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ABSTRACT Itaconic acid (IA) is a biologically based
unsaturated dicarboxylic acid secreted by mammalian
cells. While IA has potential for use in multiple applica-
tions, information regarding the influence of IA on ani-
mal production remains scarce. This study investigated
the effects of dietary IA supplementation on the growth
performance, nutrient digestibility, slaughter variables,
blood parameters, and intestinal morphology of broiler
chickens. A total of 360 one-day-old Arbor Acre broiler
chicks were allotted to 6 groups, with 10 chicks per cage
and 6 replicates per group in a randomized complete
block design. Broiler chicks were fed a basal diet with 0
(control), 0.2, 0.4, 0.6, 0.8, or 1.0% IA. The experimental
period lasted from 1 to 42 d of age. Dietary IA supple-
mentation did not affect average daily gain (ADG) and
feed/gain ratio (F/G) but quadratically increased aver-
age daily feed intake (ADFI) and linearly increased
crude protein (CP) digestibility during the grower
period (d 22−42). A higher breast and thigh muscle yield
and a lower abdominal fat yield were observed in a linear
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and quadratic manner with the IA supplementation.
Adding IA to the diet had significant effects on superox-
ide dismutase (SOD), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and catalase
(CAT) levels in serum at d 21 and on total antioxida-
tion capacity (T-AOC) at d 42. There were linear and
quadratic increases in villus height and the villus
height/crypt depth ratio (V/C) of the duodenum and
villus height of the jejunum with the supplementation of
IA. Regression analyses for ADFI, dressed yield, breast
and thigh muscle yield, abdominal fat yield, serum ALT,
CAT, and SOD levels, villus length of the duodenum
and jejunum, and V/C of the duodenum indicated that
the optimal dietary IA supplementation would be from
0.4 to 0.7%. From an economic perspective, a level of
0.4% IA in the broiler diet is recommended for improv-
ing the nutrient digestibility, slaughter performance,
antioxidant ability, and intestinal morphology of broiler
chickens.
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INTRODUCTION

Antibiotic growth promoters (AGPs) have been
widely used in animal feeds to promote rapid growth
and reduce mortality, especially in the poultry and pig
industries (Gromwell, 2002; Miles et al., 2006). Contin-
ual and unregulated use of AGPs in food animals has
been demonstrated to lead to antibiotic resistance, a
phenomenon that is considered a hazard to human
health and the environment (Nataliya et al., 2019). As a
result, the use of AGPs in animal feeds has been banned
in the European Union and China. For this reason,
researchers have sought to find suitable alternatives to
AGPs to maintain the production performance and feed
efficiency of farm animals, especially in the intensive and
scaled-up broiler industry (Liu et al., 2017; Yang et al.,
2019). Several alternatives to antibiotic growth pro-
moters have been suggested, including organic acids,
probiotics, herbs and herbal extracts, enzymes, and
essential oils (Khan et al., 2012a,b; Abudabos et al.,
2017; Omonijo et al., 2018; Ding et al., 2021;
Fikry et al., 2021; Kuralkar and Kuralkar, 2021;
Melaku et al., 2021; Rao et al., 2021). Among these,
organic acids are one of the most studied alternatives,
and they have been utilized for more than 5 decades to
preserve feed and as additives to improve the perfor-
mance of broilers (Khosravinia et al., 2015). Organic
acids have been demonstrated to promote growth and
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exert antimicrobial as well as immune- and/or gut
health-regulating activities in broilers (Emami et al.,
2013; Sabour et al., 2019; Emili et al., 2021).

Itaconic acid (IA) is a derivate of the tricarboxylic
acid cycle in the mitochondrial matrix derived from the
decarboxylation of cis-aconitate by immunoresponsive
gene 1 (Michelucci et al., 2013; Cordes et al., 2016). As a
renewable organic acid, IA is rated by the US Depart-
ment of Energy as one of the top 12 value-added prod-
ucts according to biomass, and it has gained increasing
attention from researchers (Cruz et al, 2018; Zhao et al.,
2018). Although IA has been used for industrial pur-
poses, predominantly in polymer synthesis, many recent
studies have demonstrated that it can restrict bacterial
growth by inhibiting the bacterial enzyme isocitrate
lyase and inhibiting proinflammatory cytokines by acti-
vating nuclear-factor-E2-related factor 2 (Nrf2) signal-
ing, thus protecting the host against pathogen invasion,
oxidative injury, and other stresses (Michelucci et al.,
2013; Mills et al., 2018). In rats, an IA-enriched diet led
to reduced visceral fat accumulation, suggesting that IA
plays a role in energy metabolism or nutrition modula-
tion (Booth et al., 1952). However, knowledge regarding
the influence of dietary supplementation of IA in live-
stock and poultry remains scarce. Therefore, this study
aimed to investigate the effects of dietary IA supplemen-
tation on growth and slaughter performance, nutrient
digestion, blood biochemical parameters, and the intesti-
nal morphology of broiler chickens.
MATERIALS AND METHODS

Birds and Experimental Design

All experimental procedures used were approved by
the Animal Care and Use Committee of Shenyang Agri-
cultural University as a protocol number 202006047. A
total of 360 one-day-old Arbor Acre broiler chicks (male
and female in half) were randomly assigned to 6 treat-
ment groups with 6 replicates (10 birds per replicate).
Table 1. Ingredient composition and nutrient levels of basal diets (air

Items
1−21 d 22−42 d

Ingredients
Corn 61.92 60.00
Soybean meal 28.00 27.60
Corn gluten meal 2.82 3.50
Soybean oil 0.80 3.50
Monosodium glutamate residue 1.50 1.50
Limestone 1.50 1.00

Calcium hydrophosphate 1.40 1.00
Sodium chloride 0.30 0.25
Choline chloride 0.10 0.10
L-lysine 0.65 0.65
DL-methionine 0.18 0.20
L-threonine 0.23 0.10
Premix1 0.60 0.60
Total 100.00 100.00

1The premix provided per kg of diets: Cu (as copper sulfate), 16 mg; Fe (as f
fate) 100 mg, I (as potassium iodide) 0.70 mg, Se (as sodium selenite) 0.40 mg
5 mg; riboflavin, 10 mg; pyridoxine, 13 mg; cobalamin, 0.01; niacin, 50 mg; pant
The supplemental levels of IA were 0 (control group),
0.2, 0.4, 0.6, 0.8, and 1.0%. The IA product used in the
current study was provided in powder by YouQiYi Med-
icine Trading Co. (Fujian, China), which contained
99.6% IA.
Diet and Management

The experimental period lasted from 1 to 42 d of age.
All birds were housed in wire cages (length 0.8 £ width
0.65 £ height 0.4 m), and feed and water were provided
ad libitum throughout the experiment. The temperature
in the house was maintained at 35°C for the first 3 d
post hatching and then gradually decreased by 0.5°C per
day until reaching a final temperature of 24°C. All birds
received continuous light for the first 24 h and were then
exposed to 23 h of light until the end of the study. Corn-
soybean meal-based diets were formulated to meet or
exceed the feeding standard of China for broiler chickens
(NY/T33-2004, Ministry of Agriculture of the People’s
Republic of China, 2004). The diet did not contain any
supplemented antibiotics. The composition of the diet
and nutrient levels are presented in Table 1.
Samples Collection

Before the experiment began, the experimental diets
were sampled once and stored at �20°C for chemical
analysis. Feces were collected on d 19 to 21 and d 40 to
42 from each cage, supplemented with 10% hydrochloric
acid to fix excreta nitrogen after collection, and dried in
forced air (65°C) for 72 h. Samples of feed and feces were
ground through a 0.45-mm screen prior to being ana-
lyzed for dry matter (DM), crude protein (CP), ether
extract (EE), gross energy (GE), calcium (Ca), and
total phosphorus (TP). At 21 and 42 d, the birds that
were sampled were feed deprived for 12 h. In detail, one
bird with an average body weight (BW) from each cage
(3 male and 3 female each treatment) was selected to
dry basis).

Content (%)

1−21 d 22−42 d

Analyzed values, %
Crude protein 21.19 20.49
Crude fat 3.24 6.13
Calcium 0.99 0.75
Total phosphorus 0.89 0.64
Calculated composition, %
Metabolizable energy (MJ/
kg)

12.15 12.98

Available phosphorus 0.37 0.30
Lysine 1.34 1.28
Methionine 0.50 0.51
Threonine 1.00 0.83
Tryptophan 0.28 0.21

errous sulfate), 180 mg; Mn (as manganese sulfate), 87 mg; Zn (as zinc sul-
; vitamin A, 10,000 IU; vitamin D, 3,000 IU; vitamin K3, 3 mg; thiamine,
othenic acid, 17 mg; folic acid, 0.3 mg; biotin, 0.2 mg.
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obtain blood samples via the wing vein. Blood was col-
lected into vacuum tubes, centrifuged at 3,000 £ g for
15 min to obtain serum, and stored at �20°C for further
analysis. Then, the selected birds were euthanized and
the abdomen was opened to remove the small intestinal
segments immediately, and samples from middle sec-
tions (1 cm) of the duodenum, jejunum, and ileum were
collected and stored in 8% formalin solution for later
microscopic measurement of intestinal morphology.
Growth Performance and Mortality

Mortality was recorded daily for each replicate cage.
Feed intake (FI) and BW were measured on d 21 and 42
in the early morning after a 12-h period of feed depriva-
tion. The feed/gain ratio (F/G) was calculated as fol-
lows: F/G = (Total FI / (Total BW end period − total
BW start period + total BW of dead birds)).
Nutrient Digestibility Determination

Acid insoluble ash (AIA) was used as a digestibility
indicator to determine the apparent total tract digest-
ibility. AIA, DM, CP, EE, Ca, and TP in feed and feces
were measured by the AOAC method (2000). The GE of
feed and fecal samples was determined using adiabatic
oxygen bomb calorimetry (C2000, IKA, Germany). The
digestibility was calculated by the following formula:
digestibility (%) = (100 − A1/A2 £ F2/F1 £ 100), in
which A1 represents the AIA content of the feed, A2 rep-
resents the AIA content of the feces, F1 represents the
nutrient content of the feed, and F2 represents the nutri-
ent content of the feces.
Slaughter Yields Determination

To evaluate the slaughter performance, at the end of
the experiment (42 d of age), one bird with an average
BW from each cage (3 male and 3 female each treat-
ment) was selected, individually weighed, and sacrificed
after 4 h of feed deprivation. The birds were manually
dissected to determine carcass, breast muscle, thigh
muscle, and abdominal fat weight and yield. All yields
were calculated as follows: dressed weight = BW −
(blood + feather) weights; half-eviscerated weight =
dressed weight − (trachea + esophagus + crop + intes-
tine + spleen + pancreas + gallbladder + reproductive
organ + contents and membrane of gizzard) weights;
eviscerated weight = half-eviscerated weight − (heart +
liver + proventriculus + gizzard + fat around abdomen
and gizzard + head + neck + claw) weights; dressed
yield (%) = 100 £ dressed weigh/BW; half-eviscerated
yield (%) = 100 £ half-eviscerated weight/BW; eviscer-
ated yield (%) = 100 £ eviscerated weight/BW; breast
muscle yield (%) = 100 £ breast muscle weight/eviscer-
ated weight; thigh muscle yield (%) = 100 £ thigh mus-
cle weight/eviscerated weight; abdominal fat yield (%)
= 100 £ fat around abdomen and gizzard/eviscerated
weight.
Serum Biochemical Parameters Analysis

The concentrations of blood serum superoxide dismu-
tase (SOD), catalase (CAT), total antioxidation capac-
ity (T-AOC), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) were detected by
commercial kits (Jiangsu BaoLai Biotechnology Co.,
Yancheng, China) according to the manufacturer’s
instructions. Each parameter was determined in tripli-
cate simultaneously on the same plate. Additionally, the
differences in the coefficient of variation among parallels
had to be less than 10% to guarantee the reproducibility
of repeated measurements.
Intestinal Histomorphological Measurement

After fixing in formalin for 48 h, tissues from the duo-
denum, jejunum, and ileum were dehydrated and
embedded in paraffin wax, and then the samples were
stained with hematoxylin and eosin. The measurements
were performed with an Olympus optical microscope
using Olympus SC180 software (BX46, Tokyo, Japan).
Statistical Analysis

All data were analyzed by one-way ANOVA proce-
dure using SPSS software (version 23, SPSS Inc., Chi-
cago, IL) and checked normality and homogeneity of
variance before statistical analysis. Replicate was
defined as an experimental unit for the trial. Statistical
differences between treatment groups were compared
using Tukey’s multiple comparison test. Polynomial
contrasts were used to test the linear and quadratic
response to the increasing levels of IA in diets. Quadratic
regressions (Y = aX2 + bX + c) were fitted to the
responses of the dependent variables to dietary IA sup-
plemented levels. The extremum response for IA was
defined as IA =−b/(2 £ a). The results are presented as
the means and standard error of the mean (SEM), and
differences were considered significant at P < 0.05.
RESULTS

Growth Performance

As shown in Table 2, no differences (P > 0.05) in BW,
ADG, or F/G were observed among groups during the
starter (d 1−21), grower (d 22−42), and whole periods
(d 1−42). However, dietary supplementation with IA
had a quadratic effect on ADFI during the grower (P =
0.005) and whole periods (P = 0.007), and the 0.6% IA
group had the highest ADFI and the 1.0% IA group had
the lowest ADFI. The factors that showed a quadratic
response were selected for further analysis by quadratic
regression related to the dietary IA levels (Table 3). The
maximum responses for ADFI at d 22 to 42 and d 1 to
42 were 0.50 and 0.48%, respectively.



Table 2. Effects of dietary IA supplementation on growth performance of broiler chickens.

Item

Added IA, %

SEM

P-value

0 0.2 0.4 0.6 0.8 1.0 A L Q

BW day 1 (g) 43.0 42.5 43.0 42.5 42.5 43.0 0.07 0.252 0.708 0.407
BW d 21 (g) 859.2 872.5 874.2 872.5 855.0 845.0 4.68 0.386 0.200 0.074
BW d 42 (g) 2,487.4 2,490.2 2,563.9 2,544.4 2,501.4 2,472.3 15.02 0.462 0.844 0.064
Starter (1−21 d)
ADG (g) 38.9 39.5 39.6 39.5 38.7 38.2 0.22 0.379 0.202 0.070
ADFI (g) 56.7 56.6 56.6 56.6 56.3 55.9 0.23 0.918 0.302 0.601
F/G (g/g) 1.46 1.43 1.43 1.43 1.45 1.46 0.01 0.667 0.638 0.118
Grower (22−42 d)
ADG (g) 77.5 77.6 80.9 79.3 78.4 77.5 0.67 0.676 0.963 0.174
ADFI (g) 162.9abc 161.7bc 164.6abc 168.1a 166.6ab 159.2c 0.83 0.013 0.983 0.005
F/G (g/g) 2.11 2.09 2.04 2.12 2.13 2.06 0.02 0.739 0.980 0.959
Whole period (1−42 d)
ADG (g) 58.2 58.6 60.2 59.4 58.5 57.8 0.35 0.425 0.718 0.061
ADFI (g) 109.8abc 109.2bc 110.6ab 112.3a 111.4ab 107.5c 0.45 0.022 0.736 0.007
F/G (g/g) 1.89 1.87 1.84 1.89 1.90 1.86 0.01 0.736 0.896 0.800

Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2, 0.4% 0.6, 0.8, or 1.0% IA; A, P value of one-way ANOVA; L, P value of linear
analysis; Q, P value of quadratic analysis.

Abbreviations: ADG, average daily gain; ADFI, average daily feed intake; BW, body weight; F/G, feed/gain ratio.
a,b,cMean values within a row with different superscript letters were significantly different (P < 0.05).
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Nutrient Digestibility

When the effect of dietary IA supplementation on
nutrient digestibility was analyzed (Table 4), during the
starter period the dietary IA supplementation had no
effects on the digestibility of DM, GE, CP, EE, Ca, or
TP. Notably, supplementation with IA in the diet line-
arly increased CP (P = 0.002) and GE (P = 0.035)
digestibility during the grower period.
Carcass and Parts Yield

At 42 d of age, IA supplementation had no (P > 0.05)
effects on dressed yield or the all- or half-eviscerated
yield but increased breast muscle yield (P = 0.032) and
thigh muscle yield (P = 0.020) and decreased abdominal
fat yield (P = 0.033) (Table 5). Notably, both dressed
yield (P = 0.025) and breast muscle yield (P = 0.006)
displayed quadratic responses to the IA supplementa-
tion level, and the 0.6% and 0.4% IA groups showed
respective maximum values. In addition, there were
Table 3. Estimation of the extremum response for dietary IA levels ba

Dependent variables Regression equation

ADFI (22−42 d), g/d Y=-21.68X2+21.64X+160
ADFI (1−42 d), g/d Y=-11.48X2+11.09X+108
Dressed yield, % Y=-5.74X2+5.59X+91.32
Breast muscle yield, % Y=-2.46X2+2.88X+27.04
Thigh muscle yield, % Y=-0.98X2+1.27X+20.65
Abdominal fat yield, % Y=0.07X2-0.10X+1.46
ALT (d 21), mg/L Y=-34.41X2+42.13X+101
CAT (d 21), ng/L Y=-10.46X2+11.60X+57.
SOD (d 42), pg/mL Y=-11.52X2+13.59X+31.
Villus length of the duodenum (d 42), mm Y=-217.39X2+294.74X+8
V/C of the duodenum (d 42) Y=-1.98X2+2.79X+8.38
Villus length of the jejunum (d 42), mm Y=-190.66X2+254.67X+7

Extremum was the maximum or minimum response to dietary IA levels acc
value of quadratic effect; Y was the dependent viable; X was the dietary IA leve

Abbreviations: ADFI, average daily feed intake; ALT, alanine aminotransfe
depth.
linear (P = 0.012) and quadratic (P = 0.015) increases
in the thigh muscle yield with the supplementation of
IA, with the maximum responses in the 0.4% and 0.6%
IA groups. Increasing levels of IA decreased abdominal
fat yield in a linear (P = 0.008) and quadratic (P =
0.031) manner, with the lower values occurring in all IA
groups. According to a quadratic regression analysis, the
minimum response for abdominal fat yield was observed
at 0.69%, while the optimal IA levels that maximized
dressed yield, breast muscle yield, and thigh muscle yield
were 0.49, 0.58, and 0.65%, respectively (Table 3).
Serum Biochemical Parameters

Diets supplemented with IA had (P < 0.05) effects on
SOD, ALT, AST, and VAT levels in serum at d 21 and
on T-AOC at d 42 (Table 6). There were linear increases
in SOD (P < 0.001) and AST (P = 0.001) with the sup-
plementation of IA at d 21 and quadratic increases
occurred in ALT (P < 0.01) and CAT (P = 0.001), and
the 0.6 and 0.4% IA groups had the respective maximum
sed on quadratic regressions in broiler chickens.

R2 P
Extremum response
to IA levels (%)

.99 0.195 0.005 0.50

.81 0.188 0.007 0.48
0.135 0.025 0.49
0.262 0.006 0.58
0.301 0.015 0.65
0.303 0.031 0.69

.33 0.413 <0.01 0.61
30 0.245 0.001 0.56
80 0.158 0.045 0.59
14.64 0.422 <0.01 0.68

0.187 0.033 0.70
30.36 0.214 0.019 0.67

ording to each regression equation (%); R2, determination coefficient; P, P
l (%).
rase; CAT, catalase; SOD, superoxide dismutase; V/C, villus length/crypt



Table 4. Effects of dietary IA supplementation on nutrient digestibility (%) of broiler chickens.

Item

Added IA, %

SEM

P-value

0 0.2 0.4 0.6 0.8 1.0 A L Q

Starter (1−21 d)
DM 80.3 80.6 80.6 81.0 80.7 80.6 0.13 0.825 0.425 0.345
CP 64.0 64.1 64.3 64.2 64.1 63.8 0.19 0.990 0.743 0.538
EE 75.7 76.3 76.9 76.6 76.0 76.2 0.58 0.995 0.939 0.633
Ca 58.6 58.5 58.7 59.2 59.0 58.5 0.26 0.964 0.731 0.565
TP 47.9 48.8 48.9 48.9 48.7 47.8 0.27 0.748 0.904 0.122
GE 76.5 76.6 76.6 76.7 76.7 76.6 0.05 0.866 0.402 0.310
Grower (22−42 d)
DM 80.3 80.6 80.8 80.8 80.4 80.2 0.10 0.278 0.526 0.024
CP 62.1b 63.2ab 64.0ab 65.0a 64.7a 64.6a 0.29 0.029 0.002 0.093
EE 79.9 81.4 81.4 81.4 81.1 81.2 0.28 0.618 0.340 0.194
Ca 58.7 58.7 58.7 58.7 58.7 58.6 0.02 0.598 0.205 0.174
TP 47.6 48.4 48.5 48.5 48.3 47.8 0.18 0.577 0.833 0.066
GE 76.8 76.9 77.4 77.7 77.6 77.3 0.12 0.169 0.035 0.143

Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2, 0.4, 0.6, 0.8, or 1.0% IA; A, P value of one-way ANOVA; L, P value of linear
analysis; Q, P value of quadratic analysis.

Abbreviations: Ca, calcium; CP, crude protein; DM, dry matter; EE, ether extract; GE, gross energy; TP, total phosphorus.
a,bMean values within a row with different superscript letters were significantly different (P < 0.05).

Table 5. Effects of dietary IA supplementation on slaughter performance of broiler chickens.

Item

Added IA, %

SEM

P-value

0 0.2 0.4 0.6 0.8 1.0 A L Q

Dressed yield (%) 94.2 95.4 95.7 95.8 94.4 94.2 0.27 0.237 0.580 0.025
Half-eviscerated yield (%) 88.2 89.2 88.7 88.7 87.5 87.6 0.28 0.503 0.186 0.299
All-eviscerated yield (%) 76.3 76.3 76.3 76.4 75.4 75.3 0.40 0.935 0.395 0.593
Breast muscle yield (%) 26.9b 27.7a 27.9a 27.8a 27.6a 27.6a 0.10 0.032 0.100 0.006
Thigh muscle yield (%) 20.7c 20.8bc 21.1a 21.1a 21.0ab 21.0ab 0.04 0.020 0.012 0.015
Abdominal fat yield (%) 1.5a 1.4b 1.4b 1.4b 1.4b 1.4b 0.00 0.033 0.008 0.031

Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2%, 0.4%, 0.6%, 0.8%, or 1.0% IA; A, P value of one-way ANOVA; L, P value of
linear analysis; Q, P value of quadratic analysis.

a,b,cMean values within a row with different superscript letters were significantly different (P < 0.05).
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values. Serum levels of ALT (P = 0.010) and T-AOC (P
= 0.001) were linearly increased by the addition of IA at
d 42, and the 1.0% IA group had the maximum. Serum
SOD level at d 42 was increased in a quadratic manner
(P = 0.045), and the highest value was observed in the
0.6% IA group. As shown in Table 3, for serum ALT and
CAT concentrations at 21 d of age, the optimal IA levels
were 0.6 and 0.56%, respectively, while for SOD at 42 d
of age the optimum was 0.59%.
Table 6. Effects of dietary IA supplementation on serum biochemical

Item Added IA, %

0 0.2 0.4 0.6

Starter (1−21 d)
SOD (pg/ml) 32.5c 34.1c 33.7c 35.9b

ALT (ng/L) 102.6c 106.6bc 109.9b 120.4a 1
AST (ng/L) 126.0b 127.3b 127.7b 128.2b 1
CAT (ng/L) 57.6c 57.9c 61.7a 61.1ab

T-AOC (U/ml) 5.9 5.7 5.8 6.0
Grower (22−42 d)
SOD (pg/ml) 32.6 32.5 35.9 36.2
ALT (ng/L) 107.7 108.4 114.7 114.7 1
AST (ng/L) 135.6 139.5 139.9 140.6 1
CAT (ng/L) 55.1 58.4 60.0 55.0
T-AOC (U/mL) 5.5b 5.9ab 6.0a 6.2a

Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2, 0.4
way ANOVA; L, P value of linear analysis; Q, P value of quadratic analysis.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotrans
dation capacity.

a,b,cMean values within a row with different superscript letters were significa
Intestinal Morphology

Compared to the control, dietary supplementation
with IA did not affect (P > 0.05) villus length, crypt
depth, or V/C of the duodenum (Figure 1), jejunum
(Figure 2), or ileum (Figure 3) at 21 d of age. At 42 d of
age, there were linear (P < 0.05) and quadratic (P <
0.05) increases in villus length and V/C of the duode-
num with the supplementation of IA, and both 0.4%
parameters of broiler chickens

SEM P-value

0.8 1.0 A L Q

38.0a 37.5ab 0.40 <0.01 <0.001 0.920
09.8b 109.4b 1.14 <0.01 0.001 <0.01
30.0ab 134.7a 0.81 0.023 0.001 0.172
58.3c 59.1bc 0.38 0.001 0.197 0.001
5.8 5.6 0.08 0.765 0.403 0.522

35.6 33.5 0.57 0.193 0.209 0.045
16.2 122.9 1.86 0.173 0.010 0.787
40.6 140.6 2.00 0.982 0.512 0.666
55.8 55.6 0.76 0.289 0.519 0.217
6.3a 6.4a 0.09 0.021 0.001 0.287

, 0.6, 0.8, or 1.0% IA; SEM, standard error of the mean; A, P value of one-

ferase; CAT, catalase; SOD, superoxide dismutase; T-AOC, total antioxi-

ntly different (P < 0.05).



Figure. 1. Effects of dietary IA supplementation on duodenal villus length, crypt depth, and V/C ratio at 21 d (top row) and 42 d (bottom row)
in broiler chickens. Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2, 0.4, 0.6, 0.8, or 1.0% IA; intestines from each experi-
mental group (n = 6) were sectioned and stained with HE. Columns with * indicate a significant difference (P < 0.05). Abbreviations: HE, hematox-
ylin-eosin stain; V/C, villus length/crypt depth; A, P value of one-way ANOVA; L, P value of linear analysis; Q, P value of quadratic analysis.
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and 0.6% IA groups had higher values than other groups
(P < 0.05). The villus length of the jejunum was linearly
(P = 0.037) and quadratically (P = 0.019) increased in
response to the increased level of IA supplementation,
and both 0.4 and 0.6% IA groups showed higher values
of villus length and V/C than other groups. There were
no significant differences (P > 0.05) in villus length,
crypt depth, or V/C of the ileum after dietary supple-
mentation with IA, except that dietary 1.0% IA supple-
mentation increased (P < 0.05) villus length and crypt
depth. The results from a quadratic regression analysis
showed that the optimal IA levels that maximized villus
length and V/C of the duodenum and villus length of
the jejunum were 0.68, 0.70, and 0.67%, respectively
(Table 3).
DISCUSSION

With the coming of the antibiotic-free feeding era, it is
extremely urgent to seek effective and pollution-free
Figure. 2. Effects of dietary IA supplementation on jejunum villus leng
in broiler chickens. Broiler chickens receiving a basal diet (0) or diets suppl
mental group (n = 6) were sectioned and stained with HE. Columns with * i
ylin-eosin stain; V/C, villus length/crypt depth; A, P value of one-way ANO
alternatives as to antibiotics in animal production
(Thacker, 2013; Mehdi et al., 2018; Lopez-Galvez et al.,
2021). Organic acids have been commonly applied to
animal feed due to their beneficial effects, such as anti-
microbial activity, enhancement of nutrient digestibil-
ity, and improvement of intestinal morphology
(Suiryanrayna and Ramana, 2015; Adewole et al.,
2021). As a renewable organic acid, IA has received
increasing attention from researchers due to its multiple
biological functions (Hooftman and O’Neill, 2019; Zhu,
2020). This study showed that dietary supplementation
with IA did not affect BW, ADG, or F/G but increased
ADFI during the grower period (d 22−42). For the
growth performance of broiler chickens, previous studies
showed that dietary supplementation with 3% citric
acid or 0.1% organic acid blends (combinations of citric
acid, lactic acid, formic acid, acetic acid, propionic acid,
sodium butyrate, and phosphoric acid) increased the
ADG and ADFI of broilers and reduced the F/G ratio
(Khosravinia et al., 2015; Sabour et al., 2019; Emili
th, crypt depth, and V/C ratio at 21 d (top row) and 42 d (bottom row)
emented with 0.2, 0.4, 0.6, 0.8, or 1.0% IA; intestines from each experi-
ndicate a significant difference (P < 0.05). Abbreviations: HE, hematox-
VA; L, P value of linear analysis; Q, P value of quadratic analysis.



Figure 3. Effects of dietary IA supplementation on ilem villus length, crypt depth, and V/C ratio at 21 d (top row) and 42 d (bottom row) in
broiler chickens. Broiler chickens receiving a basal diet (0) or diets supplemented with 0.2, 0.4, 0.6, 0.8, or 1.0% IA; intestines from each experimental
group (n = 6) were sectioned and stained with HE. Columns with * indicate a significant difference (P < 0.05). Abbreviations: HE, hematoxylin-
eosin stain; V/C, villus length/crypt depth; A, P value of one-way ANOVA; L, P value of linear analysis; Q, P value of quadratic analysis.
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et al., 2021); however, this was not always the case. Sev-
eral studies also revealed that the addition of 0.03% cit-
ric acid blends (combinations of citric acid, fumaric acid,
sorbic acid, and malic acid) to diets did not affect weight
gain, FI, or F/G (Yang et al., 2019; Adewole et al.,
2021). Differences in results among these studies may be
related to the source, dose, and type of organic acids
used in the broiler diets. ADG and feed conversion effi-
ciency are of utmost importance for the profitability of
the broiler industry. Although there were no significant
differences in BW, ADG, or F/G among the groups,
broiler chicks fed 0.4% IA showed a higher BW, ADG,
and a lower F/G than those in the control group from d
1 to d 42, indicating that dietary supplementation with
IA did not compromise the growth performance of
broiler chickens.

Interestingly, dietary IA supplementation increased
CP digestibility and the percentages of breast muscle
and thigh meat, and decreased the abdominal fat per-
centage while producing no difference in ADG. This
implied that IA may play an important role in energy
metabolism or protein deposition. Improved digestion
for CP was also found in previous studies, and this
improvement may be attributed to the enhancement of
antimicrobial and/or anti-inflammatory activity and
the promotion of nutrient absorption by increasing the
intestinal villus height in broilers (Yang et al., 2019;
Emili et al., 2021; Fikry et al., 2021; Zhu et al., 2021).
Similar to our study, research by Abdel-Fattah et al.
(2008) and Yang et al. (2019) found that dietary supple-
mentation with organic acids decreased abdominal fat
deposition. They speculated that the addition of citric
acid or its blends to the diet may inhibit glycolysis, stim-
ulate glycogenesis, and consequently decrease abdominal
fat deposition. IA was previously demonstrated to
inhibit phosphofructokinase 2, an enzyme that catalyzes
the phosphorylation of fructose-6-phosphate to fructose-
2,6-biphosphate. Fructose-2,6-biphosphate in turn allo-
sterically activates phosphofructokinase 1, which cata-
lyzes the phosphorylation of fructose-6-phosphate to
fructose-1,6-bisphosphate in the glycolytic pathway
(Yalcin et al., 2009; O’Neill, 2015). It has been shown
that IA can suppress the synthesis of fatty acids from
glucose due to its inhibitory effect on the glycolytic path-
way. The results from Sakai et al. (2004) showed that
the addition of IA to the diet led to reduced visceral fat
accumulation in rats. All of these results indicated that
IA has potential as a key regulator of nutrient reparti-
tion and could thereby contribute to reduced fat accu-
mulation or increased protein deposition in broilers.
The pursuit of a rapid growth rate and intensive feed-

ing in modern broilers make them particularly vulnera-
ble to oxidative stress arising from various sources such
as diseases, high temperatures, and exposure to toxic
substances from water and feed (Chen et al., 2021a).
The oxidative stress results in inferior growth, disrup-
tion of cellular antioxidant defenses, compromised
health status, and lower product quality in broiler chick-
ens (Abdel-Monerm et al., 2021; Chen et al., 2021b).
The enzymes SOD and CAT are important antioxidant
defenses of the host (Chen et al., 2021c). In this study,
dietary IA supplementation significantly increased SOD
and CAT contents in the serum at d 1 to 21 and T-AOC
at d 22 to 42, indicating that IA can help reduce oxida-
tive stress. Aminotransferases, including ALT and AST,
are well-known markers for liver injury (Jia et al, 2021).
A growing body of evidence strongly suggests that
higher serum ALT or AST levels are substantially corre-
lated with increased liver fat accumulation and excessive
inflammation (Feng et al., 2020). Surprisingly, the addi-
tion of higher amounts of IA to the diet tended to
increase ALT and AST levels at d 1 to 21, but whether
IA compromised liver function should be further
explored.
The intestine is not only the host’s largest digestion

and absorption site but also the host’s largest immune
organ. Intestinal morphology is an important indicator
of the health of the digestive tract and the response of
the intestine to various feed substances (Liu et al.,
2017). As villus length and crypt depth or the V/C ratio
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are important indicators of the maturity and functional
capacity of intestine, the longer the villus length and the
shallower the crypt depth or the higher the V/C ratio in
the small intestine, the greater the ability to absorb
nutrients (Du and Guo, 2021). A decreased V/C ratio
indicates damage to the mucosa and reduced digestion
and absorption and is often accompanied by diarrhea
and growth retardation (Lan et al., 2020). Many previ-
ous studies have reported beneficial effects of organic
acids on the intestinal development of broiler chickens,
for example, dietary administration of butyric acid,
fumaric acid, or citric acid considerably increased the
duodenal, jejunal, or ileal villus height of broilers (Adil
et al., 2010; Khosravinia et al., 2015; Sabour et al.,
2019). Similarly, our findings also showed an increase in
the villus length and V/C of the duodenum and jejunum
in broiler chickens after dietary IA supplementation,
indicating that IA can contribute to improving enteric
development of broilers.

In conclusion, this study has provided evidence that
adding IA to the diet can increase nutrient digestibility
and slaughter performance, enhance antioxidant ability,
and modulate intestinal morphology of broiler chickens.
According to the quadratic regression analysis, dietary
supplementation with 0.4 to 0.7% IA would be optimal
not only for maximizing ADFI, dressed yield, breast and
thigh muscle yield, serum ALT, CAT, and SOD levels,
villus length of the duodenum and jejunum, and the V/
C ratio of the duodenum, but also for minimizing
abdominal fat yield in broilers. From the standpoint of
economic costs and benefits, 0.4% IA in broiler diets
would be recommended.
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