
Academic Editor: Alexander

S. Graphodatsky

Received: 20 March 2025

Revised: 3 May 2025

Accepted: 8 May 2025

Published: 13 May 2025

Citation: Yi, X.; Ma, Q.; Li, Z.; Hu, Y.;

Wu, H.; Wang, R.; Sun, X.; Wang, E.;

Ma, C.; Qin, Q. The Effects of Ferulic

Acid on the Growth Performance,

Immune Function, Antioxidant

Capacity, and Intestinal Microbiota of

Broiler Chickens. Genes 2025, 16, 572.

https://doi.org/10.3390/

genes16050572

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

The Effects of Ferulic Acid on the Growth Performance, Immune
Function, Antioxidant Capacity, and Intestinal Microbiota of
Broiler Chickens
Xianguo Yi 1 , Quanchao Ma 1, Zhili Li 1, Yuli Hu 2, Haigang Wu 1, Rui Wang 1, Xuyang Sun 1, Enen Wang 1,
Chaofeng Ma 3 and Qingmin Qin 1,*

1 College of Animal Science and Technology, Xinyang Agriculture and Forestry University,
Xinyang 464000, China; sunxuyang@163.com (X.S.)

2 Chongqing Animal Disease Prevention and Control Center, Chongqing 400120, China; huyuli2025@sina.com
3 Xinyang Prevention and Control Center of Animal Disease, Xinyang 464000, China; machaofeng5@163.com
* Correspondence: qinqingming@xyafu.edu.cn

Abstract: Objectives: Ferulic acid is a natural and safe herbal feed additive. This study
aims to evaluate the effects of ferulic acid on the growth performance, anti-inflammatory
and antioxidant capacities, immune function, and intestinal microbiota of broiler chickens.
Methods: A total of 320 broiler chickens, aged 14 days, were randomly divided into four
groups: a blank control group (MA group), a low-concentration ferulic acid group (BM
group, 10 mg/kg), a medium-concentration ferulic acid group (CM group, 30 mg/kg), and a
high-concentration ferulic acid group (DM group, 90 mg/kg) after a 14-day acclimatization
period. The experiment lasted for 28 days, and the chickens were dissected on day 29.
Results: The results showed that compared to the MA group, the feed-to-meat ratio in
the CM and DM groups was significantly reduced. The activity of duodenal trypsin
in the CM and DM groups was significantly enhanced, and the activity of pancreatic
protease in the DM group was significantly increased. The serum levels of urea nitrogen,
creatinine, and triglycerides were significantly elevated in the CM and DM groups. The
serum malondialdehyde (MDA) levels in the BM, CM, and DM groups were significantly
reduced, while the activities of superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) were significantly increased in the CM and DM groups. The serum interleukin-2
(IL-2) levels in the BM group were significantly decreased, while interferon-gamma (IFN-γ)
levels in the CM group and complement component 3 (C-3) levels in the DM group were
significantly increased. The mRNA expression levels of TLR4, MyD88, NF-κB, TNF-α,
NLRP3, IL-1β, and IL-18 in the jejunum of the DM group were significantly reduced. The
diversity of cecal microbiota in the ferulic acid groups changed, with a certain degree of
increase in the relative abundance of Spirulina and Ruminococcus. The relative abundance
of Escherichia coli in the DM group significantly increased, altering the metabolic function
of the cecal microbiota in broiler chickens. Conclusions: The above results indicate that
ferulic acid, as a novel feed additive for broiler chickens, has an impact on the growth
performance, anti-inflammatory and antioxidant capacity, immune function, and intestinal
microbiota of broiler chickens.

Keywords: ferulic acid; anti-inflammatory; metabolic function; broiler chickens

1. Introduction
Broiler chicken farming constitutes a significant portion of poultry production in China

and represents a vital sector of the country’s poultry breeding industry. Antibiotics are
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frequently utilized as feed additives to enhance the growth performance of broiler chickens.
However, this practice not only escalates feed costs but also contributes to issues related
to antibiotic misuse and microbial resistance [1]. Since 2020, the Ministry of Agriculture
of China has imposed a complete ban on the inclusion of growth-promoting antibiotics in
feed, with the exception of traditional Chinese medicine, thereby underscoring the pressing
need for alternatives to antibiotics.

Ferulic acid (FA), a type of polyphenolic phenolic acid, is one of the active components
found in traditional Chinese medicinal herbs, such as ferula, angelica, and ligusticum. It is
characterized by low toxicity and rapid metabolism and mainly exists in a bound state [2].
At present, some studies have found that ferulic acid plays a pharmacologically active role
in relieving a variety of diseases, such as diabetes, cancer, etc. [3,4]. A recent study also
found that ferulic acid may have a protective mechanism for the hearts of diabetic mice [4].
Currently, the application of ferulic acid has mainly focused on its anti-inflammatory and
antioxidant functions in mice, with relatively few reports on its effects on the intestinal
microbiota, anti-inflammatory, and antioxidant properties in broiler chickens [5,6].

The intestinal flora plays a key role in the digestion of feed and the absorption of
nutrients, and it also has an indispensable role in the immune function, the development of
intestinal structure and morphology, and the resistance to the invasion of endotoxins [7,8].
A large number of studies have shown that the intestinal microbiota is involved in the
metabolism of a variety of nutrients in the host. The phylum Firmicutes can decompose
carbohydrates and produce butyrate [9,10]. Lactobacillus can hydrolyze proteins and pro-
duce a variety of amino acids [11]. Bifidobacterium can participate in the metabolism of a
variety of vitamins, such as vitamin K, vitamin B12, in the host [12]. In addition, the home-
ostasis of intestinal flora plays an important role in maintaining host health. Lactobacillus
inhibits intestinal inflammation by enhancing the immune function of intestinal mucosa
and can inhibit the growth of intestinal pathogens and borne pathogens [13]. Infection
with Clostridium perfringens led to a decrease in the relative abundance of Lactobacillaceae,
Lactobacillus, Blautia, and Ruminococcaceae [14,15]. E. coli can cause heart function disorders
in the body, and bacterial virulence factors such as lipopolysaccharide (LPS) are the main
factors causing cardiac inflammation and myocardial cell death [16]. Based on a large
number of literature reports, it was concluded that the abundance of intestinal flora is
closely related to the growth performance of chickens.

This study uses broiler chickens as an experimental model, adding different concen-
trations of ferulic acid to the feed to explore its effects on growth performance, intestinal
microbiota, and immune function in broiler chickens. The aim is to provide scientific data
for the application of ferulic acid and to establish foundational data for its potential as an
ideal alternative to antibiotics.

2. Materials and Methods
2.1. Experimental Animals and Grouping

Ferulic acid was supplied by Changzhou Ding Yunlong Biotechnology Co., Ltd.
(Changzhou, China). The experimental subjects were 14-day-old broilers obtained from the
Gushi Chicken Farm in Xinyang City, Henan Province. Following a 14-day acclimatization
period, 320 broilers were randomly selected as individuals of similar weight and divided
into 4 groups, with 80 individuals in each group. Each group consisted of 4 replicates, with
20 individuals in each replicate. The control group (MA group, fed a basic diet), the BM
group (basic diet supplemented with ferulic acid at 10 mg/kg), the CM group (basic diet
supplemented with ferulic acid at 30 mg/kg), and the DM group (basic diet supplemented
with ferulic acid at 90 mg/kg). Throughout the feeding period, the broilers had free access
to feed and water, and the experiment continued for 28 days. All experimental procedures
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in this study were conducted in accordance with the “Regulations on the Administration of
Experimental Animals” approved by the State Council of the People’s Republic of China.

2.2. Growth Performance

Record the daily feed intake of each group of broilers. On days 1, 14, and 28 of the
experiment, after fasting for 12 h, randomly select 8 broilers from each group, weigh them,
and allow free access to water during the fasting period. Calculate the daily feed-to-gain
ratio using the formula: feed-to-gain ratio = total feed intake ÷ (total final weight − total
initial weight).

2.3. Sample Collection

On day 29, the broiler chickens were weighed, and non-anticoagulated venous blood
was collected to obtain serum. The abdominal cavity was opened, and intestinal tissue
from the jejunum was collected. After rinsing the intestinal contents with cold phosphate-
buffered saline (PBS), they were frozen in liquid nitrogen and stored at −80 ◦C. The contents
of the cecum and duodenum were also collected, quickly frozen in liquid nitrogen, and
stored for later use.

2.4. Determination of Serum Biochemical Indexes

Place the collected venous blood in a refrigerator at 4 ◦C and let it sit overnight.
Centrifuge at 4 ◦C at 3000 r/min for 15 min to collect the serum. Use an automatic
biochemical analyzer to test the levels of urea nitrogen, creatinine, total cholesterol, and
triglycerides in the serum.

2.5. Determination of Antioxidant Index and Immune Factor Levels

Using the reagent kits produced by the Nanjing Institute of Bioengineering (Nanjing,
China), the activity of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and
the content of malondialdehyde (MDA) in the serum of the broiler chickens was detected.
The levels of IL-2, complement C-3, and IFN-γ in the serum of broiler chickens were
measured using the ELISA kits produced by Shanghai Hepeng Biotechnology Co., Ltd.
(Shanghai, China).

2.6. Determination of Digestive Enzyme Activity in Duodenum

The reagent kit produced by the Nanjing Institute of Bioengineering (Nanjing, China)
was used to detect the activity of chymotrypsin, lipase, trypsin, and amylase in the contents
of the duodenum.

2.7. RT-qPCR

Total RNA was extracted from the jejunal tissue, and the RNA concentration was
measured using a micro-volume UV spectrophotometer (Shanghai, China). According
to the instructions of the reverse transcription kit, mRNA was reverse transcribed into
cDNA. Real-time quantitative PCR (qPCR) was performed according to the instructions
of the 2 × SYBR Green qPCR Master Mix (Low ROX) kit Provided by Wuhan Saiweier
Biotechnology Co., Ltd. (Wuhan, China) with the program set to 95 ◦C for 30 s, 95 ◦C for
15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, for a total of 40 cycles. The primers were synthesized
by Anshida (Tianjin) Biotechnology Co., Ltd. (Tianjin, China), and the primer design can be
found in Supplementary Table S1.

2.8. Bioinformatics Analysis of Intestinal Flora

Samples of cecal contents were sent to Wuhan Benna Technology Co., Ltd. (Wuhan,
China) for high-throughput sequencing of 16S rDNA. The 16S rRNA gene was amplified us-
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ing primers 515F (5′-GTGCCAGDMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGT
WTCTAAT-3′) targeting the bacterial V3-V4 variable region. High-throughput sequencing
was performed on the Illumina HiSeq 2500 platform. The raw 16S data sequences were
filtered and assembled using the QIIME V1.9.0 and FLASH software (flash29.0.0) pack-
ages. High-quality sequences were compared with the Silva reference database (https:
//www.arb-silva.de/, accessed on 7 June 2024) and clustered into OTUs at a 97% similarity
level using the UCLUST algorithm (http://drive5.com/ssu_data_analysis_service.html,
accessed on 7 June 2024). Taxonomic analysis of the OTU representative sequences was con-
ducted using the RDP classifier Bayesian algorithm. Functional metagenomic predictions
for all samples were made using PICRUST v1.1.327. The functional differences between
groups were compared using the STBMP 2.1.3 t-test.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPadPrism: 8 software (GraphPad
Software: San Diego, CA, USA, www.graphpad.com). The grouped data were analyzed
using one-way ANOVA, followed by a Tukey–Kramer multiple comparison test, and the
results were expressed as “mean ± standard deviation”. p < 0.05 is considered statistically
significant, indicating a significant difference; p > 0.05 indicates no significant difference.

3. Results
3.1. Effects of Ferulic Acid on Production Performance of Broilers

As shown in Table 1, compared to the MA group, the feed-to-meat ratio in the BM
group and CM group was significantly increased, while the DM group decreased.

Table 1. Effects of different concentrations of ferulic acid on production performance of broilers.

Group MA BM CM DM

average daily feed
intake 40.36 ± 0.48 a 39.47 ± 0.44 a 39.47 ± 0.44 a 32.84 ± 0.51 a

average daily gain 35.92 ± 0.52 a 32.03 ± 0.30 a 29.71 ± 0.20 a 31.67 ± 0.41 a

feed–gain ratio 1.12 ± 0.07 b 1.27 ± 0.14 a 1.32 ± 0.10 a 1.05 ± 0.03 b

Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).

3.2. Effect of Ferulic Acid on Serum Biochemical Indexes

As shown in Table 2, compared to the MA group, the serum levels of urea nitro-
gen, creatinine, total cholesterol, and triglycerides in the CM group and DM group were
significantly elevated; compared to the BM group, the serum levels of urea nitrogen, cre-
atinine, total cholesterol, and triglycerides in the CM group and DM group were also
significantly elevated.

Table 2. Serum biochemical indexes of broilers.

Group Urea Nitrogen Creatinine Total
Cholesterol Triglyceride

MA 0.76 ± 0.07 b 1.50 ± 1.00 b 3.43 ± 0.39 b 0.47 ± 0.14 b

BM 0.82 ± 0.09 b 1.75 ± 1.25 b 4.62 ± 0.77 b 0.53 ± 0.13 b

CM 1.66 ± 0.01 a 133.00 ± 27.38 a 7.46 ± 0.26 a 2.7 ± 0.12 a

DM 1.74 ± 0.51 a 144.25 ± 21.53 a 7.54 ± 0.29 a 2.82 ± 0.22 a

Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).

https://www.arb-silva.de/
https://www.arb-silva.de/
http://drive5.com/ssu_data_analysis_service.html
www.graphpad.com
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3.3. Effects of Ferulic Acid on Duodenal Digestive Enzyme Activity

Compared to the MA group, the CM group and DM group showed a significant
increase in chymotrypsin activity, while the DM group exhibited a significant increase in
both chymotrypsin and trypsin activities. The lipase activity in the DM group significantly
increased, while the amylase activity in the BM group was the highest, with a significant
difference, as shown in Table 3. The above results indicate that ferulic acid promotes the
digestion and absorption of feed in broiler chickens by increasing the activity of duodenal
digestive enzymes.

Table 3. Digestive enzyme activity of broilers.

Group Chymotrypsin Lipase Trypsin Amylase

MA 0.23 ± 0.15 b 5.16 ± 1.07 b 167.52 ± 40.57 b 3343.33 ± 465.93 b

BM 0.31 ± 0.32 b 5.14 ± 1.10 b 460.71 ± 27.03 b 4051.33 ± 302.93 a

CM 2.11 ± 0.01 a 6.04 ± 2.46 b 544.39 ± 39.37 b 2940.00 ± 238.16 b

DM 3.09 ± 0.24 a 9.55 ± 1.42 a 1241.91 ± 17.76 a 3045.00 ± 318.56 b

Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).

3.4. Effect of Ferulic Acid on Antioxidant Index and Immune Factor Levels

As shown in Table 4, compared to the MA group, the MDA content in the BM group
was significantly reduced, and the MDA content in the CM group and DM group was also
significantly reduced, while the activities of SOD and GSH-Px were significantly increased.
As shown in Table 5, compared to the MA group, the IL-2 content in the BM group was
significantly reduced, the IFN-γ content in the CM group was significantly increased, and
the C-3 content in the DM group was significantly increased.

Table 4. Effects of different concentrations of ferulic acid on antioxidant indexes in serum of broilers.

Item MA BM CM DM

SOD (U/mL) 13.18 ± 0.90 b 13.68 ± 1.72 b 16.98 ± 1.38 a 18.31 ± 1.64 a

MDA
(nmol/mL) 4.46 ± 0.18 a 3.9 ± 0.26 b 3.8 ± 0.13 b 3.52 ± 0.22 b

GSH-Px (U/mL) 210.07 ± 15.46 b 214.82 ± 19.65 b 360.79 ± 16.58 a 330.50 ± 17.26 a

Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).

Table 5. Effects of different concentrations of ferulic acid on immune factors in serum of broilers.

Item MA BM CM DM

IL-2 (pg/mL) 389.08 ± 40.88 a 343.23 ± 25.25 b 356.51 ± 29.77 ab 381.20 ± 36.70 ab

C-3 (µg/mL) 627.13 ± 63.92 b 629.70 ± 155.61 ab 632.68 ± 121.64 ab 787.56 ± 175.88 a

IFN-γ
(pg/mL) 106.84 ± 11.34 b 109.07 ± 10.61 ab 122.68 ± 12.63 a 109.71 ± 11.60 ab

Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).

3.5. Effects of Ferulic Acid on Gene Expression of Jejunum Inflammation

As shown in Figures 1 and 2, compared to the MA group, the mRNA expression
levels of TLR4, MyD88, NF-κB, TNF-α, NLRP3, IL-1β, and IL-18 in the DM group were
significantly reduced.
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3.6. Diversity Analysis of Intestinal Flora in Broilers

As shown in Table 6, compared to the MA group, there were no significant differences
in the ACE index, Chao1 index, Simpson index, and Shannon index in the ferulic acid group,
while the Faith_PD index in the DM group was significantly increased. As illustrated in
Figure 3, there is a clear separation trend among the BM group, CM group, DM group,
and MA group. The above results indicate that ferulic acid alters the diversity of the
cecal microbiota.
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Table 6. Alpha diversity of cecal flora in different groups.

Group Faith_PD
Index ACE Index Chao1 Index Shannon

Index
Simpson

Index

MA 29.98 ± 3.22 b 624.03 ± 42.80 619.71 ± 41.28 6.37 ± 0.33 0.94 ± 0.03

BM 32.71 ± 2.10 ab 816.82 ± 34.94 811.75 ± 32.89 7.02 ± 0.12 0.97 ± 0.01

CM 32.81 ± 2.33 ab 738.11 ± 21.55 734.50 ± 26.02 6.59 ± 0.13 0.96 ± 0.01

DM 34.47 ± 1.60 a 682.91 ± 12.68 680.76 ± 13.73 6.57 ± 0.37 0.96 ± 0.01
Note: Different lowercase letters following the data indicate significant differences (p < 0.05), and no letters or the
same lowercase letters indicate no significance (p > 0.05).
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3.7. Analysis of Intestinal Microflora Structure in Broilers

As shown in Figure 4a at the phylum level, Firmicutes and Bacteroidota are the dominant
bacterial groups in the cecum of broiler chickens. Compared to the MA group, the relative
abundance of Proteobacteria increased in the ferulic acid group. Compared with the
MA group, the relative abundance of Proteobacteria and Actinobacteria in the DM group
significantly increased (p < 0.01, p < 0.05, respectively) (Figure 4b). Figure 4c shows that at
the genus level, the relative abundances of Spirulina and Ruminococcus increased to some
extent in the ferulic acid group, while the relative abundance of Escherichia significantly
increased in the DM group. The above results indicate that ferulic acid alters the microbial
composition of the cecum. Compared with the MA group, the relative abundance of the
Clostridia_vadinBB60_bacterial community in the experimental group was significantly
reduced (p < 0.05), the relative abundance of RF39 in the DM group was significantly
reduced (p < 0.05), and the relative abundance of Ruminococcus and Escherichia Shigella
genera was significantly increased (p < 0.05) (Figure 4d).
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3.8. Comparison of Different Species of Intestinal Microflora in Broiler Chickens

As shown in Figure 5a, the LDA plot displays significant differences in species that
exceed the preset values among the groups, specifically between the MA group and the DM
group. The Clostridia_vadinBB60_group is significantly enriched in relative abundance in
the blank group (MA group), while the Oscillospiraceae, Escherichia_Shigella, Enterobacterales,
Gammaproteobacteria, and Proteobacteria are significantly enriched in relative abundance in
the high-dose group (DM group). As shown in Figure 5b, when comparing the DM group
with the MA group at the genus level, there is a significant difference in the abundance of
the Clostridia_vadinBB60_group (p < 0.05).



Genes 2025, 16, 572 9 of 15

Genes 2025, 16, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 5. Distribution histogram based on LDA value (a) and evolutionary branch graph (b) of fecal 
microbiota. 

3.9. Function Prediction Analysis 

Using PICRUSt2 software (V2.5.2) to analyze the differences in the KEGG metabolic 
pathways, as shown in Figure 6, compared to the MA group, the functional genes of the 
microbial community in the DM group significantly increased in metabolic pathways such 
as xenobiotics biodegradation and metabolism, membrane transport, excretory system, 
and signal transduction. In contrast, there was a significant decrease in metabolic path-
ways related to cell growth and death, translation, folding, sorting and degradation, me-
tabolism of terpenoids and polyketides, transcription, nucleotide metabolism, and repli-
cation and repair (p < 0.05). These results indicate that feeding high doses of ferulic acid 
alters the metabolic functions of the cecal microbiota in broiler chickens. 

Figure 5. Distribution histogram based on LDA value (a) and evolutionary branch graph (b) of fecal
microbiota.

3.9. Function Prediction Analysis

Using PICRUSt2 software (V2.5.2) to analyze the differences in the KEGG metabolic
pathways, as shown in Figure 6, compared to the MA group, the functional genes of the
microbial community in the DM group significantly increased in metabolic pathways such
as xenobiotics biodegradation and metabolism, membrane transport, excretory system, and
signal transduction. In contrast, there was a significant decrease in metabolic pathways
related to cell growth and death, translation, folding, sorting and degradation, metabolism
of terpenoids and polyketides, transcription, nucleotide metabolism, and replication and
repair (p < 0.05). These results indicate that feeding high doses of ferulic acid alters the
metabolic functions of the cecal microbiota in broiler chickens.
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4. Discussion
Urea nitrogen and creatinine levels are commonly used as indicators of kidney function.

Previous studies have found that intraperitoneal injection of ferulic acid in mice resulted
in decreased levels of creatinine and urea nitrogen, along with increased excretion [5].
However, the results of this experiment indicate that the addition of ferulic acid to the
diet significantly increased the levels of creatinine and urea nitrogen in the serum of
broiler chickens, which contradicts their findings. Urea nitrogen and creatinine are major
byproducts of protein metabolism in the body and can be easily influenced by dietary
factors [17]. Ferulic acid may enhance protein metabolism, leading to an increase in urea
nitrogen and creatinine levels. Additionally, total cholesterol and triglyceride levels in the
blood are commonly used to assess lipid absorption and can reflect lipid metabolism [18].
The results of this experiment demonstrate that the total cholesterol and triglyceride levels
in both the CM and DM groups were significantly elevated, indicating that ferulic acid can
enhance lipid metabolism in broiler chickens.

Growth performance is the most intuitive indicator for assessing the economic ben-
efits of broiler chicken farming; a lower feed-to-meat ratio signifies better growth perfor-
mance [19]. Natural plant polyphenols have a significant positive effect on animal growth
performance. Related research indicated that incorporating an appropriate amount of
ferulic acid into broiler feed can significantly improve growth performance [20]. Similarly,
Lin et al. found that adding a fermentation enzyme powder rich in ferulic acid derived from
fungi to broiler feed also significantly decreased the feed-to-meat ratio in the initial growth
phases [21]. This experiment demonstrates that the inclusion of high doses of ferulic acid in
the feed can lower the feed-to-meat ratio in broilers, but the difference is not significant. The
activity of intestinal digestive enzymes reflects the digestive and absorption capacity of the
intestines, and the growth and development of animals are closely related to the strength
of the digestive enzyme activity [22]. The results of this experiment indicate that adding
ferulic acid to the feed can significantly enhance the activity of trypsin and chymotrypsin in
the duodenum. This suggests that ferulic acid can boost the activity of digestive enzymes in
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broilers and improve intestinal digestion and absorption capacity, thereby promoting feed
conversion efficiency, reducing the feed-to-meat ratio, and enhancing growth performance.

The physiological and metabolic activities of poultry are significantly influenced by
heat stress, which can lead to oxidative stress and inflammatory responses [23]. There-
fore, it is crucial to enhance the antioxidant capacity and immune function of broilers in
farming practices. Superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) are
integral components of the body’s antioxidant system, capable of improving the oxidative
stress resistance of broilers and mitigating the damage caused by oxidative stress [24].
Malondialdehyde (MDA) serves as an indicator of lipid peroxidation in the body and can
indirectly reflect the extent of cellular damage [25]. Wei et al. demonstrated that ferulic
acid can prevent the increase in MDA levels and alleviate the decline in SOD activity [26].
Liu et al. found that administering ferulic acid reduced MDA content in the serum of Jilin
white geese subjected to lipopolysaccharide-induced oxidative stress [27]. Additionally, Li
et al. discovered that incorporating ferulic acid into the silage feed of goats enhanced the
activity of serum antioxidant enzymes, such as total antioxidant capacity (T-AOC), SOD,
and GSH-Px, in dairy goats [28]. The results of this experiment indicate that ferulic acid
can enhance the activity of SOD and GSH-Px while reducing the MDA content in serum,
which aligns with previous findings.

IL-2, a growth factor for immune cells in the body, exerts a pleiotropic effect [29].
During acute infections, elevated levels of IL-2 promote the development of effector T
cells; however, during chronic infections and cancer, high levels of IL-2 may lead to T
cell apoptosis. IFN-γ is a hallmark cytokine produced by Th1-type CD4+ cells, which
play crucial roles in antitumor activity and immune regulation [30]. Complement C3 is
primarily synthesized by the liver, where it is capable of lysing bacteria and viruses, and
it participates in the immune response, helping to regulate the immune system [31]. The
results of this experiment indicate that following the addition of ferulic acid, the serum
IL-2 levels in broiler chickens decreased, while the levels of complement C3 and IFN-γ
increased compared to the control group.

TLR4, a protein that initiates the inflammatory response, can promote a cascade of
inflammatory reactions and play a pivotal role in regulating a series of inflammatory events
in the body [32]. Upon activation, TLR4 triggers the expression of key downstream target
proteins, leading to the activation and translocation of NF-κB into the nucleus. This process,
in turn, promotes the assembly and activation of NLRP3, resulting in the upregulation
of inflammatory factors such as TNF-α, IL-1β, and IL-18 [33,34]. Studies have shown
that ferulic acid can inhibit intestinal inflammation by downregulating the expression
of related inflammatory factors in the TLR4-NF-κB-NLRP3 signaling pathway, thereby
exerting anti-inflammatory effects [35]. Manas Kinra and colleagues found that within
the appropriate dosage range, ferulic acid effectively blocks the activation of the NLRP3
inflammasome pathway, reduces the release of IL-1β, and decreases the likelihood of
disease occurrence [36]. Zhang et al. demonstrated that ferulic acid can inhibit apoptosis by
lowering the levels of IL-1β, TLR4, MyD88, p-NF-κB, and p-p38MAPK, thereby reducing
neuronal cell apoptosis and inflammatory infiltration [37]. Relative studies found that
in vivo administration of ferulic acid alleviated intestinal damage in ulcerative colitis
(UC) rats and suppressed the expression of inflammatory factors TNF-α, IL-12, and IL-1β,
indicating that ferulic acid possesses significant anti-inflammatory activity [38]. The results
of this experiment show that adding 90 mg/kg of ferulic acid to the diet can significantly
down regulate the expression of the TLR4, MyD88, NF-κB, and NLRP3 genes, as well as
the expression of TNF-α, IL-1β, and IL-18.

The gut microbiota plays a crucial role in the healthy growth and development of
livestock and poultry, as it facilitates metabolic decomposition, regulates immune function,
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and helps resist pathogenic microorganisms. In this experiment, significant differences
were observed in the alpha and beta diversity of the cecal contents of broilers. In the ferulic
acid group, the abundance of cyanobacteria (Spirulina) and the genus Ruminococcus from the
Firmicutes phylum increased to a certain extent, leading to an elevated ratio of Firmicutes to
Bacteroidetes. Li et al. found that Spirulina polysaccharides can alter the relative abundance
of Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria at the phylum level, signifi-
cantly improving the gut microecology of mice. This indicates that ferulic acid can promote
the growth and colonization of beneficial gut bacteria to some extent [2]. Previous studies
have discovered that when probiotics dominate the gut microbiota, the microorganisms
metabolize to produce substances such as propionate and butyrate, which can enhance the
activity of immune cells [39]. Zhang et al. demonstrated a correlation between changes in
the ratio of Firmicutes to Bacteroidetes and health indices [40]. Additionally, Deng et al.
used ferulic acid to intervene in a lipopolysaccharide-induced anxiety model in mice and
found a significant increase in the ratio of Firmicutes to Bacteroidetesc [41].

The heatmap results indicate that, compared to the control group, the group treated
with ferulic acid exhibited a significant increase in the genera Ruminococcus from the
Firmicutes phylum and Escherichia from the Proteobacteria phylum. Research suggests that
Ruminococcus plays a crucial role in the digestion of resistant starch and is also linked
to intestinal diseases, autoimmune disorders, and neurological conditions [42,43]. LEfSe
analysis further confirmed that following the addition of ferulic acid to the feed, there was
a reduction in the subgenus Ruminococcus_vadinBB60 within the Firmicutes community. A
study by Dominianni et al. found that the relative abundance of Ruminococcus is associated
with inflammatory bowel disease [44]. Ruminococcus is regarded as a potential pathogen
and a contributor to economic losses in livestock and poultry.

Through the PICRUSt system for gene annotation of the intestinal microbiota
in broilers, we found that ferulic acid significantly increased the relative abundance
of the “amino acid metabolism” and “carbohydrate metabolism” pathways in KEGG
functional predictions.

5. Conclusions
In summary, incorporating ferulic acid into the standard diet of broiler chickens can

enhance their production performance and anti-inflammatory and antioxidant properties,
improve immune function, and optimize the microbial composition of the cecum. This
provides a theoretical foundation for the application of ferulic acid in poultry nutrition.
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6. Zduńska, K.; Dana, A.; Kolodziejczak, A.; Rotsztejn, H. Antioxidant Properties of Ferulic Acid and Its Possible Application. Ski.
Pharmacol. Physiol. 2018, 31, 332–336. [CrossRef]

7. Tang, X.; Xiong, K.; Fang, R.; Li, M. Weaning stress and intestinal health of piglets: A review. Front. Immunol. 2022, 13, 1042778.
[CrossRef]

8. Che, Q.; Luo, T.; Shi, J.; He, Y.; Xu, D.L. Mechanisms by Which Traditional Chinese Medicines Influence the Intestinal Flora and
Intestinal Barrier. Front. Cell. Infect. Microbiol. 2022, 12, 863779. [CrossRef]

9. Koh, A.; De Vadder, F.; Kovatcheva-Datchary, P.; Bäckhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332–1345. [CrossRef]

10. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;
Hermoso, M.A. Corrigendum: Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its
Relevance for Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 1486. [CrossRef]

11. Mafra, D.; Barros, A.F.; Fouque, D. Dietary protein metabolism by gut microbiota and its consequences for chronic kidney disease
patients. Future Microbiol. 2013, 8, 1317–1323. [CrossRef] [PubMed]

12. Said, H.M.; Supuran, C.T.; Hageman, C.; Staab, A.; Polat, B.; Katzer, A.; Scozzafava, A.; Anacker, J.; Flentje, M.; Vordermark, D.
Modulation of carbonic anhydrase 9 (CA9) in human brain cancer. Curr. Pharm. Des. 2010, 16, 3288–3299. [CrossRef] [PubMed]

13. Xu, S.; Lin, Y.; Zeng, D.; Zhou, M.; Zeng, Y.; Wang, H.; Zhou, Y.; Zhu, H.; Pan, K.; Jing, B.; et al. Bacillus licheniformis normalize
the ileum microbiota of chickens infected with necrotic enteritis. Sci. Rep. 2018, 8, 1744. [CrossRef] [PubMed]

14. Fasina, Y.O.; Newman, M.M.; Stough, J.M.; Liles, M.R. Effect of Clostridium perfringens infection and antibiotic administration
on microbiota in the small intestine of broiler chickens. Poult. Sci. 2016, 95, 247–260. [CrossRef]

15. Bortoluzzi, C.; Vieira, B.S.; Hofacre, C.; Applegate, T.J. Effect of different challenge models to induce necrotic enteritis on the
growth performance and intestinal microbiota of broiler chickens. Poult. Sci. 2019, 98, 2800–2812. [CrossRef]

16. Guo, H.; Zuo, Z.; Wang, F.; Gao, C.; Chen, K.; Fang, J.; Cui, H.; Ouyang, P.; Geng, Y.; Chen, Z.; et al. Attenuated Cardiac
oxidative stress, inflammation and apoptosis in Obese Mice with nonfatal infection of Escherichia coli. Ecotoxicol. Environ. Saf.
2021, 225, 112760. [CrossRef]

17. Jiang, X.; Zhao, X.; Luo, H.; Zhu, K. Therapeutic effect of polysaccharide of large yellow croaker swim bladder on lupus nephritis
of mice. Nutrients 2014, 6, 1223–1235. [CrossRef]

18. Han, K.; Ma, J.; Dou, J.; Hao, D.; Zhu, W.; Yu, X.; Zheng, W.; Song, Y.; Shi, F.; Li, Q. A Clinical Trial of the Effects of a Dietary
Pattern on Health Metrics and Fecal Metabolites in Volunteers With Risk of Cardiovascular Disease. Front. Nutr. 2022, 9, 853365.
[CrossRef]

19. Tang, Y.; Zhang, X.; Wang, Y.; Guo, Y.; Zhu, P.; Li, G.; Zhang, J.; Ma, Q.; Zhao, L. Correction: Dietary ellagic acid ameliorated
Clostridium perfringens-induced subclinical necrotic enteritis in broilers via regulating inflammation and cecal microbiota. J.
Anim. Sci. Biotechnol. 2022, 13, 66. [CrossRef]

20. Shu, G.; Tang, Z.; Du, H.; Zheng, Y.; Chang, L.; Li, H.; Xu, F.; Fu, H.; Zhang, W.; Lin, J. Effects of Dietary Ferulic Acid
Supplementation on Hepatic Injuries in Tianfu Broilers Challenged with Lipopolysaccharide. Toxins 2022, 14, 227. [CrossRef]

https://doi.org/10.1007/s11427-022-2246-4
https://doi.org/10.1016/j.lfs.2021.119921
https://doi.org/10.1007/s00592-003-0099-6
https://doi.org/10.1111/fcp.12819
https://doi.org/10.1039/D2FO03332A
https://doi.org/10.1159/000491755
https://doi.org/10.3389/fimmu.2022.1042778
https://doi.org/10.3389/fcimb.2022.863779
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.3389/fimmu.2019.01486
https://doi.org/10.2217/fmb.13.103
https://www.ncbi.nlm.nih.gov/pubmed/24059921
https://doi.org/10.2174/138161210793429788
https://www.ncbi.nlm.nih.gov/pubmed/20819065
https://doi.org/10.1038/s41598-018-20059-z
https://www.ncbi.nlm.nih.gov/pubmed/29379124
https://doi.org/10.3382/ps/pev329
https://doi.org/10.3382/ps/pez084
https://doi.org/10.1016/j.ecoenv.2021.112760
https://doi.org/10.3390/nu6031223
https://doi.org/10.3389/fnut.2022.853365
https://doi.org/10.1186/s40104-022-00724-0
https://doi.org/10.3390/toxins14030227


Genes 2025, 16, 572 14 of 15

21. Du, J.; Wang, Y.; Wang, R.; Ji, X.; Zhang, J.; Guo, T.; Hu, Y.; An, X.; Gao, A.; Qi, J. Effect of ferulic acid on growth, digestibility,
digestive enzyme activity, immunity and antioxidant status of broilers. S. Afr. J. Anim. Sci. 2022, 52, 280–290.

22. Li, C.; Zhang, B.; Wang, X.; Pi, X.; Wang, X.; Zhou, H.; Mai, K.; He, G. Improved utilization of soybean meal through fermentation
with commensal Shewanella sp. MR-7 in turbot (Scophthalmus maximus L.). Microb. Cell Factories 2019, 18, 214. [CrossRef]
[PubMed]

23. Shi, Y.; Tang, L.; Bai, X.; Du, K.; Wang, H.; Jia, X.; Lai, S. Heat Stress Altered the Vaginal Microbiome and Metabolome in Rabbits.
Front. Microbiol. 2022, 13, 813622. [CrossRef] [PubMed]

24. Chen, Y.; Liu, H.; Huang, H.; Ma, Y.; Wang, R.; Hu, Y.; Zheng, X.; Chen, C.; Tang, H. Squid Ink Polysaccharides Protect Human
Fibroblast Against Oxidative Stress by Regulating NADPH Oxidase and Connexin43. Front. Pharmacol. 2019, 10, 1574. [CrossRef]

25. Yan, J.; Chen, L.; Zhang, L.; Zhang, Z.; Zhao, Y.; Wang, Y.; Ou, J. New Insights Into the Persistent Effects of Acute Exposure to
AFB1 on Rat Liver. Front. Microbiol. 2022, 13, 911757. [CrossRef]

26. Wei, Z.; Xue, Y.; Xue, Y.; Cheng, J.; Lv, G.; Chu, L.; Ma, Z.; Guan, S. Ferulic acid attenuates non-alcoholic steatohepatitis by
reducing oxidative stress and inflammation through inhibition of the ROCK/NF-κB signaling pathways. J. Pharmacol. Sci. 2021,
147, 72–80. [CrossRef]

27. Liu, Y.; Zhang, T.; Jia, F.; Li, H.; Sun, M.; Fu, Z.; Zhou, H.; Guo, W.; Gao, Y. Effects of ferulic acid on growth performance and
intestinal oxidation indexes of Jilin white geese under lipopolysaccharide-induced oxidative stress. PLoS ONE 2023, 18, e0291955.
[CrossRef]

28. Li, F.; Zhang, B.; Zhang, Y.; Zhang, X.; Usman, S.; Ding, Z.; Hao, L.; Guo, X. Probiotic effect of ferulic acid esterase-producing
Lactobacillus plantarum inoculated alfalfa silage on digestion, antioxidant, and immunity status of lactating dairy goats. Anim.
Nutr. 2022, 11, 38–47. [CrossRef]

29. Liu, Y.; Zhou, N.; Zhou, L.; Wang, J.; Zhou, Y.; Zhang, T.; Fang, Y.; Deng, J.; Gao, Y.; Liang, X.; et al. IL-2 regulates tumor-reactive
CD8+ T cell exhaustion by activating the aryl hydrocarbon receptor. Nat. Immunol. 2021, 22, 358–369. [CrossRef]

30. Peng, P.; Lou, Y.; Wang, J.; Wang, S.; Liu, P.; Xu, L.X. Th1-Dominant CD4+ T Cells Orchestrate Endogenous Systematic Antitumor
Immune Memory After Cryo-Thermal Therapy. Front. Immunol. 2022, 13, 944115. [CrossRef]

31. Liu, B.; Yan, Y.; Wang, X.; Chen, N.; Wu, J. Locally generated C3 regulates the clearance of Toxoplasma gondii by IFN-γ-primed
macrophage through regulation of xenophagy. Front. Microbiol. 2022, 13, 944006. [CrossRef] [PubMed]

32. Chen, Y.; Park, J.; Joe, Y.; Park, H.J.; Jekal, S.J.; Sato, D.; Hamada, H.; Chung, H.T. Pterostilbene 4′-β-Glucoside Protects against
DSS-Induced Colitis via Induction of Tristetraprolin. Oxidative Med. Cell. Longev. 2017, 2017, 9427583. [CrossRef] [PubMed]

33. Pang, Y.; Wu, D.; Ma, Y.; Cao, Y.; Liu, Q.; Tang, M.; Pu, Y.; Zhang, T. Reactive oxygen species trigger NF-κB-mediated NLRP3
inflammasome activation involvement in low-dose CdTe QDs exposure-induced hepatotoxicity. Redox Biol. 2021, 47, 102157.
[CrossRef]

34. Kuang, Z.S.; Leng, Y.X.; Yang, N.; Li, Z.Q.; Zong, Y.N.; Han, D.Y.; Li, Y.; He, J.D.; Mi, X.N.; Cong, Z.K.; et al. Inhibition of visfatin
alleviates sepsis-induced intestinal damage by inhibiting Hippo signaling pathway. Inflamm. Res. Off. J. Eur. Histamine Res. Soc.
2022, 71, 911–922. [CrossRef]

35. Zhou, Z.; He, W.; Tian, H.; Zhan, P.; Liu, J. Thyme (Thymus vulgaris L.) polyphenols ameliorate DSS-induced ulcerative colitis of
mice by mitigating intestinal barrier damage, regulating gut microbiota, and suppressing TLR4/NF-κB-NLRP3 inflammasome
pathways. Food Funct. 2023, 14, 1113–1132. [CrossRef]

36. Kinra, M.; Ranadive, N.; Nampoothiri, M.; Arora, D.; Mudgal, J. Involvement of NLRP3 inflammasome pathway in the
protective mechanisms of ferulic acid and p-coumaric acid in LPS-induced sickness behavior and neuroinflammation in mice.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2024, 397, 1829–1839. [CrossRef]

37. Zhang, D.; Jing, B.; Chen, Z.N.; Li, X.; Shi, H.M.; Zheng, Y.C.; Chang, S.Q.; Gao, L.; Zhao, G.P. Ferulic acid alleviates sciatica by
inhibiting neuroinflammation and promoting nerve repair via the TLR4/NF-κB pathway. CNS Neurosci. Ther. 2023, 29, 1000–1011.
[CrossRef]

38. Yu, S.; Qian, H.; Zhang, D.; Jiang, Z. Ferulic acid relieved ulcerative colitis by inhibiting the TXNIP/NLRP3 pathway in rats. Cell
Biol. Int. 2023, 47, 417–427. [CrossRef]

39. Clavel, T.; Gomes-Neto, J.C.; Lagkouvardos, I.; Ramer-Tait, A.E. Deciphering interactions between the gut microbiota and the
immune system via microbial cultivation and minimal microbiomes. Immunol. Rev. 2017, 279, 8–22. [CrossRef]

40. Zhang, Y.; Yu, K.; Chen, H.; Su, Y.; Zhu, W. Caecal infusion of the short-chain fatty acid propionate affects the microbiota and
expression of inflammatory cytokines in the colon in a fistula pig model. Microb. Biotechnol. 2018, 11, 859–868. [CrossRef]

41. Deng, L.; Zhou, X.; Tao, G.; Hao, W.; Wang, L.; Lan, Z.; Song, Y.; Wu, M.; Huang, J.Q. Ferulic acid and feruloylated oligosaccharides
alleviate anxiety and depression symptom via regulating gut microbiome and microbial metabolism. Food Res. Int. 2022, 162,
111887. [CrossRef] [PubMed]
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