
Citation: Liao, Q.; Wu, T.; Fu, Q.;

Wang, P.; Zhao, Y.; Li, Y.;

Xiao, H.; Zhou, L.; Song, Z.

Effects of Dietary Inclusion of

β-Hydroxy-β-Methylbutyrate on

Growth Performance, Fat Deposition,

Bile Acid Metabolism, and Gut

Microbiota Function in High-Fat and

High-Cholesterol Diet-Challenged

Layer Chickens. Curr. Issues Mol. Biol.

2022, 44, 3413–3427. https://doi.org/

10.3390/cimb44080235

Academic Editor: Anna Wai

San Cheang

Received: 23 June 2022

Accepted: 27 July 2022

Published: 30 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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

Effects of Dietary Inclusion of β-Hydroxy-β-Methylbutyrate on
Growth Performance, Fat Deposition, Bile Acid Metabolism,
and Gut Microbiota Function in High-Fat and High-Cholesterol
Diet-Challenged Layer Chickens
Qichao Liao, Tian Wu, Qinghua Fu , Peng Wang, Yameng Zhao, Yan Li, Haihan Xiao, Lei Zhou and Ziyi Song *

State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, College of Animal
Science and Technology, Guangxi University, Nanning 530004, China; qc.liao@foxmail.com (Q.L.);
wutian980518@126.com (T.W.); fuqinghua.good@163.com (Q.F.); wangpeng131477@126.com (P.W.);
z152zgn@163.com (Y.Z.); lyyouth0305@163.com (Y.L.); xiaohaihan0825@163.com (H.X.); zhoulei@gxu.edu.cn (L.Z.)
* Correspondence: ziyi.song@gxu.edu.cn; Tel.: +86-771-3235635

Abstract: Excessive lipid deposition in layer chickens due to inappropriate feeding adversely affects
egg production; however, nutritional manipulation methods to deal with this issue are still limited.
β-hydroxy-β-methylbutyrate (HMB), a metabolite of L-leucine, was recently reported as a lipid-
lowering nutrient in mice and pigs, although its role in layers had not been investigated. Here,
we employed high-fat and high-cholesterol diet (HFHCD)−challenged growing layers as an obese
model to explore HMB function in the regulation of lipid metabolism and the potential mechanisms
involved. We found that dietary supplementation with (0.05% or 0.10%) HMB significantly reduced
HFHCD−induced bodyweight growth in layers, mainly due to reduction in abdominal fat deposition.
Mechanistically, HMB supplementation enhanced hepatic bile acid synthesis from cholesterol through
elevating expression of Cyp7a1, a gene coding a key enzyme in bile acid synthesis. Furthermore, 16S
rRNA gene sequencing revealed that HMB supplementation remodeled the diversity and composition
of the layers’ cecal microbiota, and the abundance of Bacteroidetes at the phylum level were especially
affected. Correlation analysis further indicated a strong negative association between Bacteroidetes
abundance and lipid metabolism−related parameters. Taken together, these data suggest that
dietary HMB supplementation could improve abdominal fat deposition in layers, probably through
modulating hepatic bile acid synthesis and gut microbiota function.
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1. Introduction

The lipid deposition and health status of egg–laying hens is crucial to the development
of the poultry industry [1]. Due to continuous egg production and a high dietary consump-
tion of carbohydrates, excessive fat deposition is a common issue in layers, which results
in increased risk of developing several metabolic disorders, including insulin resistance,
hepatic inflammation, and even fatty liver haemorrhagic syndrome (FLHS) [2–5]. These
metabolic disorders further lead to abnormal ovarian morphology, poor egg production,
and high mortality in layer chickens, and ultimately cause major economic losses for the
poultry industry [1]. In addition, studies have shown that the metabolic disorders in layers
are similar to humans’ [4]; therefore, studies trying to ameliorate layer fat accumulation in
hens not only benefit the poultry industry, but also could give insights into the treatment of
human obesity.

Generally, excessive deposits of fat in layers, especially in the abdomen, results from
an imbalance in lipid homeostasis in adipose tissue: the rate of fat acquisition through
fatty acid uptake and de novo lipogenesis (DNL) surpasses that of disposal via fatty acid
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oxidation and export of lipids [6–8]. Notably, in chickens, the liver is the primary site for
lipid metabolism, where more than 90% of de novo fatty acids are synthesized [9,10]. The
synthesized lipids are packaged as lipoproteins, mainly very low-density lipoproteins
(VLDLs) and vitellogenin (Vg), which are secreted into the blood stream and taken up by
adipose tissue for long-term storage or by growing oocytes for egg yolk formation [7,11].
Therefore, direct or indirect inhibition of hepatic DNL or promotion of hepatic lipid
oxidation is considered as a strategy to reduce fat accumulation in laying hens. In
addition, a large body of studies on birds and mammals demonstrate that gut microbiota
play a dramatic role in the regulation of host lipid metabolism through modulating the
intestinal barrier and inflammation by the production of metabolites, such as short-chain
fatty acids (SCFAs) [12,13]. Dysbiosis of the gut microbiota, defined as a decrease in
commensal bacteria levels and diversity, has been linked to obesity and fatty liver both in
chicken and humans. Thus, manipulation of gut microbiota diversity and composition is
another way of dealing with obesity [12,14]. However, despite increasing understanding
of the factors driving fat over-accumulation in laying hens, low-cost drugs that are
preferable for doctors and animal producers are still limited.

β-Hydroxy-β-methylbutyrate (HMB) is a derivative of leucine and is metabolized in
the liver from the keto acid of leucine by α-ketoisocaproate dioxygenase [15]. Studies have
shown that HMB can be used as a nutritional supplement to exert positive effects in animals
and humans under stressful or inflammatory conditions [16–18]. Specifically, recent studies
have indicated that low-dose dietary HMB supplementation alleviates dorsal subcutaneous
fat deposition in pigs and global obesity in high-fat diet (HFD)-induced obese mice though
remodeling of gut microbiota composition and function, especially Bacteroidetes−mediated
SCFA production [19,20]. Moreover, studies on broiler chickens have revealed that 0.10%
HMB improves growth performance, meat quality, and hepatic lipid accumulation [21,22].
However, until now, there have been no reports regarding HMB in laying hens. To this end,
we employed high-fat and high-cholesterol diet (HFHCD)–fed growing Hy-line Brown
as an obese model to explore the effects and underlying mechanisms of dietary HMB
supplementation on growth performance and lipid metabolism in layer chickens. The
findings of this study may contribute to overcoming the challenge of lipid metabolic
diseases in layers during the late laying period.

2. Materials and Methods
2.1. Animals and Diet

All animal studies were conducted according to protocols approved by the Animal
Ethics Committee of Guangxi University (GXU-2022-018). One-hundred 1-day-old Hy-
line Brown chickens were purchased from a live-poultry market (Nanning, China) and
housed in an environmentally controlled room in the Guangxi University Animal Exper-
imental Center. All birds were allowed free access to food and water. At 0~4 weeks,
all layers were fed with standard starter feeds. After that, the birds were randomly as-
signed to four groups (3 replicates per group, 8−9 birds per replicate), and fed with
one of four diets for 6 weeks: ND−CN (basic diet), HFHCD−CN (basic diet + 13% lard
+ 2% cholesterol), HFHCD−0.05% HMB (HFHCD + 0.05% HMB), and HFHCD−0.10%
HMB (HFHCD + 0.10% HMB). The HMB (purity ≥ 97.0%, Y25001) was obtained from
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The starter feeds and ND−CN diet
were ordered from Guangxi Fufeng Agriculture and Animal Husbandry Corporation, Ltd.
(Nanning, China), and the compositions of the diets are shown in Table 1.
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Table 1. Composition and nutrient levels of basal diets (air-dry basis) (%).

Items
Content

1 to 4 Weeks 4 to 10 Weeks

Ingredients, %
Corn 56.80 51.50
Wheat bran 5.00 10.00
Soybean meal 30.00 32.00
Fish meal 3.00 -
Limestone 1.40 1.50
CaHPO4 1.20 1.00
Lard oil 0.60 2.00
Premix 1 2.00 2.00
Total 100.00 100.00
Nutrients (calculated value)
CP 20.01 20.70
EE 3.44 4.42
Ash 5.26 5.12
Ca 1.27 1.28
TP 0.60 0.55
AP 0.73 0.78
Lys 1.10 1.03
Met 0.48 0.43

1 The premix provided the following per Kg of diets: VB1 3.5 mg, VB2 8.25 mg, VB6 6.75 mg, VB12 0.040 mg,
VA11500 IU, VD3 3200 IU, VK3 2.5 mg, Cu 10.8 mg, Fe 95 mg, Mn 90 mg, Zn 80 mg, Se 0.28 mg, pantothenic acid
21 mg, nicotinic acid 35 mg, folic acid 1.25 mg, I 0.38 mg, Co 0.1 mg, Choline 650 mg, biotin 0.30 mg.

2.2. Measurement of Growth Performance

For growth performance analysis, six birds were randomly selected from each replicate.
Fasting weight was measured at 0, 3, and 6 weeks post−HMB supplementation. Feed
intake was recorded weekly. Based on fasting weight and feed intake data, average daily
feed intake (ADFI), feed-to-gain ratio (F/G), and average daily gain (ADG) were calculated
following the standard formulas [23].

2.3. Slaughter Indicators and Organ Index

At the end of HMB supplementation for 6 weeks, the birds were slaughtered after 12 h
fasting. Abdominal fat weight, extra-muscular fat weight, eviscerated weight, and inter-
muscular fat width were measured. Notably, intermuscular fat width refers to the width of
the middle and lower fat bands between the axilla and sternum along the edge of pectoralis
major, while percentage of abdominal fat (PAF) was calculated as follows: percentage
of abdominal fat (%) = [(abdominal fat weight + extra-muscular fat weight)/eviscerated
weight] × 100.

2.4. Measurement of Plasma and Hepatic Parameters

Total cholesterol (TC), triglyceride (TG), and total bile acid (TBA) contents in the
plasma or liver tissues were all measured using assay kits (A111-1-1, A110-1-1, and E003-
2-1; Nanjing Jiancheng Bioengineering Institute, China), according to the manufacturer’s
instructions. Protein concentrations in tissue samples were determined using the BCA
protein quantitative assay kit (Beyotime Biotechnology, Shanghai, China). TC and TG levels
were expressed as mmol/g protein.

2.5. RNA Extraction and Quantitative Real-Time PCR

RNA was extracted from liver tissues by re-suspending 10−20 mg of frozen tissues
in 1 mL Trizol (Life Technologies, Foster City, CA, US) followed by lysing for 5 min at
25 Hz with steel balls in a tissue lyser (Qiagen, Hilden, Germany). The total RNA was
then extracted, according to the manufacturer’s directions for Trizol. Tecan Infinite® M200
Pro Instrument (Tecan Austria GmbH, Grödig, Austria) was used to measure the purity
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and concentration of total RNA. The RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, MA, US) was used to make cDNA from 1 µg of total RNA. For real-time
qPCR, 2× RealStar Green Fast Mixture was used (GenStar, Beijing, China). All data were
adjusted to the amount of β-actin before being analyzed using the 2−∆∆Ct approach. The
sequences of primers used in this study are listed in Table 2.

Table 2. Primer sequences for each target gene.

Genes Primer Sequences (5′→3′) GeneBank Accession Number

Accα
F: AGTCCTGATTGAGCATGGCA

NM_205505.1R: CTCCAGATGGCGGTAGATTC

β-actin F: TGCGTGACATCAAGGAGAAG
NM_205518.1R: TGCCAGGGTACATTGTGGTA

Cpt1 F: GCCAAGTCGCTCGCTGATGAC
DQ314726.1R: ACGCCTCGTAGGTCAGACAGAAC

Cyp7a1 F: CATTCTGTTGCCAGGTGATGTT
AY700578R: GCTCTCTCTGTTTCCCGCTTT

Fasn
F: TGAAGGACCTTATCGATTGC

NM_205155.4R: GCATGGGAAGCATTTTGTTGT

Fxr
F: AGTAGAAGCCATGTTCCTCCGTT

AF492497R: GCAGTGCATATTCCTCCTGTGTC

Ppara F: GAATGCCACAAGCGGAGAAGGAG
NM_001001464.1R: GCTCGCAGATCAGCAGATTCAGG

2.6. Hematoxylin and Eosin (H&E) Staining

H&E staining was performed as described previously [24]. Briefly, the livers and
adipose tissues of the layers were dissected and fixed in tissue-fixing solutions overnight
at 4 ◦C. Then, samples were sent to Wuhan Service Technology Co., Ltd. (Wuhan, Hubei,
China) for paraffin embedding, sectioning, and staining. Images were collected by light mi-
croscope (Biological microscope ML31; MSHOT, Guangzhou, China), and Image J software
was used to examine the cell areas.

2.7. Gut Microbiome Analysis by 16S rRNA Sequencing

Gut microbiome analyses by 16S rRNA sequencing were performed as described
previously [25]. Purified fecal microbiome DNA from the layer cecal samples were sent
to the Beijing Tsingke Biotechnology Co., Ltd. (Beijing, China) for 16S rRNA V4 region
amplification, and sequencing was performed using the Illumina Novaseq 6000 PE250
platform (Illumina, San Diego, CA, USA). The obtained sequence files were then analyzed
using QIIME2 (v2021.2.0) in the following steps. First, the raw reads for each sample
were normalized to yield 40,000 featured sequences. Then, an amplicon sequence variant
table (ASV) was created after noise-reduction manipulation was carried out using the
DADA2 module in QIIME2. After that, 16S rRNA genes were annotated based on the
previously trained V4 region classifier in GreenGenes (https://greengenes.lbl.gov, accessed
on 14 February 2022). Next, alpha-diversity indices (Shannon, Simpson, Chao1, and ACE)
were applied to describe the diversity of microbiome groups among samples using Vegan
(v2.5-7, R package). Beta diversity was assessed by Phyloseq (v1.3.20, R package). A Venn
diagram was drawn by ggClusterNet (v0.2, R package). Taxa abundances for specific
genera were summed at the phylum level and genus level by amplicon sequencing (v1.13.0,
R package). To identify distinct groups in the multiple samples, the linear discriminant
analysis (LDA) effect size (LEfSe) method and the non-parametric factors Kruskal–Wallis
rank-sum test were used. PICRUSt (http://huttenhower.sph.harvard.edu/galaxy, accessed
on 1 March 2022) was employed to predict the KEGG functions of microbial communities
based on ASV tables. Pearson correlation analysis was performed to determine the correla-
tions between fecal flora abundance and hepatic total bile acids, percentage of abdominal
fat (PAF), and hepatic TG or TC levels. All the results were visualized using the R package
ggplot2 (v3.3.5).

https://greengenes.lbl.gov
http://huttenhower.sph.harvard.edu/galaxy
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2.8. Statistical Analysis

The results are expressed as means ± SDs. Significance was estimated by unpaired
Student’s t-test (for two groups) or one-way ANOVA (for multiple groups). A probability
of p < 0.05 was considered to be statistically significant. The statistical analysis and figures
were prepared using GraphPad Prism 8.0.

3. Results
3.1. Effects of Dietary HMB on the Growth Performance of HFHCD−Challenged Layer Chickens

To facilitate the investigation of the role of HMB supplementation on lipid metabolism
in layer chickens, we employed a high-fat and high-cholesterol diet (HFHCD)−induced fat
over-accumulation hen model and monitored the effects of HMB supplementation on the
growth performance of the birds during the full trial (Figure 1A). We found that, compared
with the normal diet (ND), HFHCD feeding reduced the average daily feed intake (ADFI)
of the birds regardless of supplementation with HMB or not (Figure 1B). Despite less
feed intake, after 6 weeks of feeding, HFHCD significantly increased bodyweight of the
layers compared with the control group, indicating that the HFHCD−induced obese model
would be successful (Figure 1C). Importantly, 0.05% and 0.10% HMB supplementation
obviously attenuated HFHCD−induced bodyweight growth, implying that HMB might
alleviate HFHCD−induced fat deposition (Figure 1C). Consistent with the difference in
gross bodyweight, HMB supplementation also decreased the HFHCD−induced average
daily gain (ADG) and carcass weight of the birds (Figure 1D,E). Furthermore, we observed
that, compared with the control group, feed-to-gain ratio (F/G) was decreased in the
HFHCD group with or without HMB supplementation (Figure 1F), suggesting that HFHCD
enhances the feed conversion rate in hens. Collectively, these data indicate that dietary
HMB supplementation attenuates HFHCD−induced bodyweight growth in layer chickens.
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Figure 1. Effects of HMB supplementation on the growth performances of HFHCD−challenged
layers. (A) Diagram of the experimental design. (B) Average daily feed intake. (C) Bodyweight
curve of the growing hens. (D) Average daily gain weight. (E) Carcass weight of the growing hens
(F) Feed-to-gain ratio of the growing hens. All the results are shown as the means ± SDs; n = 3;
* p < 0.05, ** p < 0.01.
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3.2. Effects of Dietary HMB on HFHCD−Induced Lipid Accumulation in Layer Chickens

Next, to determine whether HMB supplementation could reduce fat deposition in
layers, the birds were dissected at the end of the trial. As shown in Figure 2A, the mass of
abdominal fat was found to be markedly increased in the HFHCD−fed group compared
with the ND−CN group, further demonstrating that the hen model of HFHCD−induced
obesity was successful. However, it was also clear that 0.05% or 0.10% HMB supple-
mentation significantly reduced the HFHCD−induced accumulation of abdominal fat
(Figure 2A). Consistently, the quantitative analysis of abdominal fat index and intermuscu-
lar fat width further supported the observation that HMB supplementation ameliorated
HFHCD−induced abdominal fat deposition (Figure 2B,C). Furthermore, adipose tissue his-
tologic analysis showed that two levels of HMB supplementation dramatically reduced the
HFHCD−induced increase in the cell size of abdominal fat (Figure 3A,B). By contrast, no
obvious difference was observed in the liver section, although quantitative analysis showed
slight alterations in hepatic triglyceride (TG) levels (Figure 3C,D). Collectively, these data
demonstrate that dietary supplementation with HMB could mitigate HFHCD−induced
abdominal fat deposition in hens.
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3.3. Effects of Dietary HMB on Hepatic Bile Acid Metabolism in HFHCD−Challenged
Layer Chickens

It is well-known that the liver, as a central metabolic organ, acts as a critical hub for
numerous physiological processes, including the metabolism of glucose, lipids and choles-
terol, and so forth, in mammals [26,27]. Given that the layers were challenged with HFHCD,
next, we measured hepatic cholesterol levels. As expected, HFHCD feeding increased the
cholesterol levels in the liver by 50% compared with the ND control (Figure 4A). How-
ever, unexpectedly, HMB supplementation significantly reduced HFHCD−induced hepatic
cholesterol enrichment (Figure 4A). In line with hepatic cholesterol levels, a similar result
was observed for serum cholesterol levels (Figure 4B). Then, to reveal how HMB affects
cholesterol metabolism, we checked the levels of hepatic total bile acids, since cholesterol
can be removed through bile acid synthesis [28]. As shown in Figure 4C, we found that
there was a significant increase in total bile acid levels after HMB treatment. These data
suggest that HMB supplementation may promote hepatic total bile acid synthesis from
cholesterol. To provide more evidence, we checked the expression of the Cyp7a1 gene,
which encodes a rate-limiting enzyme catalyzing cholesterol into bile acids [29], and found
that Cyp7a1 levels were significantly upregulated in the HMB supplementation group
compared with the HFHCD control (Figure 4D), further indicating that HMB facilitates
hepatic bile acid synthesis.
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Figure 4. Effects of HMB on hepatic cholesterol and bile acid metabolism in HFHCD−challenged
layers. (A) Liver total cholesterol (TC) content (n = 8). (B) Serum total cholesterol (TC) content
(n = 6–8). (C) Liver total bile acid (TBA) content (n = 8). (D–I) qRT-PCR analysis of the levels of
Cyp7a1, Fxr, Pparα, Cpt1, Fasn, and Accα (n = 5–6). All the results are shown as the means ± SDs;
* p < 0.05, ** p < 0.01.

Next, we evaluated the beneficial effects of the elevated bile acid levels in the liver.
Farnesoid X receptor (FXR) is a bile acid-activated nuclear receptor that plays a role in
carbohydrate and lipid metabolism through transcriptional activation of target gene expres-
sion [30–33]. On account of this, we firstly checked Fxr expression and found that HMB
supplementation significantly rescued HFHCD−suppressed Fxr expression (Figure 4E).
Consistently, FXR activated−genes, Ppara and Cpt1 [34], which participate in lipid oxida-
tion, were also significantly rescued (Figure 4F,G). By contrast, lipogenic genes Fasn and
Acca [34], which were inhibited by FXR and downregulated in the HFHCD group, were
further blocked in the HMB−treated group (Figure 4H,I). Above all, these data suggest that
HMB supplementation enhances hepatic lipid oxidation while it inhibits lipid synthesis
via promotion of the conversion of cholesterol into bile acids, which is supposed to reduce
lipid flux from the liver to adipose tissue and contribute to a reduction in fat deposition
in layers.

3.4. Effects of Dietary HMB on Gut Microbial Diversity in HFHCD−Challenged Layer Chickens

The gut microbiota has been revealed to be highly involved in the process of fat depo-
sition, and a growing number of studies have proven that exposure to certain exogenous
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compounds could affect its composition and function [35]. Therefore, we performed 16S
rRNA sequencing to quantify the alterations in gut microbial populations among the four
groups. First, we evaluated the alpha diversity of gut microbiota from the diversity (Simp-
son and Shannon) and richness (abundance-based coverage estimator (ACE) and Chao1).
The results showed that HFHCD feeding significantly increased the diversity and richness
of gut bacteria, while 0.05% and 0.10% HMB supplementation restored the diversity and
richness to the basal level (Figure 5A–D). Then, a principal coordinates analysis (PCoA),
which was based on Bray–Curtis similarity, was used to visualize the beta diversity of
microbiota. The result showed that the samples from ND–CN and HFHCD–CN were in
distinct clusters, but the dissimilarity between the two groups was significantly reduced
and they were assigned to the same cluster after HMB supplementation (Figure 5E). Next, to
explore the common and genotype–specific microbial communities among the four groups,
Venn diagram analysis was applied, and the results showed that HFHCD feeding only
altered a small proportion of bacterial flora, leaving large numbers of bacterial flora unaf-
fected (Figure 5F). Interestingly, HMB supplementation led to the partial resumption of the
alterations to microbial species caused by HFHCD feeding (Figure 5F). Above all, these data
suggest that HMB supplementation restores HFHCD–disturbed gut microbial diversity.
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3.5. Effects of Dietary HMB on Gut Microbial Composition in HFHCD–Challenged
Layer Chickens

Next, we analyzed gut microbial composition in detail based on the abundance of bac-
teria. First, we found that, at the phylum level, the microbial communities in four groups
were all dominated by Actinobacteria, Bacteroidetes, and Firmicutes (Figure 6A), while, at the
genus level, the common predominant bacteria were Bacteroides and Alistipes (Figure 6B).
Then, a linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed to
identify differentially abundant microbial populations among the four groups. The results
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showed that the dominant flora in the HFHCD−0.05% HMB group was Bacteroidaceae
(Bacteroides), which was reported to be associated with leanness and other desirable health
traits [36–38]. Interestingly, however, in the HFHCD−0.10% HMB group the predominant
flora were Clostridiales (Clostridia) and Firmicutes, which have complex effects on fat de-
position (Figure 6C) [39,40]. These differences implied that HMB level is an important
effector in the modulation of gut microbiota. In line with the above findings, the HFHCD–
suppressed abundance of Bacteroides and Clostridia were reversed by HMB supplementation
(Figure 6D,E). Collectively, these data indicated that HMB supplementation countered the
HFHCD–caused adverse alterations in the layers’ gut microbiota.
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3.6. Effects of HMB on Gut Microbial Function in HFHCD–Challenged Layer Chickens

To uncover the potential functional interactions between gut microbiota and host, an
analysis of KEGG functional orthologs was performed using the PICRUSt algorithm. As
shown in Figure 7A, compared with the HFHCD–CN group, pathways related to lipid
synthesis (e.g., steroid biosynthesis, biosynthesis of unsaturated fatty acids, and fatty acid
biosynthesis) were markedly downregulated by 0.05% HMB supplementation. Consistent
with the KEGG results, Pearson correlation analysis further revealed that there were
significant associations between specific genera and metabolic phenotypes. For instance,
commensal Bacteroides was positively correlated with the level of hepatic total bile acids
(TBAs) but negatively correlated with the percentage of abdominal fat (PAF). Conversely,
Collinsella, which has been linked to obesity, atherosclerosis, and inflammation [41], was
positively correlated with PAF and TG but negatively correlated with TBA (Figure 7B).
Collectively, these data indicate that gut microbiota partially mediated the beneficial effects
of HMB supplementation on layer lipid metabolism.
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4. Discussion

In laying hen husbandry, the excessive accumulation of fat and its associated metabolic
disorders are considered one of the major causes of reduced egg production [1]. Thus, it is
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urgent to seek drugs or feed additives to improve fat metabolism in laying hens. While
HMB, a metabolite of L-leucine in the liver, was recently reported to modulate hepatic lipid
metabolism in broiler chickens [22], it is still unknown whether dietary supplementation
with HMB could alleviate fat over-accumulation in laying hens. This is because there
are huge differences between broiler chickens and layer chickens in terms of genetics,
nutrition, physiology, and feeding management [42]. In particular, broilers are selected for
meat production and can be slaughtered as early as around 35 days of age to maximize
profits [43]. By contrast, layers are used for egg production and can be kept for 2–3 years [44].
As such, laying hens are more prone to developing fat-related metabolic dysfunctions than
broiler chickens. Therefore, it is of great significance to investigate whether HMB has
fat-lowering effects in layers. In this study, we found that dietary supplementation with
HMB significantly ameliorated HFHCD–induced fat deposition in hens, indicating that
HMB is a good candidate as a new feed additive in the laying hen industry.

Compared with broiler chickens, one obvious difficulty in studying laying hens is
that layers have a long laying cycle; thus, studies take more time and incur higher costs
than studies on broilers. To overcome this difficulty, we established a high-fat and high-
cholesterol (13% lard + 2% cholesterol) diet (HFHCD)-induced fat over-accumulated grow-
ing layer model to mimic naturally occurring obesity in old laying hens. We found that
6 weeks of HFHCD feeding of 1-month-old growing hens was sufficient to induce remark-
able abdominal fat deposition (Figure 2); however, it was not sufficient to cause fatty liver
(Figure 3), suggesting that the obese model was successful. Since it is believed that fatty
liver is one consequence of obesity [45], in the future, prolonged HFHCD feeding may be
used as a strategy to establish a laying hen model of fatty liver.

By using the HFHCD–induced fat over-accumulation model, we found that HMB
supplementation plays a fat-lowering role in layers (Figures 2 and 3). This finding is
consistent with previous reports on mice and pigs [19,20], suggesting that the function of
HMB in lipid metabolism is conserved from birds to mammals. Furthermore, we found
that gut microbiota partially mediate the protective effects of HMB against fat accumulation
(Figures 5–7). Frankly, this is an expected finding because the gut microbiota is well-
known for its broad range of roles in the regulation of many physiological and pathological
processes, particularly metabolism [46]. In addition, studies in mice and broilers have
already indicated that the gut microbiota plays a role in the lipid-lowering action of
HMB [20,22]. However, until now, it has been unclear how HMB shapes the gut microbiota.
Thus, future studies are needed to elucidate the underlying mechanisms that may deepen
our knowledge and provide insights into developing new drugs or feed additives.

Meanwhile, unexpectedly, we revealed another mechanism—the bile acid—regulated
lipid metabolism pathway in the liver. While it was already known that hepatic bile acid
plays an important role in the regulation of lipid metabolism [47], it is still unknown
whether bile acid is involved in the beneficial effects of HMB. Here, we found that HMB
facilitates the conversion of cholesterol to bile acids in the liver, which results in reduction
in cholesterol levels but increase in bile acid levels in the liver (Figure 3A,C). In line with
the elevated levels of hepatic bile acids and the nuclear receptor Fxra, the lipid oxidation
genes Ppara and Cpt1 were upregulated, whereas the lipogenenic genes Fasn and Acca
were downregulated (Figure 4E–I) [34]. On account of this, the output of lipid flux from
liver to adipose tissue could be remarkably reduced, ameliorating fat deposition in layers.
Mechanistically, we found that HMB upregulated the expression of cholesterol 7alpha-
hydroxylase (CYP7A1), a key enzyme in bile acid synthesis from cholesterol (Figure 3D).
Currently, it is unknown how HMB regulates hepatic Cyp7a1 expression, which could be
studied in future work.

Although our work has demonstrated that dietary supplementation with HMB facili-
tates lipid catabolism and protects layers against fat over-accumulation, it is still unknown
whether HMB improves metabolic health, egg quality, as well as egg production in laying
hens under standard poultry farming conditions. Furthermore, it should be noted that the
beneficial roles of HMB are highly dose- and species-dependent and that lower doses seem
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to have better effects than higher doses [19,20,22]. However, the optimal doses of HMB for
different species of birds and animals are as yet undetermined. Therefore, more studies are
required to tackle these unanswered questions in the future.

In summary, this study investigated the effects and underlying mechanisms of dietary
HMB supplementation on fat deposition in layers using a HFHCD–induced obese bird
model. The results have shown that 0.05% or 0.10% HMB addition significantly ameliorates
HFHCD–induced abdominal fat deposition, probably via enhancing hepatic bile acid
synthesis and shaping the gut microbiota. The findings in this study provide a new
therapeutic strategy for preventing and tackling fat–associated metabolic disorders in the
poultry industry.
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HFD High-fat diet
HFHCD High-fat and high-cholesterol diet
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TG Triglycerides
VLDL Very low-density lipoprotein
Vg Vitellogenin



Curr. Issues Mol. Biol. 2022, 44 3426

References
1. Groves, P.J. Non-infectious diseases and laying hen welfare. Anim. Prod. Sci. 2021, 61, 1013–1017. [CrossRef]
2. Shini, A.; Shini, S.; Bryden, W.L. Fatty liver haemorrhagic syndrome occurrence in laying hens: Impact of production system.

Avian Pathol. 2019, 48, 25–34. [CrossRef] [PubMed]
3. Zhuang, Y.; Xing, C.; Cao, H.; Zhang, C.; Luo, J.; Guo, X.; Hu, G. Insulin resistance and metabonomics analysis of fatty liver

haemorrhagic syndrome in laying hens induced by a high-energy low-protein diet. Sci. Rep. 2019, 9, 10141. [CrossRef] [PubMed]
4. Walzem, R.L.; Chen, S.-E. Obesity-induced dysfunctions in female reproduction: Lessons from birds and mammals. Adv. Nutr.

2014, 5, 199–206. [CrossRef] [PubMed]
5. Rozenboim, I.; Mahato, J.; Cohen, N.; Tirosh, O. Low protein and high-energy diet: A possible natural cause of fatty liver

hemorrhagic syndrome in caged White Leghorn laying hens. Poult. Sci. 2016, 95, 612–621. [CrossRef]
6. Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver

disease. Cell. Mol. Life Sci. 2018, 75, 3313–3327. [CrossRef]
7. Fouad, A.M.; El-Senousey, H.K. Nutritional factors affecting abdominal fat deposition in poultry: A review. Asian-Australas. J.

Anim. Sci. 2014, 27, 1057–1068. [CrossRef]
8. Wang, G.; Kim, W.K.; Cline, M.A.; Gilbert, E.R. Factors affecting adipose tissue development in chickens: A review. Poult. Sci.

2017, 96, 3687–3699. [CrossRef]
9. Desert, C.; Baeza, E.; Aite, M.; Boutin, M.; Le Cam, A.; Montfort, J.; Houee-Bigot, M.; Blum, Y.; Roux, P.F.; Hennequet-Antier, C.; et al.

Multi-tissue transcriptomic study reveals the main role of liver in the chicken adaptive response to a switch in dietary energy
source through the transcriptional regulation of lipogenesis. BMC Genom. 2018, 19, 187. [CrossRef]

10. Sato, K.; Kamada, T. Regulation of bile acid, cholesterol, and fatty acid synthesis in chicken primary hepatocytes by different
concentrations of T0901317, an agonist of liver X receptors. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2011, 158, 201–206.
[CrossRef]

11. Schneider, W.J. Lipid transport to avian oocytes and to the developing embryo. J. Biomed. Res. 2016, 30, 174–180. [PubMed]
12. Chen, S.; Luo, S.; Yan, C. Gut Microbiota Implications for Health and Welfare in Farm Animals: A Review. Animals 2021, 12, 93.

[CrossRef] [PubMed]
13. Boscaini, S.; Leigh, S.J.; Lavelle, A.; Garcia-Cabrerizo, R.; Lipuma, T.; Clarke, G.; Schellekens, H.; Cryan, J.F. Microbiota and body

weight control: Weight watchers within? Mol. Metab. 2022, 57, 101427. [CrossRef] [PubMed]
14. Lee, P.; Yacyshyn, B.R.; Yacyshyn, M.B. Gut microbiota and obesity: An opportunity to alter obesity through faecal microbiota

transplant (FMT). Diabetes Obes. Metab. 2019, 21, 479–490. [CrossRef] [PubMed]
15. Duan, Y.; Li, F.; Li, Y.; Tang, Y.; Kong, X.; Feng, Z.; Anthony, T.G.; Watford, M.; Hou, Y.; Wu, G.; et al. The role of leucine and its

metabolites in protein and energy metabolism. Amino Acids 2016, 48, 41–51. [CrossRef] [PubMed]
16. Holecek, M. Beta-hydroxy-beta-methylbutyrate supplementation and skeletal muscle in healthy and muscle-wasting conditions.

J. Cachexia Sarcopenia Muscle 2017, 8, 529–541. [CrossRef]
17. Zheng, C.; Song, B.; Duan, Y.; Zhong, Y.; Yan, Z.; Zhang, S.; Li, F. Dietary beta-hydroxy-beta-methylbutyrate improves intestinal

function in weaned piglets after lipopolysaccharide challenge. Nutrition 2020, 78, 110839. [CrossRef]
18. Duan, Y.; Zheng, C.; Zhong, Y.; Song, B.; Yan, Z.; Kong, X.; Deng, J.; Li, F.; Yin, Y. Beta-hydroxy beta-methyl butyrate de-

creases muscle protein degradation via increased Akt/FoxO3a signaling and mitochondrial biogenesis in weanling piglets after
lipopolysaccharide challenge. Food Funct. 2019, 10, 5152–5165. [CrossRef]

19. Zheng, J.; Zheng, C.; Song, B.; Guo, Q.; Zhong, Y.; Zhang, S.; Zhang, L.; Duan, G.; Li, F.; Duan, Y. HMB Improves Lipid
Metabolism of Bama Xiang Mini-Pigs via Modulating the Bacteroidetes-Acetic Acid-AMPKα Axis. Front. Microbiol. 2021,
12, 736997. [CrossRef]

20. Duan, Y.; Zhong, Y.; Xiao, H.; Zheng, C.; Song, B.; Wang, W.; Guo, Q.; Li, Y.; Han, H.; Gao, J. Gut microbiota mediates the
protective effects of dietary β-hydroxy-β-methylbutyrate (HMB) against obesity induced by high-fat diets. FASEB J. 2019, 33,
10019–10033. [CrossRef]

21. Tang, Z.; Song, B.; Zheng, C.; Zheng, J.; Yin, Y.; Chen, J. Dietary beta-hydroxy-beta-methyl butyrate supplementation affects
growth, carcass characteristics, meat quality, and serum metabolomics profile in broiler chickens. Front. Physiol. 2021, 12, 633964.
[CrossRef] [PubMed]

22. Zhang, S.; Tang, Z.; Zheng, C.; Zhong, Y.; Zheng, J.; Duan, G.; Yin, Y.; Duan, Y.; Song, Z. Dietary Beta-Hydroxy-Beta-Methyl
Butyrate Supplementation Inhibits Hepatic Fat Deposition via Regulating Gut Microbiota in Broiler Chickens. Microorganisms
2022, 10, 169. [CrossRef] [PubMed]

23. Gao, Z.; Wu, H.; Shi, L.; Zhang, X.; Sheng, R.; Yin, F.; Gooneratne, R. Study of Bacillus subtilis on growth performance, nutrition
metabolism and intestinal microflora of 1 to 42 d broiler chickens. Anim. Nutr. 2017, 3, 109–113. [CrossRef] [PubMed]

24. Wang, P.; Wu, T.; Fu, Q.; Liao, Q.; Li, Y.; Huang, T.; Li, Y.; Zhou, L.; Song, Z. Maternal High-Fructose Intake Activates Myogenic
Program in Fetal Brown Fat and Predisposes Offspring to Diet-Induced Metabolic Dysfunctions in Adulthood. Front. Nutr. 2022,
9, 848983. [CrossRef] [PubMed]

25. Zhang, L.; Hong, Y.; Liao, Y.; Tian, K.; Sun, H.; Liu, X.; Tang, Y.; Hassanin, A.A.; Abdelnour, S.A.; Suthikrai, W. Dietary Lasia
spinosa Thw. Improves Growth Performance in Broilers. Front. Nutr. 2021, 8, 775223. [CrossRef]

26. Mashek, D.G. Hepatic fatty acid trafficking: Multiple forks in the road. Adv. Nutr. 2013, 4, 697–710. [CrossRef]

http://doi.org/10.1071/AN19680
http://doi.org/10.1080/03079457.2018.1538550
http://www.ncbi.nlm.nih.gov/pubmed/30345810
http://doi.org/10.1038/s41598-019-46183-y
http://www.ncbi.nlm.nih.gov/pubmed/31300671
http://doi.org/10.3945/an.113.004747
http://www.ncbi.nlm.nih.gov/pubmed/24618762
http://doi.org/10.3382/ps/pev367
http://doi.org/10.1007/s00018-018-2860-6
http://doi.org/10.5713/ajas.2013.13702
http://doi.org/10.3382/ps/pex184
http://doi.org/10.1186/s12864-018-4520-5
http://doi.org/10.1016/j.cbpa.2010.10.028
http://www.ncbi.nlm.nih.gov/pubmed/26585559
http://doi.org/10.3390/ani12010093
http://www.ncbi.nlm.nih.gov/pubmed/35011199
http://doi.org/10.1016/j.molmet.2021.101427
http://www.ncbi.nlm.nih.gov/pubmed/34973469
http://doi.org/10.1111/dom.13561
http://www.ncbi.nlm.nih.gov/pubmed/30328245
http://doi.org/10.1007/s00726-015-2067-1
http://www.ncbi.nlm.nih.gov/pubmed/26255285
http://doi.org/10.1002/jcsm.12208
http://doi.org/10.1016/j.nut.2020.110839
http://doi.org/10.1039/C9FO00769E
http://doi.org/10.3389/fmicb.2021.736997
http://doi.org/10.1096/fj.201900665RR
http://doi.org/10.3389/fphys.2021.633964
http://www.ncbi.nlm.nih.gov/pubmed/33643073
http://doi.org/10.3390/microorganisms10010169
http://www.ncbi.nlm.nih.gov/pubmed/35056618
http://doi.org/10.1016/j.aninu.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29767043
http://doi.org/10.3389/fnut.2022.848983
http://www.ncbi.nlm.nih.gov/pubmed/35479745
http://doi.org/10.3389/fnut.2021.775223
http://doi.org/10.3945/an.113.004648


Curr. Issues Mol. Biol. 2022, 44 3427

27. Jump, D.B.; Botolin, D.; Wang, Y.; Xu, J.; Christian, B.; Demeure, O. Fatty acid regulation of hepatic gene transcription. Nutr. J.
2005, 135, 2503–2506. [CrossRef]

28. Russell, D.W. The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 2003, 72, 137–174. [CrossRef]
29. Ge, M.X.; Shao, R.G.; He, H.W. Advances in understanding the regulatory mechanism of cholesterol 7alpha-hydroxylase.

Biochem. Pharmacol. 2019, 164, 152–164. [CrossRef]
30. Stayrook, K.R.; Bramlett, K.S.; Savkur, R.S.; Ficorilli, J.; Cook, T.; Christe, M.E.; Michael, L.F.; Burris, T.P. Regulation of carbohydrate

metabolism by the farnesoid X receptor. Endocrinology 2005, 146, 984–991. [CrossRef]
31. Schmitt, J.; Kong, B.; Stieger, B.; Tschopp, O.; Schultze, S.M.; Rau, M.; Weber, A.; Müllhaupt, B.; Guo, G.L.; Geier, A. Protective

effects of farnesoid X receptor (FXR) on hepatic lipid accumulation are mediated by hepatic FXR and independent of intestinal
FGF15 signal. Liver Int. 2015, 35, 1133–1144. [CrossRef] [PubMed]

32. Massafra, V.; van Mil, S.W. Farnesoid X receptor: A “homeostat” for hepatic nutrient metabolism. Biochim. Biophys. Acta Mol.
Basis Dis. 2018, 1864, 45–59. [CrossRef] [PubMed]

33. Chiang, J.Y.; Ferrell, J.M. Discovery of farnesoid X receptor and its role in bile acid metabolism. Mol. Cell. Endocrinol. 2022,
548, 111618. [CrossRef]

34. Xi, Y.; Li, H. Role of farnesoid X receptor in hepatic steatosis in nonalcoholic fatty liver disease. Biomed. Pharmacother. 2020,
121, 109609. [CrossRef]

35. Abenavoli, L.; Scarpellini, E.; Colica, C.; Boccuto, L.; Salehi, B.; Sharifi-Rad, J.; Aiello, V.; Romano, B.; De Lorenzo, A.; Izzo, A.A.
Gut microbiota and obesity: A role for probiotics. Nutrients 2019, 11, 2690. [CrossRef]

36. Gauffin Cano, P.; Santacruz, A.; Moya, Á.; Sanz, Y. Bacteroides uniformis CECT 7771 ameliorates metabolic and immunological
dysfunction in mice with high-fat-diet induced obesity. PLoS ONE 2012, 7, e41079.

37. Xiang, H.; Gan, J.; Zeng, D.; Li, J.; Yu, H.; Zhao, H.; Yang, Y.; Tan, S.; Li, G.; Luo, C. Specific microbial taxa and functional capacity
contribute to chicken abdominal fat deposition. Front. Microbiol. 2021, 12, 643025. [CrossRef]

38. Hou, Q.; Kwok, L.-Y.; Zheng, Y.; Wang, L.; Guo, Z.; Zhang, J.; Huang, W.; Wang, Y.; Leng, L.; Li, H. Differential fecal microbiota
are retained in broiler chicken lines divergently selected for fatness traits. Sci. Rep. 2016, 6, 37376. [CrossRef] [PubMed]

39. Da Silva, C.C.; Monteil, M.A.; Davis, E.M. Overweight and Obesity in Children Are Associated with an Abundance of Firmicutes
and Reduction of Bifidobacterium in Their Gastrointestinal Microbiota. Child Obes. 2020, 16, 204–210. [CrossRef]

40. Petersen, C.; Bell, R.; Klag, K.A.; Lee, S.-H.; Soto, R.; Ghazaryan, A.; Buhrke, K.; Ekiz, H.A.; Ost, K.S.; Boudina, S. T cell–mediated
regulation of the microbiota protects against obesity. Science 2019, 365, eaat9351. [CrossRef]

41. Astbury, S.; Atallah, E.; Vijay, A.; Aithal, G.P.; Grove, J.I.; Valdes, A.M. Lower gut microbiome diversity and higher abundance
of proinflammatory genus Collinsella are associated with biopsy-proven nonalcoholic steatohepatitis. Gut Microbes 2020, 11,
569–580. [CrossRef] [PubMed]

42. Buzała, M.; Janicki, B.; Czarnecki, R. Consequences of different growth rates in broiler breeder and layer hens on embryogenesis,
metabolism and metabolic rate: A review. Poult. Sci. 2015, 94, 728–733. [CrossRef]

43. Park, S.-Y.; Byeon, D.-S.; Kim, G.-W.; Kim, H.-Y. Carcass and retail meat cuts quality properties of broiler chicken meat based on
the slaughter age. J. Anim. Sci. Technol. 2021, 63, 180. [CrossRef]

44. Sandra, S. Life Cycle of a Laying Hen. Available online: https://livestock.extension.wisc.edu/articles/life-cycle-of-a-laying-hen/
(accessed on 10 May 2022).

45. Polyzos, S.A.; Kountouras, J.; Mantzoros, C.S. Obesity and nonalcoholic fatty liver disease: From pathophysiology to therapeutics.
Metabolism 2019, 92, 82–97. [CrossRef] [PubMed]

46. Tremaroli, V.; Bäckhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242–249.
[CrossRef] [PubMed]

47. Trauner, M.; Claudel, T.; Fickert, P.; Moustafa, T.; Wagner, M. Bile acids as regulators of hepatic lipid and glucose metabolism.
Dig. Dis. 2010, 28, 220–224. [CrossRef] [PubMed]

http://doi.org/10.1093/jn/135.11.2503
http://doi.org/10.1146/annurev.biochem.72.121801.161712
http://doi.org/10.1016/j.bcp.2019.04.008
http://doi.org/10.1210/en.2004-0965
http://doi.org/10.1111/liv.12456
http://www.ncbi.nlm.nih.gov/pubmed/25156247
http://doi.org/10.1016/j.bbadis.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/28986309
http://doi.org/10.1016/j.mce.2022.111618
http://doi.org/10.1016/j.biopha.2019.109609
http://doi.org/10.3390/nu11112690
http://doi.org/10.3389/fmicb.2021.643025
http://doi.org/10.1038/srep37376
http://www.ncbi.nlm.nih.gov/pubmed/27876778
http://doi.org/10.1089/chi.2019.0280
http://doi.org/10.1126/science.aat9351
http://doi.org/10.1080/19490976.2019.1681861
http://www.ncbi.nlm.nih.gov/pubmed/31696774
http://doi.org/10.3382/ps/pev015
http://doi.org/10.5187/jast.2021.e2
https://livestock.extension.wisc.edu/articles/life-cycle-of-a-laying-hen/
http://doi.org/10.1016/j.metabol.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30502373
http://doi.org/10.1038/nature11552
http://www.ncbi.nlm.nih.gov/pubmed/22972297
http://doi.org/10.1159/000282091
http://www.ncbi.nlm.nih.gov/pubmed/20460915

	Introduction 
	Materials and Methods 
	Animals and Diet 
	Measurement of Growth Performance 
	Slaughter Indicators and Organ Index 
	Measurement of Plasma and Hepatic Parameters 
	RNA Extraction and Quantitative Real-Time PCR 
	Hematoxylin and Eosin (H&E) Staining 
	Gut Microbiome Analysis by 16S rRNA Sequencing 
	Statistical Analysis 

	Results 
	Effects of Dietary HMB on the Growth Performance of HFHCD-Challenged Layer Chickens 
	Effects of Dietary HMB on HFHCD-Induced Lipid Accumulation in Layer Chickens 
	Effects of Dietary HMB on Hepatic Bile Acid Metabolism in HFHCD-Challenged Layer Chickens 
	Effects of Dietary HMB on Gut Microbial Diversity in HFHCD-Challenged Layer Chickens 
	Effects of Dietary HMB on Gut Microbial Composition in HFHCD–Challenged Layer Chickens 
	Effects of HMB on Gut Microbial Function in HFHCD–Challenged Layer Chickens 

	Discussion 
	References

