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Abstract: A growing interest has been focused on Chinese herbs as alternatives to antimicrobial
growth promoters, which are characterized by non-toxic side effects and drug resistance. The purpose
of this study was to evaluate the effects of the Sihuang Zhili granule (abbreviated as Sihuang) on
diarrhea, immunity, and antioxidation in poultry. Thirty male Leghorn chickens, aged 21 days, were
randomly assigned to one of three groups with ten animals each. The control group (CON) received
intraperitoneal saline injections, while the LPS-challenged group (LPS) and Sihuang intervention
group (SH) received intraperitoneal injections of LPS (0.5 mg/kg of BW) and Sihuang (5 g/kg) at d
31, d 33, d 35, respectively. The control and LPS groups were fed a basal diet, while the SH group
was fed a diet supplemented with Sihuang from d 21 to d 35. Analysis of the diarrhea index showed
that the addition of Sihuang inhibited the increase in the diarrhea grade and the fecal water content
caused by LPS, effectively alleviating poultry diarrhea symptoms. The results of the immune and
antioxidant indexes showed that Sihuang significantly reduced the contents of the pro-inflammatory
factors TNF- α and IL-1 β, as well as the oxidative stress markers ROS and MDA. Conversely, it
increased the contents of the anti-inflammatory factors IL-4 and IL-10, along with the activities of
antioxidant enzymes GSH-Px and CAT, thereby enhancing the immune and antioxidant abilities
of chickens. Furthermore, Sihuang protected the chicken’s ileum, liver, and immune organs from
LPS invasion and maintained their normal development. In conclusion, this study confirmed the
antidiarrheal effect of Sihuang in poultry farming and demonstrated its ability to improve poultry
immunity and antioxidant capacity by modulating antioxidant enzyme activity and inflammatory
cytokine levels.

Keywords: Sihuang Zhili granule; poultry; oxidative stress; anti-inflammation; antioxidant

1. Introduction

As a source of high-quality protein, poultry eggs and meat are popular among the
public, and contribute greatly to world food security and human nutrition. However,
within today’s intensive poultry farming model, animals live in a high-density living envi-
ronment for a long time, aggravating health problems and oxidative stress in chickens [1].
Studies have shown that oxidative stress is an important cause of many diseases, such as
poultry enteritis [2] and liver injury [3]. Oxidative stress leads to decreased antioxidant
and immune properties in poultry, which greatly increases the risk of pathogenic bacterial
infection, and ultimately affects the health and performance of poultry. Poultry colibacillo-
sis, as one of the major diseases affecting poultry health, has a very high fatality rate [4].
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Without proper prevention and treatment, it will bring huge economic losses to the poultry
industry. In practice, the prevention and treatment of diseases in poultry farming rely
mainly on antibiotics. However, a growing number of countries are banning the use of
antibiotic growth promoters because of concerns about the bacterial-drug resistance caused
by antibiotics. Chinese patent medicine preparation is a medical product made from herbal
extract or herbal medicine, which has the characteristics of safety, non-toxic side effects,
and no drug resistance. Studies have shown that Chinese patent medicine preparations
have clinical application value in anti-oxidation and anti-inflammation [5,6], and have
practical effects on chronic hepatitis [7], pulmonary inflammation [8], and gastrointestinal
diseases in humans. Therefore, Chinese patent medicine has great potential as a new
antibiotic substitute.

Sihuang is a type of Chinese patent medicine that has the functions of clearing heat
and detoxifying, and anti-dysentery properties. Its main components are Coptis chinensis
Franch, Amur cork tree bark, Rheum palmatum L., Scutellaria baicalensis Georgi, and Isatis
tinctoria. Chinese medicine literature records that Coptis chinensis Franch [9], Amur cork tree
bark [10], Scutellaria baicalensis Georgi [11], Rheum palmatum L. [12], and Isatis tinctoria [13]
have the function of clearing heat and detoxifying, which forms the basis of the effect
of Sihuang. Although Sihuang was included in the 2020 edition of Chinese Veterinary
Pharmacopoeia, there are few studies on their anti-inflammatory and antioxidant effects in
poultry breeding. Therefore, the purpose of this study is to study the effect of Sihuang on
the anti-inflammatory and antioxidant abilities of poultry, through the stress model of SPF
(specific-pathogen-free) chickens induced by endotoxin, so as to provide a data reference
for the application and promotion of proprietary Chinese medicine in poultry breeding.

2. Materials and Methods
2.1. Preparing the Materials

The SPF male Leghorn chickens (21 days old) were purchased from Beijing Boehringer
Ingelheim Witon Biotechnology Co., Ltd., Beijing China; the lipopolysaccharide (LPS)
was E. coli serotype O55:B5, purchased from Sigma-Aldrich Chemical Co., St. Louis, MI,
USA; the Sihuang Zhili granules were from Baoding Jizhong Pharmaceutical Co., Ltd.,
Baoding, China.

2.2. Experiment Design and Bird Management

The experiment was conducted at the Nankou test base of the Chinese Academy of
Agricultural Sciences, Nankou, China. The animal test methods were formulated by the
Feed Research Institute of the Chinese Academy of Agricultural Sciences, Beijing, China.
The research report followed the guidelines of ARRIVAL [14].

In the study, a total of 30 male Leghorn chickens, 21 days old and weighing ap-
proximately 220 g, were randomly allocated into three groups of ten animals each. The
treatments comprised a control group (CON), in which saline was intraperitoneally injected
at d 31, d 33, and d 35; an LPS challenge group (LPS), in which LPS (0.5 mg/kg of BW)
was intraperitoneally injected at d 31, d 33, and d 35; and finally, a Sihuang intervention
group (SH), in which Sihuang dietary (Sihuang at 5 g/kg) was fed from d 21 to d 35,
with LPS intraperitoneal injection (0.5 mg/kg of BW) at d 31, d 33, and d 35. Refer to Bai
et al. [15] for the use of lipopolysaccharide. According to the product instructions, the
appropriate Sihuang granules were evenly mixed into the SPF special diet, as the test diet.
The experiment lasted for 14 days, and was fed in a single cage. The control group was
fed a special diet for SPF chickens, to meet their nutritional requirements. The nutritional
formula of the diet is shown in Supplementary Table S1.

The illumination scheme was controlled at 16 h of illumination and 8 h of darkness
until the end of the test. From 21 d to 35 d, the relative humidity was controlled at 50–60%,
and the ambient temperature was maintained at 24 ± 2 ◦C until the end of the test. Waste
was cleaned up every day, and the air in the house was kept fresh.
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2.3. Diarrhea Index

On the 35th day of the experiment, the feces from the dung board under each chicken
cage were collected with a self-sealing bag. The feces were dried to a constant weight in the
oven at 65 ◦C, then the fresh weight and air-dried weight of the feces were recorded, and
the moisture content of the feces was calculated. Fecal moisture content = (wet weight − air
dry weight)/wet weight.

The diarrhea of the chickens was observed and scored by replicate on the 35th day.
The diarrhea grade score was as follows: 1 = no diarrhea, normal stool; 2 = mild diarrhea
and soft stool; 3 = moderate diarrhea and loose stool, perianal stains; 4 = severe diarrhea
and watery stool.

The higher the fecal moisture content, and the higher the diarrhea grade score, the
more serious the diarrhea symptoms of the chickens.

2.4. Sampling

After fasting for 12 h on the 35th day, the feces of all the treatment groups were
collected, to determine fecal moisture. At the same time, samples were collected from
chickens in all treatment groups. Blood samples were collected from a vacuum tube
(2.5 mL) containing EDTA, and a vacuum tube (5 mL) without anticoagulant, and placed
on ice immediately. Serum was collected after centrifugation at 3000 rpm for 10 min in
a vacuum tube without anticoagulant, and stored at −20 ◦C until analysis. After the
blood sampling, the broilers were euthanized by electric stunning and immediate manual
slaughter, and the liver index, spleen index, thymus index, and bursa of Fabricius were
measured, according to the production performance noun terms and metric statistics
method for poultry [16]. The immune organ index was calculated by the body weight of the
slaughtered fresh immune organs (mg)/the body weight of live chickens (g). Two samples
of ileum were collected. One was placed into a frozen tube, frozen in liquid nitrogen, and
then stored in a −80 ◦C refrigerator for analysis of histo-like biochemical indexes. The
other was fixed with 10% buffered neutral formaldehyde (pH 7.4), for histomorphological
analysis.

2.5. Hematological and Serum Biochemical Indexes Analysis

The blood cell components in the anticoagulant blood collected from the EDTA tube
were detected using an automatic hematology analyzer (SysmeXT-1800i, Shanghai, China).
Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured
using the Japanese Olympus AU640 automatic blood biochemical analyzer. We used com-
mercial kits (Shanghai Enzyme Linked Immunobiotechnology Co. Ltd., Shanghai, China)
and an automated fluorescence instrument (MultiskanM™ SkyHigh, Thermo Fisher Scien-
tific, Waltham, MA, USA) to detect antioxidant and immune indicators in the preserved
serum. Serum markers of oxidative stress included malondialdehyde (MDA), and reactive
oxygen species (ROS). Serum antioxidant indicators included glutathione peroxidase (GSH-
Px), catalase (CAT), superoxide dismutase (SOD), and total antioxidant capacity (T-AOC).
Serum immune indicators included tumor necrosis factor (TNF-α), interleukin-1β (IL-1β),
interleukin-4 (IL-4), interleukin-6 (IL-6), and interleukin-10 (IL-10).

2.6. Ileal Tissue-Like Immune Indices Analysis

The collected ileal tissue was mixed with the phosphate buffer at a weight (g)/volume
(mL) ratio of 1:9, using the German IKA T 10 basic ULTRA-TURRAX® homogenizer at
10,000 rpm (homogenizing time of 10 s, interval of 30 s, repeated 3 times) to prepare the
10% intestinal tissue homogenate. The supernatant of the tissue homogenate was prepared
by centrifuge at 4000 rpm for 10 min at 4 ◦C, using a high-speed refrigerated centrifuge.
We used commercial kits (Shanghai Enzyme Linked Immunobiotechnology Co. Ltd.) and
an automated fluorescence instrument (MultiskanM™ SkyHigh, Thermo Fisher Scientific,
Waltham, MA, USA) to detect inflammatory cytokines in the ileal tissue. The detailed
inflammatory cytokine indexes are the same as the serum immune indexes in Section 2.5.
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2.7. Histopathologic Analysis

The fixed ileal samples were transported to Chengdu Lilai Biotechnology Co., Ltd.,
Chengdu, China, for further processing. All tissues were dehydrated with increasing
concentrations of anhydrous ethanol (75%, 85%, 95%, and 100%), mixed with xylene (AR
grade), embedded with paraffin, and prepared into 5 µm thick sections using a rotary
microtome (Leica, Germany-2016, Wetzlar, Germany), which were then dewaxed and
cleaned. The treated ileal sections were stained with conventional hematoxylin-eosin
(H&E), and then the images of the sections were collected using a digital three-lens camera
microscope (BA210Digital, MacOdy Industrial Group Co., Ltd., Singapore). The images
with ×40 magnification were collected for the analysis and measurement of the areas to
be observed. The ileum was measured by two measures, each measuring 10 sets of data,
including villus height and crypt depth, and then the villus length/crypt depth ratio (V/C)
was calculated.

2.8. Statistical Analysis

The data were analyzed using a one-factor ANOVA procedure with the SPSS19.0
software package for Windows (SPSS Inc., Chicago, IL, USA). Significant differences be-
tween groups were separated using Duncan’s multiple range test. The differences were
considered significant at p < 0.05. The graphs were designed using Origin 8.5 (Origin Lab,
Berkeley, CA, USA).

3. Results
3.1. Fecal Index Analysis

The effect of Sihuang on the diarrhea index of chickens is shown in Table 1. Compared
with the CON group, LPS stimulation significantly increased the grade of diarrhea and
fecal water content in the LPS group (p < 0.05); the fecal moisture content in the SH group
significantly decreased (p < 0.05), while there was no significant difference between the
levels of diarrhea (p > 0.05). Compared with the LPS group, the diarrhea grade and fecal
water content in the SH group were significantly lower (p < 0.05).

Table 1. The effect of Sihuang on the diarrhea index of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

Diarrhea grade score 1.33 b 3.33 a 1.17 b 0.262 <0.01
Fecal moisture content 19.66 b 26.73 a 16.00 c 1.695 <0.01

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group. Different lowercase letters
in the same line indicate significant difference (p < 0.05), SEM = standard error of means.

3.2. Histopathologic Analysis

The effect of Sihuang on the ileum morphology of chickens is shown in Table 2.
Compared with the CON group, the ileal villus height and V/C value in the LPS group
were significantly lower than those in the CON group (p < 0.05), and the crypt depth was
significantly higher than those in the CON group (p < 0.05). There was no significant
difference between the SH group and the CON group (p > 0.05). Compared with the LPS
group, the SH group had significantly higher ileal villus height and V/C value (p < 0.05),
while the crypt depth was significantly lower (p < 0.05). The ileum sections of the three test
groups are shown in Supplementary Figure S1.
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Table 2. The effect of Sihuang on the ileum morphology of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

Villus length, µm 854.54 a 717.91 b 862.60 a 24.859 0.003
Crypt depth, µm 128.16 b 150.99 a 112.23 b 6.014 0.004
V/C ratio 6.70 a 4.90 b 7.72 a 0.407 0.001

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group; V/C = villus length
(µm)/crypt depth (µm). Different lowercase letters in the same line indicate significant difference (p < 0.05),
SEM = standard error of means.

3.3. Blood Routine Test Index Analysis

The effect of Sihuang on the blood routine test of chickens is shown in Table 3. Com-
pared with the CON group, LPS stimulation significantly increased the levels of WBC,
GRA, PTL and PCT, and decreased the level of Lym, in the blood of the chickens, while
the levels of RBC, WBC, GRA, HCT, PLT, PCT, and Lym decreased significantly in the SH
group. Compared with the LPS group, the blood RBC, HGB, and HCT levels in the SH
group were significantly increased (p < 0.05).

Table 3. The effect of Sihuang on the blood routine test of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

MID, 109/L 15.81 15.21 15.97 0.203 0.314
WBC, 109/L 104.43 b 115.44 a 114.99 a 1.782 0.011
GRA, 109/L 32.43 b 43.26 a 42.20 a 1.850 0.020
PLT, 109/L 12.00 b 24.71 a 27.00 a 2.14 0.004
PCT, L/L 0.01 b 0.02 a 0.03 a 0.011 0.025
LYM, 109/L 60.70 a 56.45 b 56.88 b 0.552 0.001
HGB, g/L 127.33 ab 119.00 b 135.00 a 2.685 0.036
RBC, 1010/L 220.33 b 219.29 b 254.00 a 0.057 0.018
HCT, L/L 0.21 b 0.20 b 0.23 a 0.020 0.002

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group; RBC, red blood cell count;
WBC, white blood cell count; HGB, hemoglobin concentration; LYM, lymphocyte; MID, middle cell count; GRA,
granulocyte count; HCT, hematocrit; PLT, platelet count; PCT, platelet accumulation. Different lowercase letters in
the same line indicate significant difference (p < 0.05), SEM = standard error of means.

3.4. Liver Function Index Analysis

The effect of Sihuang on the liver of chickens is shown in Table 4. Compared with the
CON group and the SH group, LPS stimulation significantly increased the contents of ALT
and AST in the serum and the liver index of chickens. Compared with the CON group, the
serum AST content of the SH group was significantly higher (p < 0.05).

Table 4. The effect of Sihuang on the liver of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

ALT, U/L 58.72 b 77.02 a 63.04 b 2.388 <0.001
AST, U/L 264.23 c 420.68 a 348.50 b 21.351 <0.001
liver index, % 2.28 b 2.69 a 2.28 b 0.075 0.014

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase. Different lowercase letters in the same line indicate significant difference
(p < 0.05), SEM = standard error of means.

3.5. Immune Organ Index Analysis

The effect of Sihuang on the immune organs of chickens is shown in Table 5. Com-
pared with the CON group, the spleen index, thymus index, and bursa index of the LPS
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group were significantly increased (p < 0.05), and the spleen index in the SH group was
significantly higher than that in the LPS group, but there was no difference in the thymus
index and the bursa index between the two groups. Significant difference (p > 0.05). Com-
pared with the LPS group, the bursa of Fabricius index of the SH group was significantly
lower (p < 0.05).

Table 5. The effects of Sihuang on the immune organs of chickens (N = 10).

Items, %
Dietary Treatment

SEM p-Value
CON LPS SH

Spleen index 0.20 b 0.98 a 0.32 a 0.019 0.001
Thymus index 0.34 a 0.48 b 0.80 b 0.038 0.018
Bursa of fabricius index 0.77 b 0.72 a 0.38 b 0.047 0.001

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group. Different lowercase letters
in the same line indicate significant difference (p < 0.05), SEM = standard error of means.

3.6. Serum Immune Index Analysis

The effect of Sihuang on the serum cytokines of chickens was shown in Table 6.
Compared with the CON and SH groups, the LPS group showed pro-inflammatory factors
TNF-α and IL-1β. The levels of IL-6 and IL-6 were significantly increased (p < 0.05), while
the levels of anti-inflammatory factors IL-4 and IL-10 were significantly reduced (p < 0.05).
Compared with the CON group, only the anti-inflammatory factor IL-4 was significantly
lower in the SH group (p < 0.05), while there was no significant difference in the other
cytokine indicators between the SH group and the CON group (p > 0.05).

Table 6. The effects of Sihuang on the serum cytokines of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

TNF-α, pg/mL 40.13 b 53.94 a 43.96 b 1.965 0.001
IL-1β, pg/mL 374.95 b 520.44 a 428.78 b 17.146 0.001
IL-6, pg/mL 14.53 a 22.36 b 17.19 a 1.014 <0.001
IL-4, pg/mL 139.10 a 86.01 c 106.83 b 6.743 <0.001
IL-10, pg/mL 63.19 a 48.55 b 56.98 a 1.865 <0.001

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group. Pro-inflammatory factors
include TNF-α and tumor necrosis factor; IL-1β, interleukin-1β; and IL-6, interleukin-6. Anti-inflammatory
factors include IL-4, interleukin-4; and IL-10, interleukin-10. Different lowercase letters in the same line indicate
significant difference (p < 0.05), SEM = standard error of means.

3.7. Ileum Tissue Immune Index Analysis

The effect of Sihuang on the ileal tissue cytokines of chicken is shown in Table 7.
Compared with the CON group, the LPS group showed pro-inflammatory factors TNF-α
and IL-1β. The levels of IL-6 and IL-6 were significantly increased (p < 0.05), while the
levels of anti-inflammatory factors IL-4 and IL-10 were significantly reduced (p < 0.05). The
SH group only showed pro-inflammatory factor IL-1β. The level significantly increased
(p < 0.05), while there was no significant difference in other cytokine levels (p > 0.05).
Compared with the LPS group, the SH group showed pro-inflammatory factors TNF-α and
IL-1β. The levels were significantly reduced (p < 0.05), while the levels of anti-inflammatory
factors IL-4 and IL-10 were significantly increased (p < 0.05).
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Table 7. The effects of Sihuang on the ileum tissue cytokines of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

TNF-α, pg/mL 28.71 b 48.51 a 34.65 b 2.485 <0.001
IL-1β, pg/mL 336.00 c 504.73 a 440.18 b 21.014 <0.001
IL-6, pg/mL 13.16 b 17.71 a 14.16 ab 0.900 0.061
IL-4, pg/mL 113.54 a 80.57 b 114.62 a 5.046 0.001
IL-10, pg/mL 63.46 a 37.95 b 62.81 a 3.15 <0.001

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group. Pro-inflammatory factors
include TNF-α and tumor necrosis factor; IL-1β, interleukin-1β; and IL-6, interleukin-6. Anti-inflammatory
factors include IL-4, interleukin-4; IL-10, and interleukin-10. Different lowercase letters in the same line indicate
significant difference (p < 0.05), SEM = standard error of means.

3.8. Serum Antioxidant Performance Analysis

The effect of Sihuang on the serum antioxidant performance of chickens is shown in
Table 8. Compared with the CON group, LPS stimulation significantly reduced the serum
GSH-Px, CAT, SOD, and T-AOC enzyme activities (p < 0.05), and significantly increased
the content of MDA and ROS (p < 0.05) in LPS group chickens. The serum SOD and T-AOC
enzyme activities in the SH group were significantly reduced (p < 0.05), while there was no
significant difference in the GSH-Px, CAT, MDA, or ROS levels between the two groups
(p > 0.05). Compared with the LPS group, the serum GSH-Px and CAT activities of the SH
group chickens were significantly increased, while the serum MDA and ROS contents were
significantly reduced (p < 0.05).

Table 8. The effects of Sihuang on the serum antioxidant performance of chickens (N = 10).

Items
Dietary Treatment

SEM p-Value
CON LPS SH

GSH-Px, U/mL 121.02 a 83.22 b 106.53 a 4.992 <0.001
CAT, U/mL 65.47 a 41.47 b 58.86 a 2.839 <0.001
SOD, U/mL 355.76 a 245.94 b 269.26 b 14.210 <0.001
T-AOC, mmol Trolox/L 0.10 a 0.06 b 0.07 b 0.005 <0.001
MDA, nmol/mL 6.58 b 8.77 a 7.50 b 0.289 <0.001
ROS 188.04 b 266.90 a 206.17 b 11.053 <0.001

CON = control group; LPS = LPS challenge group; SH = Sihuang intervention group; GSH-Px, glutathione
peroxidase; CAT, catalase; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; MDA, malondialdehyde;
ROS, reactive oxygen species. Different lowercase letters in the same line indicate significant difference (p < 0.05),
SEM = standard error of means.

4. Discussion

The results of the diarrhea indicators in this study showed that LPS (Escherichia
coli serotype) stimulation led to watery feces in chicken flocks in the LPS group, and the
diarrhea grade and fecal water content increased significantly. However, the addition of
Sihuang in the chicken diet inhibited the LPS-induced watery diarrhea and increased fecal
moisture content, and controlled the grade of diarrhea and fecal moisture content at the
same level as the CON group. LPS is the main component of the cell wall of gram-negative
bacteria, and has certain antigenic characteristics. In this experiment, E. coli serotype LPS
was selected to simulate the stress model of chickens infected with E. coli, and diarrhea was
one of the main symptoms of the model. This showed that this experiment successfully
established the intestinal stress model induced by LPS in SPF chickens, and verified that
Sihuang does have a therapeutic effect on poultry diarrhea. The main components of
Sihuang are Coptis chinensis Franch, Amur cork tree bark, Rheum palmatum L., Scutellaria
baicalensis Georgi and Isatis tinctoria, each of which has unique pharmacological properties.
Berberine is an important functional component of the Coptis chinensis Franch extract,
which has the effects of anti-inflammation, and protecting the liver [17]. Zhang et al. [18]
reported that berberine increased the expression of NHE3 and AQP4 in a mouse model of
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diarrhea, and promoted the absorption of Na+ and water in the intestine, thereby exerting
an antidiarrheal effect. There are also research reports indicating that Scutellaria baicalensis
Georgi and rhubarb also have the effect of treating intestinal diseases, such as diarrhea
and dysentery.

The intestine is an important digestive organ in animals, and the main site of nutrient
absorption in the body, and the functional role of the small intestine is very important.
In this study, feeding Sihuang significantly increased the villus height and V/C value
of the ileum, significantly reduced the crypt depth of the ileum, and maintained the
same villus height and V/C value as those of the CON group. Therefore, the intake of
Sihuang by poultry resisted the stimulation of LPS on the ileum, and maintained the normal
development of the ileum tissue structure. The intestinal wall of the ileum is composed of a
mucosal layer, a submucosa layer, a muscular layer, and a serosa layer, from the inside to the
outside. The height of the intestinal villi is positively correlated with the nutrient absorption
function of the intestinal segments [19], and the depth of the intestinal crypts is negatively
correlated with the cell maturation rate and intestinal secretion function [20]. The intestinal
villi height/crypt depth (V/C) value is usually used as an important index to evaluate the
degree of intestinal development and digestion and absorption function, and intestinal
development and absorption function are positively correlated [21]. Therefore, Sihuang not
only stabilizes the tissue structure of the ileum, but also maintains the functionality of the
intestinal tract.

The main components of blood include blood cells (red blood cells, white blood cells,
platelets) and plasma. The analysis of blood cell components is an indispensable method in
veterinary diagnosis. Monitoring blood cell components can effectively evaluate the health
status of the body. In this study, blood cell components were analyzed by a blood routine
test. The results showed that LPS stimulation significantly increased chicken blood WBC,
GRA, PTL, PCT levels, but significantly decreased Lym levels. This may be because the
LPS stimulated the activation of the chicken’s humoral immune system, resulting in the
enhanced differentiation of various leukocytes in the blood. However, when inflammation
occurs, the number of lymphocytes decreases, indicating that the body cannot differentiate
enough lymphocytes to participate in the immune response in time, and the immune
ability of the body is weakened, and LPS causes damage to the immune system of chickens.
Liu et al. [22] reported that the intraperitoneal injection of LPS induced an inflammatory
response in laying hens, and the serum levels of pro-inflammatory cytokines in laying hens
significantly increased, while blood WBC levels also significantly increased [23]. Zhong
et al. [24] also reported similar results: LPS stimulation resulted in a significant increase
in blood WBC levels and a significant decrease in Lym levels in rats, and these reports
were consistent with our study. The results for the SH group in this study were compared
with those of the CON group and LPS group. The blood RBC, HGB, and HCT levels of
chickens fed with Sihuang in the SH group increased, which improved the body’s nutrient
and oxygen transport capacity, and had a positive effect on the body’s recovery.

Under today’s intensive and industrialized poultry production model, environmental
stress will be an important cause of poultry intestinal and liver tissue damage [25–27]. The
results of this study showed that feeding Sihuang significantly reduced the activities of
ALT and AST enzymes in chicken serum, and could stabilize the ALT enzyme activities
at the same level as in the CON group. The animal serum ALT and AST enzyme activity
levels are important indicators in the diagnosis of liver injury, and any pathological or toxic
injury will lead to an increase in ALT and AST activity levels [28]. Therefore, the increase
in serum AST and ALT activities in the LPS group in this experiment indicated the liver
injury of chickens, but feeding Sihuang maintained the serum ALT and AST activities of
chickens at normal levels, and inhibited the damage caused by LPS to chicken livers. It
has been reported that berberine has a protective effect on liver injury, and can regulate
the concentration of endogenous metabolites in a mouse model of cinnabar-induced liver
injury [29]. Zhang et al. [30] also reported that rhubarb significantly reduced the serum
ALT and AST activity levels in model mice, and inhibited the infiltration of inflammatory
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cells, by reducing the number of necrotic cells in the liver of model mice. The results for the
liver index in this study showed that LPS stimulation significantly increased the liver index
of chickens, and that feeding Sihuang could effectively inhibit the increase in chicken liver
index induced by LPS stimulation, and maintain the liver index at the same level as in the
CON group. As an antigenic substance, LPS can cause liver damage in animals [31]. Shen
et al. [32] found, in the LPS-induced inflammation model test, that pathological changes
and tissue swelling appeared in the liver tissue of chickens treated with LPS, which would
cause liver weight, and be an important cause of an elevated liver index. Therefore, Sihuang
maintains the chicken liver index as normal, which also confirms that Sihuang has the
effect of inhibiting LPS in chicken liver damage.

The spleen, thymus, and bursa of Fabricius are important peripheral immune organs
in poultry, and the development status of these organs has an important relationship with
the immune defense ability of the body [33,34]. In this study, LPS stimulation significantly
increased the chicken spleen, thymus, and bursa index, which may be due to the activation
of the immune system by the LPS stimulation, and the immune organs’ need to synthesize
sufficient antibodies and cytokines. Studies have shown that when the animal body is
repeatedly stimulated by LPS, the body’s immune mechanism is activated; the peripheral
immune organs represented by the spleen, thymus, and bursa of Fabricius proliferate
significantly; the secretion of pro-inflammatory cytokines increases; and inflammation and
tissue damage occur [24,35], which is consistent with our findings. However, in this study,
the thymus and bursa of Fabricius indexes of chickens fed with Sihuang in the SH group
were significantly lower than those in the LPS group, and remained at the same level as
in the CON group. This showed that Sihuang resisted the invasion of the body’s immune
system stimulated by the LPS, stabilized the immune organ index, and improved the body’s
immune system, which was confirmed by the results for the inflammatory cytokines.

The results for the inflammatory cytokines in this study showed that LPS stimulation
significantly increased the levels of pro-inflammatory factors (TNF-α, IL-1β, IL-6) in chicken
serum and ileum tissue, and significantly decreased the levels of anti-inflammatory factors
(IL-4, IL-6, IL-10), because the intraperitoneal injection of LPS activated the immune system
of the chicken, causing the body to start an inflammatory response. Studies have shown that
LPS stimulation leads to the induction and release of pro-inflammatory factors such as TNF-
α, IL-1β, and IL-6 in the intestinal tissue [36,37], causing the liver, kidney, and intestines
of animals to appear to have an inflammatory response, which was consistent with our
findings. In this study, feeding Sihuang decreased the levels of pro-inflammatory cytokines
in the serum and ileum tissue, and increased the level of anti-inflammatory factors, and the
inflammatory cytokines TNF-α, IL-1β, and IL-10 were maintained at the same level as in
the CON group. Jeong et al. [38] reported that berberine inhibited the phosphorylation of
protein kinases such as p38, ERK, and JNK in macrophages by activating protein kinases
in macrophages, significantly decreased the expression of pro-inflammatory genes, and
inhibited LPS-induced inflammation from occurring; therefore, the anti-inflammatory
effect of Sihuang may be realized through the regulation of protein kinase by functional
components. Wu et al. [39] pointed out in the report that an appropriate combination
of traditional Chinese medicines can enhance each other’s efficacy. Therefore, the anti-
inflammatory and antioxidant potential of Sihuang composed of compound prescriptions
deserves further study.

In today’s poultry production industry, unbalanced feed nutrition, unsuitable ambient
temperature, and high stocking density are the direct reasons for the imbalance in free-
radical homeostasis in the body, and oxidative stress [40,41]. In this study, LPS stimulation
led to a significant decrease in serum GSH-Px, CAT, SOD, and T-AOC levels, and a sig-
nificant increase in MDA and ROS levels, in chickens. It indicated that LPS violated the
antioxidant defense system of chickens, and induced oxidative stress in the body, which
may have an important relationship with diarrhea symptoms in chickens. Studies have
confirmed that oxidative stress can damage the immune system and antioxidant system of
the body, and can affect the transcription of genes, the conduction of cell signals, the activity



Antioxidants 2023, 12, 1372 10 of 13

of enzymes and biological macromolecules, and the functions of cells and organs. This is an
important factor in the occurrence and development of diseases [41,42]. T-AOC reflects the
ability of the body’s non-enzymatic antioxidant defense system. SOD, GSH-Px, and CAT, as
naturally occurring antioxidant enzymes in the body, can degrade those extremely unstable
ROS through their respective enzymatic reaction systems, and then regulate the oxidative
and antioxidative balance in the body. MDA is an important product of lipid peroxidation,
which can cause cell membrane damage. ROS refers to a kind of one-electron reduction
product of oxygen, a general term for oxygen-containing and active substances, and is an
important factor of biological oxygen toxicity. MDA and ROS can be used as biomarkers of
oxidative stress, to assess the degree of oxidative stress. However, in this study, feeding
Sihuang significantly increased the activities of the serum antioxidant enzymes T-AOC and
GSH-Px in chickens, significantly decreased the serum levels of the oxidative stress markers
ROS and MDA, and reduced the levels of GSH-Px, CAT, ROS, and MDA, maintained
at the same level as in the CON group. It showed that Sihuang resisted the oxidative
stress response induced by LPS in chickens, and stabilized the antioxidant defense ability
of chickens. This may have a significant relationship with several main components of
Sihuang. The functional components of Sihuang contain antioxidant active molecules,
such as flavonoids and phenols, which regulate oxidative stress-related signals, such as
the NF-kB and Nrf2 pathways, to exert antioxidant activity. Zhang et al. [43] reported that
berberine can enhance the antioxidant capacity of mice, and alleviate the intestinal injury
induced by LPS, by increasing the activity of the GSH-Px enzyme, and reducing the content
of MDA in the ileum. It was found that the extracts of Coptis chinensis Franch and Amur cork
tree bark contain antioxidant components, such as flavonoids and carotenoids [44]. Kwon
et al. [45] reported that the combined extract of rhubarb and Scutellaria baicalensis Georgi
could inhibit the oxidative-stress-related inflammatory response mediated by the NF-kB
pathway, and alleviate the symptoms of esophageal mucosal injury in rats, by increasing
the activity of antioxidant enzymes, and reducing the content of serum ROS.

5. Conclusions

In summarize, the supplementation of Sihuang to the diet effectively alleviated poul-
try diarrhea symptoms induced by LPS (Escherichia coli serotype), This was achieved by
increasing the levels of anti-inflammatory factors IL-4 and IL-10, as well as the activities
of antioxidant enzymes GSH-Px and CAT. Additionally, Sihuang reduced the levels of
proinflammatory cytokines TNF-α, IL-1β, and IL-6, as well as oxidative stress markers ROS
and MDA, thus enhancing immune performance and antioxidant capacity. Furthermore,
Sihuang exhibited resistance against LPS invasion and damage to the chicken’s ileum
intestinal tissue, liver, and immune organs. It maintained the structural integrity of the
ileum tissue and showed a certain restorative effect on liver and immune organ damage.
Comprised of various Chinese herbal medicines, Sihuang contains abundant functional
components. The relationship between its antidiarrheal effect and its anti-inflammatory
and antioxidant activities warrants further in-depth investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12071372/s1. Table S1. Analysis composition of basal diets
and nutrient level (air-dry basis, %). Figure S1. Morphology and structure of ileum. A = control group;
B = LPS challenge group; C = Sihuang intervention group.

Author Contributions: S.W., W.C. and C.L., Conceptualization; S.W., C.L. and G.L., methodology;
S.W., C.L. and C.Z., investigation, software, data curation, and writing—original draft preparation;
C.Z., G.L., A.Z. and K.Q., validation and resources; S.W., W.C. and Z.C., formal analysis; W.C. and
Z.C., writing—review, editing, and supervision; Z.C., project administration and funding acquisition.
All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/antiox12071372/s1
https://www.mdpi.com/article/10.3390/antiox12071372/s1


Antioxidants 2023, 12, 1372 11 of 13

Funding: This research was funded by Agricultural Science and Technology Innovation Program
(ASTIP)-2023-IFR-10.

Institutional Review Board Statement: All experimental procedures were approved by the An-
imal Ethics Committee of the Chinese Academy of Agricultural Sciences (AEC-CAAS-20191106,
Beijing, China).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material; further inquiries can be directed to the corresponding author.

Acknowledgments: S.W. gratefully acknowledges financial support from the Agricultural Science
and Technology Innovation Program (ASTIP), IFR-ZDRW202301; S.W. gratefully acknowledges
support in resources from Y.Z., C.N. and Y.H., from the Baoding Jizhong Pharmaceutical Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wasti, S.; Sah, N.; Mishra, B. Impact of Heat Stress on Poultry Health and Performances, and Potential Mitigation Strategies.

Animals 2020, 10, 1266. [CrossRef] [PubMed]
2. Lauridsen, C. From Oxidative Stress to Inflammation: Redox Balance and Immune System. Poult. Sci. 2019, 98, 4240–4246.

[CrossRef] [PubMed]
3. Ma, B.; Xing, T.; Li, J.; Zhang, L.; Jiang, Y.; Gao, F. Chronic Heat Stress Causes Liver Damage via Endoplasmic Reticulum

Stress-Induced Apoptosis in Broilers. Poult. Sci. 2022, 101, 102063. [CrossRef] [PubMed]
4. LeStrange, K.; Markland, S.M.; Hoover, D.G.; Sharma, M.; Kniel, K.E. An Evaluation of the Virulence and Adherence Properties

of Avian Pathogenic Escherichia coli. One Health 2017, 4, 22–26. [CrossRef]
5. Li, W.B.; Sun, H.Y.; Zhou, J.W.; Zhang, Y.B.; Liu, L.J.; Gao, Y. Antibacterial Activities, Antioxidant Contents and Antioxidant

Properties of Three Traditional Chinese Medicinal Extracts. Bangl. J. Pharmacol. 2015, 10, 131–137. [CrossRef]
6. Chang, Z.; Zhang, J.; Lei, M.; Jiang, Z.; Wu, X.; Huang, Y.; He, Z.; Zhang, Y.; Li, S.; Duan, X.; et al. Dissecting and Evaluating the

Therapeutic Targets of Coptis Chinensis Franch in the Treatment of Urinary Tract Infections Induced by Escherichia coli. Front.
Pharmacol. 2021, 12, 794869. [CrossRef]

7. Hsueh, T.P.; Lin, W.L.; Tsai, T.H. Pharmacokinetic Interactions of Herbal Medicines for the Treatment of Chronic Hepatitis. J. Food
Drug Anal. 2017, 25, 209–218. [CrossRef]

8. Ma, B.N.; Li, X.J. Resveratrol Extracted from Chinese Herbal Medicines: A Novel Therapeutic Strategy for Lung Diseases. Chin.
Herb. Med. 2020, 12, 349–358. [CrossRef]

9. Wang, Z.; Chen, Z.; Yang, S.; Wang, Y.; Huang, Z.; Gao, J.; Tu, S.; Rao, Z. Berberine Ameliorates Collagen-Induced Arthritis in Rats
Associated with Anti-Inflammatory and Anti-Angiogenic Effects. Inflammation 2014, 37, 1789–1798. [CrossRef]

10. Sun, Y.; Lenon, G.B.; Yang, A. Phellodendri Cortex: A Phytochemical, Pharmacological, and Pharmacokinetic Review. Evid.-Based
Complement. Altern. Med. 2019, 2019, 7621929. [CrossRef]

11. Zhao, T.; Tang, H.; Xie, L.; Zheng, Y.; Ma, Z.; Sun, Q.; Li, X. Scutellaria baicalensis Georgi. (Lamiaceae): A Review of its Traditional
Uses, Botany, Phytochemistry, Pharmacology and Toxicology. J. Pharm. Pharmacol. 2019, 71, 1353–1369. [CrossRef] [PubMed]

12. Cheng, F.R.; Cui, H.X.; Fang, J.L.; Yuan, K.; Guo, Y. Ameliorative Effect and Mechanism of the Purified Anthraquinone-Glycoside
Preparation from Rheum palmatum L. on Type 2 Diabetes Mellitus. Molecules 2019, 24, 1454. [CrossRef] [PubMed]

13. Min, G.Y.; Kim, T.I.; Kim, J.H.; Cho, W.K.; Yang, J.H.; Ma, J.Y. Inhibitory Effect of Isatis Tinctoria L. Water Extract on Dncb-Induced
Atopic Dermatitis in Balb/C Mice and Hacat Cells. Chin. Med. 2022, 17, 66. [CrossRef]

14. Kilkenny, C.; Browne, W.J.; Cuthi, I.; Emerson, M.; Altman, D.G. Improving Bioscience Research Reporting: The Arrive Guidelines
for Reporting Animal Research. Vet. Clin. Pathol. 2012, 41, 27–31. [CrossRef] [PubMed]

15. Bai, D.; Liu, K.; He, X.; Tan, H.; Liu, Y.; Li, Y.; Zhang, Y.; Zhen, W.; Zhang, C.; Ma, Y. Effect of Dietary Chlorogenic Acid on Growth
Performance, Antioxidant Function, and Immune Response of Broiler Breeders Under Immune Stress and Stocking Density Stress.
Vet. Sci. 2022, 9, 582. [CrossRef]

16. Gao, J.; Wang, R.; Liu, J.X.; Wang, W.L.; Chen, Y.; Cai, W.T. Effects of Novel Microecologics Combined with Traditional Chinese
Medicine and Probiotics on Growth Performance and Health of Broilers. Poult. Sci. 2022, 101, 101412. [CrossRef] [PubMed]

17. Meng, F.C.; Wu, Z.F.; Yin, Z.Q.; Lin, L.G.; Wang, R.B.; Zhang, Q.W. Coptidis Rhizoma and its Main Bioactive Components: Recent
Advances in Chemical Investigation, Quality Evaluation and Pharmacological Activity. Chin. Med. 2018, 13, 13. [CrossRef]

18. Zhang, Y.; Wang, X.; Sha, S.; Liang, S.; Zhao, L.; Liu, L.; Chai, N.; Wang, H.; Wu, K. Berberine Increases the Expression of Nhe3
and Aqp4 in Sennosidea-Induced Diarrhoea Model. Fitoterapia 2012, 83, 1014–1022. [CrossRef]

19. Yamauchi, K. Review of a Histological Intestinal Approach to Assessing the Intestinal Function in Chickens and Pigs. Anim. Sci. J.
2007, 78, 356–370. [CrossRef]

https://doi.org/10.3390/ani10081266
https://www.ncbi.nlm.nih.gov/pubmed/32722335
https://doi.org/10.3382/ps/pey407
https://www.ncbi.nlm.nih.gov/pubmed/30371893
https://doi.org/10.1016/j.psj.2022.102063
https://www.ncbi.nlm.nih.gov/pubmed/36049294
https://doi.org/10.1016/j.onehlt.2017.08.001
https://doi.org/10.3329/bjp.v10i1.21324
https://doi.org/10.3389/fphar.2021.794869
https://doi.org/10.1016/j.jfda.2016.11.010
https://doi.org/10.1016/j.chmed.2020.07.003
https://doi.org/10.1007/s10753-014-9909-y
https://doi.org/10.1155/2019/7621929
https://doi.org/10.1111/jphp.13129
https://www.ncbi.nlm.nih.gov/pubmed/31236960
https://doi.org/10.3390/molecules24081454
https://www.ncbi.nlm.nih.gov/pubmed/31013790
https://doi.org/10.1186/s13020-022-00624-5
https://doi.org/10.1016/j.joca.2012.02.010
https://www.ncbi.nlm.nih.gov/pubmed/22424462
https://doi.org/10.3390/vetsci9100582
https://doi.org/10.1016/j.psj.2021.101412
https://www.ncbi.nlm.nih.gov/pubmed/34920387
https://doi.org/10.1186/s13020-018-0171-3
https://doi.org/10.1016/j.fitote.2012.05.015
https://doi.org/10.1111/j.1740-0929.2007.00448.x


Antioxidants 2023, 12, 1372 12 of 13

20. Wilson, F.D.; Cummings, T.S.; Barbosa, T.M.; Williams, C.J.; Gerard, P.D.; Peebles, E.D. Comparison of Two Methods for
Determination of Intestinal Villus to Crypt Ratios and Documentation of Early Age-Associated Ratio Changes in Broiler Chickens.
Poult. Sci. 2018, 97, 1757–1761. [CrossRef]

21. Dobrowolski, P.; Tomaszewska, E.; Klebaniuk, R.; Tomczyk-Warunek, A.; Szymanczyk, S.; Donaldson, J.; Swietlicka, I.; Mielnik-
Blaszczak, M.; Kuc, D.; Muszynski, S. Structural Changes in the Small Intestine of Female Turkeys Receiving a Probiotic
Preparation are Dose and Region Dependent. Animal 2019, 13, 2773–2781. [CrossRef] [PubMed]

22. Liu, J.; Zhao, L.; Zhao, Z.; Wu, Y.; Cao, J.; Cai, H.; Yang, P.; Wen, Z. Rubber (Hevea brasiliensis) Seed Oil Supplementation Attenuates
Immunological Stress and Inflammatory Response in Lipopolysaccharide-Challenged Laying Hens. Poult. Sci. 2022, 101, 102040.
[CrossRef] [PubMed]

23. Dondi, F.; Vasylyeva, K.; Serafini, F.; Gruarin, M.; Troa, R.; Giunti, M.; Agnoli, C. Heinz Body-Related Interference with Leukocyte
and Erythrocyte Variables Obtained by an Automated Hematology Analyzer in Cats. J. Vet. Diagn. Investig. 2019, 31, 704–713.
[CrossRef]

24. Zhong, Y.B.; Zhang, X.L.; Hu, X.F.; Li, Y. Effects of Repeated Lipopolysaccharide Treatment on Growth Performance, Immune
Organ Index, and Blood Parameters of Sprague-Dawley Rats. J. Vet. Res. 2018, 62, 341–346. [CrossRef]

25. Brooks, J.P.; McLaughlin, M.R.; Scheffler, B.; Miles, D.M. Microbial and Antibiotic Resistant Constituents Associated with
Biological Aerosols and Poultry Litter within a Commercial Poultry House. Sci. Total Environ. 2010, 408, 4770–4777. [CrossRef]
[PubMed]

26. Liu, Z.L.; Xue, J.J.; Huang, X.F.; Chen, Y.; Wang, Q.G.; Zhang, S.; Wang, C. Effect of Stocking Density on Growth Performance,
Feather Quality, Serum Hormone, and Intestinal Development of Geese from 1 to 14 Days of Age. Poult. Sci. 2021, 100, 101417.
[CrossRef]

27. Osadcha, Y.V.; Sakhatsky, M.I.; Kulibaba, R.O. Serum Clinical Biochemical Markers of Hy-Line W-36 Laying Hens under the
Influence of Increased Stocking Densities in Cages of Multilevel Batteries. Regul. Mech. Biosyst. 2021, 12, 425–429. [CrossRef]

28. Tokofai, B.M.; Idoh, K.; Oke, O.E.; Agbonon, A. Hepatoprotective Effects of Vernonia Amygdalina (Astereaceae) Extract on
Ccl4-Induced Liver Injury in Broiler Chickens. Animals 2021, 11, 3371. [CrossRef]

29. Su, G.; Wang, H.; Gao, Y.; Chen, G.; Pei, Y.; Bai, J. 1H-Nmr-Based Metabonomics of the Protective Effect of Coptis Chinensis and
Berberine on Cinnabar-Induced Hepatotoxicity and Nephrotoxicity in Rats. Molecules 2017, 22, 1855. [CrossRef]

30. Zhang, R.; Qiu, H.; Wang, N.; Long, F.; Mao, D. Effect of Rheum palmatum L. on Nf-Kb Signaling Pathway of Mice with Acute
Liver Failure. Asian Pac. J. Trop. Med. 2015, 8, 841–847. [CrossRef]

31. Chen, F.; Li, B.; Li, W.; Chen, W.; Huang, Y.; Tian, Y.; Yang, B.; Yuan, M.; Xu, D.; Cao, N. Polysaccharide of Atractylodes
Macrocephala Koidz Alleviate Lipopolysaccharide-Stimulated Liver Inflammation Injury of Goslings through Mir-223/Nlrp3
Axis. Poult. Sci. 2023, 102, 102285. [CrossRef] [PubMed]

32. Shen, Y.B.; Piao, X.S.; Kim, S.W.; Wang, L.; Liu, P. The Effects of Berberine on the Magnitude of the Acute Inflammatory Response
Induced by Escherichia coli Lipopolysaccharide in Broiler Chickens. Poult. Sci. 2010, 89, 13–19. [CrossRef] [PubMed]

33. Koskela, K.; Nieminen, P.; Kohonen, P.; Salminen, H.; Lassila, O. Chicken B-Cell-Activating Factor: Regulator of B-Cell Survival in
the Bursa of Fabricius. Scand. J. Immunol. 2004, 59, 449–457. [CrossRef] [PubMed]

34. Taylor, R.L.; McCorkle, F.M. A Landmark Contribution to Poultry Science-Immunological Function of the Bursa of Fabricius.
Poult. Sci. 2009, 88, 816–823. [CrossRef]

35. Liu, S.D.; Song, M.H.; Yun, W.; Lee, J.H.; Kim, H.B.; Cho, J.H. Effects of Oral Administration of Essential Oils on Anti-Immune
Stress, Antimicrobial Properties, and Repairing the Intestinal Damage in Broilers Challenged by Lipopolysaccharide. Can. J.
Anim. Sci. 2019, 99, 377–383. [CrossRef]

36. Liu, S.D.; Song, M.H.; Yun, W.; Lee, J.H.; Kim, H.B.; Cho, J.H. Effect of Carvacrol Essential Oils on Immune Response and
Inflammation-Related Genes Expression in Broilers Challenged by Lipopolysaccharide. Poult. Sci. 2019, 98, 2026–2033. [CrossRef]

37. Li, R.X.; Li, J.; Zhang, S.Y.; Mi, Y.L.; Zhang, C.Q. Attenuating Effect of Melatonin on Lipopolysaccharide-Induced Chicken Small
Intestine Inflammation. Poult. Sci. 2018, 97, 2295–2302. [CrossRef]

38. Jeong, H.W.; Hsu, K.C.; Lee, J.W.; Ham, M.; Huh, J.Y.; Shin, H.J.; Kim, W.S.; Kim, J.B. Berberine Suppresses Proinflammatory
Responses through Ampk Activation in Macrophages. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E955–E964. [CrossRef]

39. Wu, J.; Hu, Y.; Xiang, L.; Li, S.; Yuan, Y.; Chen, X.; Zhang, Y.; Huang, W.; Meng, X.; Wang, P. San-Huang-Xie-Xin-Tang Constituents
Exert Drug-Drug Interaction of Mutual Reinforcement at Both Pharmacodynamics and Pharmacokinetic Level: A Review. Front.
Pharmacol. 2016, 7, 448. [CrossRef]

40. Son, J.; Kim, H.J.; Hong, E.C.; Kang, H.K. Effects of Stocking Density on Growth Performance, Antioxidant Status, and Meat
Quality of Finisher Broiler Chickens under High Temperature. Antioxidants 2022, 11, 871. [CrossRef]

41. Song, B.L.; Fu, M.; He, F.; Zhao, H.; Wang, Y.; Nie, Q.H.; Wu, B.Y. Methionine Deficiency Affects Liver and Kidney Health,
Oxidative Stress, and Ileum Mucosal Immunity in Broilers. Front. Vet. Sci. 2021, 8, 722567. [CrossRef]

42. Wang, M.; Liu, Y.; Liang, Y.; Naruse, K.; Takahashi, K. Systematic Understanding of Pathophysiological Mechanisms of Oxidative
Stress-Related Conditions-Diabetes Mellitus, Cardiovascular Diseases, and Ischemia-Reperfusion Injury. Front. Cardiovasc. Med.
2021, 8, 649785. [CrossRef] [PubMed]

43. Zhang, Q.; Piao, X.L.; Piao, X.S.; Lu, T.; Wang, D.; Kim, S.W. Preventive Effect of Coptis Chinensis and Berberine on Intestinal
Injury in Rats Challenged with Lipopolysaccharides. Food Chem. Toxicol. 2011, 49, 61–69. [CrossRef] [PubMed]

https://doi.org/10.3382/ps/pex349
https://doi.org/10.1017/S1751731119001149
https://www.ncbi.nlm.nih.gov/pubmed/31113501
https://doi.org/10.1016/j.psj.2022.102040
https://www.ncbi.nlm.nih.gov/pubmed/35917674
https://doi.org/10.1177/1040638719863088
https://doi.org/10.2478/jvetres-2018-0048
https://doi.org/10.1016/j.scitotenv.2010.06.038
https://www.ncbi.nlm.nih.gov/pubmed/20655094
https://doi.org/10.1016/j.psj.2021.101417
https://doi.org/10.15421/022158
https://doi.org/10.3390/ani11123371
https://doi.org/10.3390/molecules22111855
https://doi.org/10.1016/j.apjtm.2015.09.011
https://doi.org/10.1016/j.psj.2022.102285
https://www.ncbi.nlm.nih.gov/pubmed/36436369
https://doi.org/10.3382/ps.2009-00243
https://www.ncbi.nlm.nih.gov/pubmed/20008797
https://doi.org/10.1111/j.0300-9475.2004.01418.x
https://www.ncbi.nlm.nih.gov/pubmed/15140054
https://doi.org/10.3382/ps.2008-00528
https://doi.org/10.1139/cjas-2018-0055
https://doi.org/10.3382/ps/pey575
https://doi.org/10.3382/ps/pey084
https://doi.org/10.1152/ajpendo.90599.2008
https://doi.org/10.3389/fphar.2016.00448
https://doi.org/10.3390/antiox11050871
https://doi.org/10.3389/fvets.2021.722567
https://doi.org/10.3389/fcvm.2021.649785
https://www.ncbi.nlm.nih.gov/pubmed/33928135
https://doi.org/10.1016/j.fct.2010.09.032
https://www.ncbi.nlm.nih.gov/pubmed/20932871


Antioxidants 2023, 12, 1372 13 of 13

44. Yan, H.; Sun, X.; Sun, S.; Wang, S.; Zhang, J.; Wang, R.; An, P.; Yang, F.; Kang, W. Anti-Ultraviolet Radiation Effects of Coptis
Chinensis and Phellodendron Amurense Glycans by Immunomodulating and Inhibiting Oxidative Injury. Int. J. Biol. Macromol.
2011, 48, 720–725. [CrossRef]

45. Kwon, O.J.; Kim, M.Y.; Shin, S.H.; Lee, A.R.; Lee, J.Y.; Seo, B.I.; Shin, M.R.; Choi, H.G.; Kim, J.A.; Min, B.S.; et al. Antioxidant and
Anti-Inflammatory Effects of Rhei Rhizoma and Coptidis Rhizoma Mixture on Reflux Esophagitis in Rats. Evid. Based Complement.
Altern. Med. 2016, 2016, 2052180. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijbiomac.2011.02.014
https://doi.org/10.1155/2016/2052180
https://www.ncbi.nlm.nih.gov/pubmed/27239206

	Introduction 
	Materials and Methods 
	Preparing the Materials 
	Experiment Design and Bird Management 
	Diarrhea Index 
	Sampling 
	Hematological and Serum Biochemical Indexes Analysis 
	Ileal Tissue-Like Immune Indices Analysis 
	Histopathologic Analysis 
	Statistical Analysis 

	Results 
	Fecal Index Analysis 
	Histopathologic Analysis 
	Blood Routine Test Index Analysis 
	Liver Function Index Analysis 
	Immune Organ Index Analysis 
	Serum Immune Index Analysis 
	Ileum Tissue Immune Index Analysis 
	Serum Antioxidant Performance Analysis 

	Discussion 
	Conclusions 
	References

