (P < 0.05).

Conclusion: In conclusion, PCA is able to prevent LPS-induced oxidative stress response in vivo, improved the mor-
phology of the small intestine. The beneficial effect of PCA may depend on increasing the activity of body’s antioxi-
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Background
The animal gut is a natural environment for a dynamic
microbial ecosystem associated with immune mediated
disorders. Several disease (such as inflammatory bowel
diseases, diarrheal and obesity) have been associated
with changes in the composition of intestinal mucosal
communities.

Chronic inflammation involves endotoxins derived
from the gut flora. As a component of the Gram negative
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and indicate if changes were made.

bacterial cell membrane, Lipopolysaccharide (LPS), is a
potent biostimulant for lymphoreticular cells of the host’s
immune system (Apicella et al. 1994), can induce immune
dysfunction (Jiang et al. 2016). Animal are acutely sensi-
tive to the toxic effects of LPS. Circulating endotoxins
produced by gut microflora can induce immune hyper-
stimulation in the surrounding tissues and the produc-
tion of cytokines by stimulating toll-like receptors.

It was established that the inflammatory response to
LPS administration leads to increased release of reactive
oxygen species, which alter the cytokine genes expres-
sion levels (Lund et al. 2006) and gut as active organ
in immune system, is particularly vulnerable to the

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40064-016-3306-y&domain=pdf

Wu et al. SpringerPlus (2016) 5:1645

damage caused by free radicals (Mayssaa et al. 2015).
Being one of major organs, intestine disruption of redox
balance forced the development of similar changes in
other internal organs (Blaszczyk et al. 2015). Thereby
oxidative damage is considered to play a pivotal role in
the occurrence of cancer and inflammation (Yen et al.
2008). So, much attention has been paid in search for
antioxidants from natural sources to prevent oxidative
damage.

Recently, traditional herbal medicines have attracted an
increasing attention in the treatment of endotoxin injury,
due to wide availability, multi-target action and low side
effect (Ding et al. 2012). Pine needle, a famous Chinese
medicine, has been widely used for the spasmolytic (Kar
et al. 1975), anticancer (Singh et al. 2007), gastric antise-
cretory and antiulcer activities (Kumar et al. 2011), the
antibrowning, antimicrobial and antioxidant activities
(Zeng et al. 2014), anti-inflammatory effects (Zhang et al.
2009). Hsu et al. (2005) also noted that pine needle scav-
enges superoxide and inhibits the growth of leukemia
cell. Apart from this, no reports regarding the biologi-
cal effects of pine needle on an aviary animal model have
been found so far.

Therefore, further investigation of PCA is warranted
for a potential antioxidant and anti-inflammation source
applied in new feed additive products. So, the aim of
the present study was to investigate the effects of E.Coli
lipopolysaccharide on the small immune mucosa and
safety of PCA isolated from pine needle in animal model
of acute inflammation and oxidative stress in broilers.

Methods

Broiler husbandry and experimental diets

All the experimental protocols were conducted so as to
comply with specific guidelines approved by the Institu-
tional Animal Care and Use Committee of Henan Uni-
versity of Science and Technology (Luoyang, People’s
Republic of China). The study was conducted at a com-
mercial broiler chicken farm (Distract Jianxi, Luoyang,
Henan, China). The selected 384 1-day-old male broiler
chicks (Arbor Acres) were obtained from a local hatch-
ery (Xinan hatchery, Luoyang, Henan, China) and ran-
domly divide into 8 treatments with 8 replicate pens of 6
broiler chickens per pen based on the initial body weight
(P > 0.05). All the birds were housed in multi-tiered
brooder cages placed in a climate-controlled room for the
experimental period of 21 day. The house temperature
was maintained at 35 °C during the first week, and it was
reduced 2 °C per week until reaching the temperature of
24 £ 1 °C. Eighteen hours of lighting were provided per
day throughout the duration of the experiment, apart
from day 1 to 7 when 23 h of lighting were provided. The
broiler chickens were provided access to feed and water
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ad libitum. Each pen was equipped with a separate feeder
and a manual drinker.

The broiler chicks were all fed a proprietary starter
ration. All experimental diets were formulated based on
the National Research Council (1994) to meet or exceed
the energy and nutrient requirements of the broiler. The
basal diets (starter) were of the maize-soybean-type in
Table 1 and provided as mash. The mixture was finally
added to the basal diet and mixed in a vertical mixer for
5 min. Prepared feed was stored in a dry place to ensure
the activity of probiotics.

The experiment used a completely randomized design
with a 2 x 4 factorial arrangement of treatments, where
main effects were abdominal injections of LPS challenge
(with or without) and diet. Dietary treatment, which were
the control group (birds fed with the basal diet); PCA
(was provided by Shanghai Chaoxiang Biological Tech-
nology Co., Ltd., China. The purity was >95 %) groups
(birds fed with the basal diet supplemented with 0.05,

Table 1 Ingredients and nutrient composition of the basal
diet (g/kg diet as fed basis)

Ingredients (g/kg) 1-21 days
Corn 578
Soya bean meal (43 %, crude protein) 325
Corn gluten meal 30
Soybean oil 27
Limestone 9.5
Dicalcium phosphate 17.5
Salt 3
Choline chloride 30
Minerals premix? 25
Vitamin premix® 05
L-Lysine HCI 2.5
Methionine 1.5
Total 1000
Calculation of nutrients (g/kg)

Apparent metabolism energy (MJ/kg) 12.5
Crude protein 212
Calcium 9.7
Available phosphorus 4.2
Lysine 10.8
Methionine 4.8
Methionine + cysteine 8.1

@ The mineral premix provided the following per kg of diet: Fe (from ferrous
sulfate), 80 mg; Cu (from copper sulfate), 8 mg; Mn (from manganese sulfate),
110 mg; Zn (Bacitracin Zn), 65 mg; iodine (from calcium iodate), 1.1 mg; Se (from
sodium selenite), 0.3 mg

5 Vitamin premix provided the following per kg of diet: Vitamin A (transretinyl
acetate), 10,000 IU; Vitamin D; (cholecalciferol), 3000 IU; Vitamin E (all-rac-a-
tocopherolacetate), 30 IU; menadione, 1.3 mg; thiamine 2.2 mg; riboflavin, 8 mg;
nicotinamide, 40 mg; pyridoxine-HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg;
vitamin B,, (cobalamine), 0.013 mg
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0.075 and 0.1 % PCA), respectively. The LPS (E. coli sero-
type O55. B5; Sigma Chemical, St Louis, MO, USA) was
dissolved in sterile 9 g/L (w/v) NaCl solution at 0.5 mg/
mL, so that abdominal injections of 0.5 mL/kg body
weight of solution would achieve the desired dosage. At
16, 18 and 21 days of age, half of the birds in each repli-
cate were administered with LPS (250 pug/kg body weight)
or an equivalent amount of sterile saline injection alone,
which served as a control. Each replicate (8 birds) was the
experimental units for dietary treatment and challenge
status (injection administered LPS or saline).

Total daily feed intake/replicate were measured every
morning at 07:00 from day 1 to 21 of age. Average daily
feed intake was calculated at the end of each experimen-
tal period. Mortalities were recorded as they occurred
and feed per gain values were corrected for mortality.

Sample collection and processing

Body weight (BW) was measured at day 0, 14 and 21 of
age to calculate average daily gain (ADG). Feed intake
consumed per unit of body weight gain (F/G) was cor-
rected for number of birds per pen and calculated on the
basis of kg of feed consumed per kg of live BW gain. At
the end of experimental period (21 day) six chicks from
each treatment were randomly selected, and were sacri-
ficed by bleeding from the jugular vein. Blood samples
(around 5 mL each) were collected and centrifuged at
4450 g for 15 min at 4 °C to separate serum, which was
frozen at —20 °C until further analysis. After blood col-
lection, chickens were euthanized and necropsied. The
abdominal cavity was opened and the small intestine was
dissected free of the mesentery and placed on achilled
stainless steel tray. The small intestine was divided into
3 segments: duodenum (from gizzard outlet to the end of
the pancreatic loop), jejunum (from the pancreatic loop
to Meckel’s diverticulum), and ileum (defined as the last
two-thirds of the section between Meckel’s diverticulum
and 2 cm anterior to the ileo-caeco-colonic junction, as
described by Rodehutscord et al. (2012). The contents
of the duodenum, jejunum, and ileum (aseptically) were
flushed with ice-cold phosphate-buffered saline and the
weight was recorded. After that, 5 cm segments were
cut at the mid-jejunum and mid-ileum, respectively. The
5 c¢m intestinal segments were flushed gently with ice
cold phosphate-buffered saline (pH 7.4) and then placed
in 10 % fresh, chilled formalin solution for histological
measurements. Approximately 20 cm of jejunal and ileal
segments were opened longitudinally and mucosa were
scratched carefully using a sterile glass microscope slide,
respectively. Samples were collected into a 1.5 mL ster-
ile tube and immediately frozen at —80 °C until further
analysis. The pancreas, liver, spleen, gizzard and bursa of
broiler chicks were also removed and weighed.
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To avoid cross infection, samples from the unchal-
lenged treatments were collected first. The challenged
treatments were collected after the unchallenged sample
collection had been completed.

Intestinal morphology

Three cross-sections of the jejunum and ileum for mor-
phological analysis were dehydrated and embedded in
paraffin, sectioned at 5 um thickness, and stained with
hematoxylin and eosin. Villus height and crypt depth of
twenty well-oriented villi per segment were measured
using a Nikon ECLIPSE 80i light microscope equipped
with a computer-assisted morphometric system (Nikon
Corporation, Tokyo, Japan).

Determination of the diamine oxidase (DAO) levels in the
serum, mucosal antioxidant parameters

The levels of DAO in the serum were analyzed according
to Li et al. (1996).

Approximately 0.3 g of jejunal and ileal mucosa sam-
ples were homogenised (1:9, wt/vol) with ice-cold
154 mmol/L sodium chloride solution using an Ultra-
Turrax homogeniser (Tekmar Co., Cincinnati, OH) and
then centrifuged at 4450x g for 15 min at 4 °C. The super-
natant was then used for assaying mucosal antioxidant
and immune parameters.

Total super-oxide dismutase (T-SOD), glutathione per-
oxidase (GSH-Px) and malondialdehyde (MDA) content
were measured using diagnostic kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, P. R. China)
according to the manufacturer’s instructions. The MDA
concentrations were expressed as nmoL per mg of pro-
tein of mucosa tissue and units per milliliter for serum.
Other enzyme activity was expressed as units per milli-
gram of protein for tissues.

Statistical analysis

The experiment was a 2 x 3 factorial arrangement, with
dietary treatments and LPS challenge being the main
factors. Statistical analyses were performed using the
GLM procedure of statistical package for social sciences
18.0 (SPSS Inc., Chicago, IL, USA). The data were ana-
lyzed using multifactor analysis of variance (ANOVA)
with treatment and challenge as factors. The differences
between means were identified by the least significant
difference (LSD). Differences among treatments and
challenge were deemed to be significant only if the P
value was less than 0.05.

Results

Growth performance

No significant differences were found in performance
parameters of broilers among each treatment (P > 0.05)
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(Table 2). The interaction between PCA level and LPS
challenge was not significant (P > 0.05) for performance
parameters.

Intestinal mucosal morphology

Compared with LPS unchallenged broilers, injection
of LPS increased crypt depth but decreased the ratio of
villus height to crypt depth in ileum (P < 0.05, Table 3),
as well as reductions in the villus height and the ratio of
villus height to crypt depth in jejunum (P < 0.05). The
addition of PCA of the diet to oxidative stress broilers
minimized the deleterious effects of LPS, improved the
morphology of jejunum and ileum with or without injec-
tion administered LPS (P < 0.05), moreover, there have
significantly difference on the morphology of jejunum
and ileum (P < 0.05), and PCA is better for alleviating of
LPS toxicity on the morphology of jejunum and ileum of
broilers.

Serum parameters (DAO)

The results of DAO serum measurements are shown in
Table 4. Before LPS challenge, there was no dietary effect
on the activity of DAO (P > 0.05). LPS injection signifi-
cantly increased the activity of DAO (P < 0.05). When
LPS-challenged broilers were pretreated with PCA, these
resulted in a decrease (P < 0.05) in the serum DAO level
compared with the control groups (P < 0.05). The PCA
interactions were also found to affect the DAO level in
the serum.

Intestinal antioxidant status

The results of the GSH-Px activities, SOD and concen-
trations of MDA in jejunum and ileal mucosa of chicks
are presented in Table 5. Among the LPS-unchallenged
groups, the enzyme activity of GSH-Px in jejunal and
ileal mucosa was significantly increased (P < 0.05) in
PCA3, compared to the CON treatment, PCA 2 and
PCA3 treatments in chickens. Injection LPS significantly
decreased the GSH-Px content in the jejunum mucosa of
broilers (P < 0.05). Dietary supplementation with PCA
had no influence on the GSH-Px activity in the jeju-
nal and ileal mucosa of animals that were injection LPS
(P < 0.05), and PCA did not recover the GSH-Px decrease
induced by LPS in jejunum.

Among the LPS-unchallenged groups, the SOD activity
in the jejunal mucosa was increased in the PCA3 groups
compared with the control group (P < 0.05). Dietary sup-
plementation with PCA had no influence on the SOD
activity in the ileal mucosa of animals that were not injec-
tion LPS (P < 0.05). Injection LPS significantly decreased
the SOD activity in the jejunum and ileal mucosa of broil-
ers (P < 0.05). Dietary supplementation with PCA3 had
significant influence on the SOD activity in the jejunal
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and ileal mucosa of the LPS-treated broilers (P < 0.05),
and PCA2 also significantly recovered SOD in ileum. The
LPS-PCA interactions had no effect on the SOD activity
in the jejunal and ileal mucosa.

The results presented in Table 5 showed the effects
of each treatment on the MDA content in the intestinal
mucosa. Among the LPS-unchallenged groups, the MDA
content in the jejunal and ileal mucosa had no difference
in the PCA groups compared with the control group
(P > 0.05). Injection LPS significantly increased the MDA
content in the intestinal mucosa of broilers (P < 0.05).
Diet inclusion of PCA could significantly decreased the
MDA content in the jejunal and ileal mucosa of broilers
with LPS challenged, they have significantly attenuate the
toxic effects of LPS (P < 0.05). The PCA-LPS interactions
had no effect on the MDA content in the jejunal and ileal
mucosa.

Discussion

In recent years, the study of the anti-inflammatory and
antioxidant effects of bioactive molecules presenting
plant in animal has become more popular. How bioac-
tive molecules influence the anti-inflammatory and anti-
oxidant effects triggered during acute stress response
remains to be fully understood. In the present study,
proanthocyanidin (PCA), was used to assess their anti-
inflammatory and antioxidant effects in a model of acute
inflammation in broiler. To assess the anti-inflammatory
and antioxidant effects of PCA, immune stress model of
broiler for 21 days with the LPS from E. coli were per-
formed. This model was chosen because it is enough to
be caused a wide range of physiological responses, such
as impaired intestinal morphology and function, com-
promised immunity and decreased antioxidant capac-
ity which leads to feed utilization efficiency, retarded
growth, as well as increased morbidity and mortality.

A previous study demonstrated that dietary supple-
mentation with PCA may enhance detoxification of ter-
penes by providing precursors required for conjugation
and excretion, thus ameliorating toxic effects (Foley et al.
1995). It might be predicted that supplementation with
PCA could be more effectively and better absorbed by
chicks during the infection and possibly ameliorate the
adverse effects of LPS from E.coli infection on growth
performance. This, however, in the present study, Before
LPS challenge (015 days), there was no effect of dietary
treatment on bird growth performance (P > 0.05). When
LPS was administered injection, the body weight gain
and feed intake of broilers were also not statistically sig-
nificantly different from those given just saline (P > 0.05).
FCR was not significantly affect by injection administra-
tion of LPS. The PCA-LPS interaction have no involve
the production performance of broilers. From these



Page 5 of 11

Wu et al. SpringerPlus (2016) 5:1645

¥2d % L°0 Yum pajuswa|ddns 331p [eseg £¥0d ‘VDd % $£0°0 Yum paruswajddns 1a1p |eseq Zvd ‘Vd % S0°0 YHm pajuswajddns 1a1p esegq [vDd 1P [eseg j043u0D “(Yb1am Apog 6%/6w §0) Sd71 suondaful jeuiwopge
2JaM Jusawieall £1e1aiq (+) Sd7 ‘(Ybram Apoq 63j/6w §°0) duljes d)L1s SUOIIISUl [eUILIOPE 1aM JudWIeal] A1e1dld (—) Sd7 ‘uleb 1yBam Apoq Jo 1un Jad pawnsuod ayeiul pasy /4 ‘D) eiul pasd /4 ‘uleb 1yblam Apog omg

abud||eyd 547 pue syuswieal) £1e131p Y1 USIMII] UOIIDRISIUI BY) puUR 96UI|[BYD ST 4O 134D UleW Y3 191P 3U3 JO 12949 Ulew ay) Judsaidal sanjea 4 ayL

1uswieasy Jad mmumu__n_w‘_ Q WoJj suesaw juasaldal ejeg

1150 18€0 9180 0L0F 79l 600 F €91 900 F 9L ELOFSOL 600 F 191 STOF 9L SI0OF 9L LIOFE9L /4
12610 Sv10 960 90°€ F 1'96 8LTF 1'96 v9T F 596 v0'E F 896 /6T F 086 9L F £'86 [TEF 886 Sh'E F8'86 piad pig 614
950 910 9,70 86'L F €65 vETF 065 7S1F88s [TLFL8S Y0'€ F 609 87’1 F #09 8CLF 019 Y0 F 909 p 1ad p1a/b ‘Omg
sAop 1751
280 8670 v2L0 LIOF 6Ll LO0F0T'L 800 F 611 0L0F 0T 600 F 9Ll 800F LI'L EIOFLLL ZI0F 8l o/4
90 61€0 €200 L0T F 889 89'l F £'89 €LLTF L89 171 F889 SYTFO00L LETTF 669 [0l F669 L¥'T F 069 pJad pag 64
1860 5780 1150 l6'L T8£S L0LF€LS VELF LLS 8l'E F €4S L0T F T09 76'L F 965 0v'Z F 665 €1 F S8 p 1ad pia/b ‘Omg
sADPSI-1

uondeIB| ssang 181 £v2d Tvd Lv2d |o13u0d £v2d Tvod Lv2d jou0)
sanjend (+)sd1 (=) sd1 sway

abe Jo sfep | Z 0} | paj S13]104q SSAIIS SAIIRPIXO PAdNPUI-SJT JO ddueWIoIdd Yimoah ay) uo yod Jo s1day3 T djqeL



Page 6 of 11

Wu et al. SpringerPlus (2016) 5:1645

¥Dd % L0 Yum paruswia|ddns 191p [eseq £¥7Dd ‘¥d % S£0°0 Yim paruswa|ddns 191p [eseg ZiDd ‘¥d % S0°0 Yim pajuswsjddns
131p |eseq [ yDd ‘121p |eseq jo1uo) {(dybram Apoq By/6w §'0) Sd7 suondaful jeuiwopge a1am Juawieall L1e1aid (+) Sd7:(Ybrem Apoq By/6w g'0) suljes 3|1131s suoda(ul [eulwopge I9m Juswieasl A1e1aiq (—) Sd7

(S0°0 > d) Jua1341p ApuedyIubIs a1am s13313| 3d1ISIAANS 31|UN YIM MO B UIYHM (9 U) SN|eA uesw aJenbs-iseat,

2b6uB|jeyd Sd7 pue SIUSWIEaL} AIRIBIP SY} UDSMID] UOIDRISIUI B} puB dBUS||RYD SdT 40 10342 Ulew dY3 ‘I31P 33 JO 1034 Ulew Y3 Judsa1dal sanjen ¢ dy |

1uswieas] Jad sayedijdal 9 wouy suesw juasaidal eleq

1ds

99,0 1L€00 6000 2880 F 8C'S SLL'LF 6 2860 F 8¢'¥ eCl'L F8CY 9560 F £89 ql60F 969 q?0'L F 199 980 F ¥C9 1dAID : E@M; m:ﬂS
L[S0 ¥000 9000 qLCVLF LTyl qllOL F 0L 8YSLF GEBSL VL9l FLVBIL  glO9L F CVICL oLEVL FO0SCL  gl¥9L F/L¥F8CL  o8ESL F60LEL (wrl) yadap 3dA1D
GE00 9200 0Y00 V98l FHYCESL oLL'LCFBLBLL olEOCF VLEET o6l FC60CL o6L0CFO0L8I8 ELVCF L90L8 qE0CCF CEOGV8  olL'ICFESLIB (wriiybray snjiA
wnay|

yadap
8L00 0¢00 L1000 066l F 097 lOCF E8Y SV LF 69Y SPCLF65E qlO¥Y F8l12 ql0eF902 g7 l'CF £69 el€CF SC9 1dA1D 1 aybray snjjiA
GO0 €C00 SYO0 LEGCFLL00C LESTZFO0E98L  LYI9CF 988l VESCF L6EGL  €OLCF 86/l LEECF 98Pl LVOCF Lyl vETTF 00ESL (wrl) yadap 3dA1D
L1000 /100 ClO0 oLESCFBSECO oLE9CF S0668 oLEVCF VESB8 SVEOQC F G9CS9 VL '0€ F SECO0L V' SEF ES6Y0L olCOV F 961001 oV/'CEF 27556 (wrh) 3ybray snjiA
wnunfar

uondesdju| ssalls  1¢Ig €VDd [4 ] LV2d |ouo) €VDd [4 o] LvDd |oauo)

sanjea d (+) sd1 (=) sd1 sway

abe sAep Lz 0} | paj S19]101q SIS dAIRPIXO pasnpul-s4 Jo A6ojoydiow jesodonwi jeunsajul uo yHd A1e3alp Jo s}ay3 € ajqel



Wu et al. SpringerPlus (2016) 5:1645

results, we speculated that the efficiency of dietary PCA
on the growth performance of broilers may be related to
the additive dose of PCA and the environment conditions
of the experimental house.

In the present study, no significant changes in poul-
try performance were found, but the morphology of the
small intestine was significantly affected. The present
study clearly showed that the acute response to LPS
was only marginally influenced by dietary PCA. Com-
pared with LPS unchallenged broilers, injection of LPS
decreased the villus height, crypt depth and villus height/
crypt depth of the submucosa of jejunum and ileum
(P < 0.05). They have been attributed to irritant effects
on the gastrointestinal tract (Awad et al. 2006a, 2006b).
Small intestinal injury resulting from LPS use includes
bleeding from ulcers and erosions, stricture or steno-
sis of the lumen, perforation of the wall, protein losing
enteropathy, inhibition of cell division, and aggravation
of preexisting inflammatory bowel diseases (Rocha et al.
2005). The pathogenesis of LPS-induced small intestinal
injury is different from that of gastric injury. Under the
oxidative stress conditions, oxidative stress due to mito-
chondrial dysfunction and inflammatory cascades play
crucial roles in small intestinal mucosal injury (Konaka
et al. 1999). Cellular oxidative stress results in disrup-
tion of epithelial integrity and translocation of bacteria
(Cheung et al. 2014), thus leads to intestinal mucosal
inflammation.

In fact, PCA not only protect against a LPS-induced
damage but it has a direct effect on villi in the present
study. They have been attributed to protective effects
on the gastrointestinal tract. PCA have been recently
reported to protect intestinal Caco-2 cell (Erlejman et al.
2006), and also shown to modulate intestinal cell func-
tionality in vivo (Ramiro-Puig et al. 2008).

On the other hand, LPS can damage to lipids, lead
lipid degradation and the superoxide radical and a bio-
marker of lipid degradation (MDA) are produced (Beck-
man et al. 1990). These free radicals and the superoxide
anion destroy DNA and cause cellular damage, particu-
larly injuring villous tip cells, causing functional and
structural impairment of the brush border membrane
(Basivireddy et al. 2002; 2003). But, the addition of PCA
of the diet to oxidative stress broilers minimized the
deleterious effects of LPS, improved the morphology
of jejunum and ileum with or without injection admin-
istered LPS (P < 0.05), and suggested that PCA may be
utilized by chicks during infection by reducing intestinal
permeability, and could be used instead of antibiotics to
maintain oxidative balance and immune defense against
coccidian infection rather than for growth performance
(Awad et al. 2006a).
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The bioavailability of procyanidin in the gut system has
been well documented in other studies (D’Archivio et al.
2007; Cheah et al. 2014). The unique polymerized struc-
ture of procyanidin can occur in the gut lumen and inhib-
its absorption across the small intestine, as they adhere
to the gut mucosa, then protect the intestinal barrier
(Manach et al. 2004; Cheah et al. 2014). In the current
study, PCA were effective at maintaining villus height
and crypt depth in the jejunal and ileal region, with most
values approaching the values of healthy controls.

Furthermore, DAO in layer of villi of the intestinal
mucosa reflects the function and structure of the small
intestine and its plasma level can be used as a marker
for evaluation of maturation and integrity of the intes-
tinal mucosa. DAO activities or levels in serum are very
low in normal conditions (Luk et al. 1980; Takagi et al.
1994), but when the intestinal mucosal epithelial cells
are damaged, DAO will be released, and large amount
of DAO will enter the systemic circulation (Song et al.
2009). In this study, the serum DAO levels of LPS model
group were significantly increased compared with those
in LPS (—) groups. Our results demonstrated that small
intestinal mucosal permeability of the broilers with LPS
was increased slightly. Therefore, the protective effect of
PCA on the intestinal in the LPS broilers may be caused
by reducing the intestinal mucosal permeability and/or
improving the integrity of the intestinal mucosa. Moreo-
ver, the histomorphological change of jejunum and ileum
mucosa was observed in the LPS broilers. These observa-
tions indicated that intestinal mucosa mechanical barrier
of LPS broilers was impaired and intestinal permeability
was increased. After administration of PCA, the ultras-
tructure of mucosal epithelial cell was improved, which
demonstrates that PCA can repair the ultrastructure of
the damaged cell, decrease the permeability, and inhibit
inflammatory reaction, thus improving the intestinal
mucosal barrier function.

PCA, a natural compound, are useful compounds that
play a vital role as antioxidant function and free radical
scavenger (Chen et al. 2014). In addition, such substances
are believed to reduce oxidative stress in cells. In the pre-
sent experiment, we observed a significant decrease in
SOD and GSH-Px in LPS broilers. It is well showed that
LPS stress has a lower antioxidant defense and enzymatic
(SOD and GPx). Our observations are similar to the pre-
vious study (Li et al. 2015). On the other hand, PCA sig-
nificantly increased antioxidant enzyme activity in LPS
broilers. These results are in agreement with the studies
of other authors (Kang et al. 2009; Samira et al. 2011).

Moreover, as a metabolite of biological membrane
lipid peroxidation, the levels of MDA can reflect the sta-
tus of oxidative stress. In our data suggested that LPS
could enhance intestinal lipid peroxidation by inhibiting
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antioxidant enzymes. However, co-treatment with
PCA abolished LPS-induced lipid peroxidation, and
we observed that the levels of MDA in the LPS + PCA
treated groups were significantly decreased compared
to those of the LPS group. The activities of SOD in the
LPS + PCA groups were significantly increased com-
pared to those of the LPS group. Therefore, PCA should
be protective against small intestinal mucosal injury in
which free radical production and tissue antioxidant
depletion play crucial roles in cell and tissue damage.
This protective effect of PCA is suggestive to be related to
an increasing the activity of body’s antioxidant enzymes
and scavenging free radical activity (Chen et al. 2013).

Conclusions

In summary, results presented in the current paper show
that procyanidins, was favorable for chickens, especially
in the presence of stress, which can exerts potent in vivo
antioxidant effects in chickens by increasing the activ-
ity of body’s antioxidant enzymes and scavenging free
radical activity. Hence, the present study offers new per-
spectives for the treatment of oxidative stress in young
broilers. Further studies are required to explain the
mechanism of action of PCA toward oxidative stress.
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